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Introduction

During the past several decades composite materials are finding increasing use in a variety of
application such as aircraft, automobiles, sporting goods and electronics. Composites often show
considerable advantages of stiffness and strength over homogeneous materials and the advantage
is particularly evident when these properties are considered on a unit weight basis. Under these
circumstances prediction of mechanical properties of a unidirectional fiber-reinforced composite
has been an active research area.

In order to realize the optimum mechanical properties of a composite material, each of it
constituents must be fully utilized. A large number of recent studies are dedicated to theoretical
and numerical studies. The most usual approaches'™ disregard the existence of a layer between
the fiber and the matrix developed during the preparation of composite materials, which as
shown by Theocaris®, plays an important role in the overall mechanical behaviour of the
composite. This layer depends on the fiber, matrix and surface treatment of the fiber’. The
properties of this layer differ distinctly from those of the fiber and the matrix. Therefore this
layer is defined as an interphase.

The goal of this investigation is to study numerically the influence of interphase on the
elastic properties of glass/epoxy composites. The major restriction to numerical modelling is the
lack of reliable information on the mechanical and geometrical properties of the interphase. In
the present paper it is proposed to identify volume content of interphase and elastic modulus of
interphase. For the identification of interphase parameters (volume content of interphase and
elastic modulus of interphase) a numerical-experimental method is employed. It is proposed to
use the method of experiment design and the response surface approach to solve the
identification problem. The response surface approximations are obtained using information on
the behaviour of a structure in the reference points of the experiment design. The Finite Element
modelling of the structure is performed only in the reference points. Therefore, a significant
reduction in calculations of the identification functional can be achieved in comparison with the
conventional methods of minimization. The functional to be minimized describes the difference
between measured and numerically calculated parameters of the response of structure. By
minimizing the functional the identification parameters are obtained.

Modelling
Model for Interphase

In the present analysis, it is assumed that the interphase has elastic properties, which are
changing with the radial distance from the fibre boundary (see Fig.1.) [7]
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Fig.1. Model for interphase.

The effect of fibre/matrix interphase on the composite properties will be investigated by varying
the parameters of Young’s modulus and the interphase thickness. It will be used a square
packing array of circular fibres, since this simple packing geometry is known to give satisfactory
results [8].

Representative volume element (RVE)

In the present approach, the procedure for predicting the elastic constants of the composite from
a representative volume element (RVE) is laid on a rigorous mechanics foundation by using
strain energy equivalence principles in conjunction with finite element analysis [9]. First, the
appropriate boundary conditions for the typical RVE under different loading are determined and
applied to the finite element model. Than, the non-homogeneous strain fields obtained from the
analysis are reduced to a volume — averaged strain by using Gauss theorem to integrate the
surface displacements. The average stress is then determined by using the strain energy
equivalence principle to relate the energy stored in the RVE to the external work done on it. The
relevant composite modulus is than obtained as the ratio of average stress to the average strain.
Sun and Vaidya [9] used such approach to obtain elastic constants of unidirectional composites
(without taking into account the interphase). In the present investigation this approach is
extended for unidirectional composites taking into account the interphase.

In a composite lamina the actual fiber distribution is quite random across the cross-
section. For simplicity reasons, most micromechanical models assume a periodic arrangement
[7-15]. The RVE has the same elastic constants and fiber volume fraction as the composite. The
periodic fiber sequences commonly used are the square array and the hexagonal array. The RVE
with square array is used in the present investigation (see Fig.2.).
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In lamination theory the composite lamina is modelled as a homogeneous orthotropic
medium with certain effective modulus that describe the average material properties of
corresponding composite. To describe this macroscopically homogeneous medium, averaging
the stress and strain tensor over the volume of the RVE derives macro-stress and macro-strain
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In [9] is shown, that the average stress and strain quantities defined in (2) ensure equivalence in
strain energy between the equivalent homogeneous material U and the original heterogeneous

material U"
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These average quantities will be used in present analysis to determine composite modulus.
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Fig. 2. RVE for square configuration.
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The finite element analysis of the RVE yields the stress and strain fields within the
heterogeneous material. The corresponding average quantities &, and &, can be obtained using

equations (2). Alternatively, the average strain can be related to the boundary displacements of
the RVE by using Gauss theorem. In this case, equation for average strains becomes [9]

Eij :éjygy(x’y,z)dl/zijs(uinj+ujnl.yS 4)

where V' is the volume of the RVE, § is the boundary surface of the RVE, u, is the ith
component of displacement and 7, is the jth component of the unit normal to S.

The relationship given by equation (4) makes it possible to evaluate the volume-averaged
strains using the boundary displacements, thus avoiding the volume integration.

Finite Element modelling

The RVE used in the Finite Element analysis (ANSYS 5.6) is shown in Fig. 3. Only a quadrant
of the original RVE is modelled since there are two axes of symmetry in this problem (both
normal loading and transverse loading). The interphase with a various elastic modulus E,(r) is
modelled using a very fine Finite Element mesh (see Fig. 4 and Fig. 5).

Axial loading is modelled by a force F, acting on the face x=»5b (see Fig.3), while

transverse loading corresponds to a force P, acting on the face y =a or z=a. For such loading

conditions, the boundary conditions of the RVE also correspond to lines of symmetry. Thus,
normal displacements of the boundaries of the quadrant are restricted to those that cause the
boundary to displace only parallel to the original boundary. The displacement constraints applied
to the FE model are

u(0,y,z)=0 v(x,0,2z)=0 u(x,y,0)=0 )
u(bﬂy’z):é‘l V(x,a,Z)=§2 M(x,y,a)=53

where u,v and w denote displacements in x, y and z directions, respectively. The displacements
0,,0, and o, are solutions obtained from FE analysis of the RVE subjected to a load at the

boundary.
AN
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Fig. 3. Finite element mesh for RVE. Fig. 4. Finite element mesh for RVE with

zoom for interphase
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Fig. 5. Details of Finite Element mesh for interphase (zoom from Fig. 4.).

Axial loading (longitudinal elastic modulus)

For the case of an axial loading, B, the average longitudinal strain calculated from equation (4),
reduces to the conventional definition of strain

_ 1 0,
€ =;J‘S”1n1ds T (6)

The strain energy stored within the RVE is given by
c,&V==0,8V (7
External work done on the RVE by the applied load A is given by
1
W= 5 PS, )]

Using the principle of strain energy equivalence between stored energy and external work
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Taking account (6), from (9) follows

_ P
Oy :a_lz (10)

The longitudinal modulus is given as follows

g =Zu_Fb (11)
g, ao,
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Transverse loading (transverse elastic modulus)

For the case of a transverse loading, P,, the average transverse strain calculated from equation
(4), is as follows

_ 1 o
z, =;jsu2n2d5=72 (12)
The strain energy stored within the RVE is given by
cev-lo,zv (13)
External work done on the RVE by the applied load P, is given by
1
W =_Ps, (14)
2
Using the principle of strain energy equivalence between stored energy and external work
1 1

3P252 :35225221/ (15)

Taking account (12), from (15) follows

_ P,
2= (16)
The transverse modulus is given as follows
-T2 2 (17)
&y b6y,
Poisson’s ratios are as follows
. o,b g o
Vip =~ 8_22 = Vy == f33 =——1 (18)
n o,a €y 0,
Identification

Parameters of Identification

Identification of interphase parameters is performed from the experimentally measured elastic
properties of composite material. The parameters to be identified are volume content of
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interphase and elastic modulus of interphase. It is assumed that elastic modulus of interphase is
constant.

x, =,  volume content of interphase
x,=FE,

1

elastic modulus of interphase

Identification functional and minimization problem

The functional to be minimized describes deviation between the measured transverse elastic

. (T) . . (1)
modulus of composite £ Eksp‘ and numerically calculated transverse elastic modulus £, ,,

((lPModel )2 - (lPEksp )2 )2
(¥,

b lPMoalel = EModel

O(x,x,)= (19)

()
Here \PEksp = EEksp (‘xl H x2 )

Identification problem is formulated as follows
®(x,,x,) = min

The lower x™,x)™ and the upper X", X" bounds of the identification parameters determine
so called domain of interest.

Method of Experiment Design

Let us consider a criterion for elaboration of plans of experiment, which is to be independent on
the mathematical model of the object. Initial information for elaboration of the plan is the
number of variables n and the number of experiments k. The main principles in the proposed
approach are as follows [18]

1) the number of levels in the domain of experiments for each variable is equal to the
number of the experiments and for each level only one experiment is performed;

2) the reference points (points of experiments) in the domain of experiments are
distributed as regular as possible.

The plan of experiment is characterized by the matrix of the plan B;;. For example, the plan of

experiment with the fifteen reference points (k= 15) and two variables (n = 2) is given as follows

BT_821511335712]]9414610

= (20)
157 11 12 8 3 9 1 13 2 10 14 4 5 6

The points of the experiment (reference points) for this matrix of the plan (n = 2) are presented in

min , _ max

Fig. 6. The domain of the experiments is determined as x, e[x P ] Thus, in this domain

the reference points, where the experiments must be performed, are calculated by the expression
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Herei=1,2,..k andj=1,2,..., n.
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Fig. 6. Experiment design forn=2 and k=9
Approximation of Response Surface

Information about the behaviour of the object can be obtained by the physical experiment or by
the computer solution in the reference points. This information can be represented as a table of
data, where the response function y(x) of the object is to be in relationship to the variables
X,,X,,....X,. The goal is by using the data of experiments (in our case data are obtained by the

Finite Element solution in the reference points) to obtain the relation y(x) in the mathematical
form or so called equation of regression. The details of this procedure and corresponding
program RESINT were described in [18].

Numerical results

Example 1

The Finite Element predictions of the elastic modulus are compared with analytical solutions and

available experimental data. The results for boron/ aluminium composite with the input data

E,=3793GPa, v,=0.1, E =683GPa, v, =03, u, =047

are given in Table 1. In the present model interphase is introduced with the volume fraction
4,=0.03 (volume fraction of matrix is x, =0.5) and with same elastic properties as for matrix

Ei :Em’ Vi :Vm
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Tablel. Elastic modulus for boron/aluminium composite

Elastic Sun& Sun& | Chamis'” | Whitney& Hashin& Experi- Present
Constants | Vaidya® | Chen'? Riley"* Rosen' ment'® (FEM
(Gpa) model with
interphase)
E, 215 214 214 215 215 216 215.5
E, 144 135 156 123 139.1(131.4) 140 144.1
V), 0.19 0.19 0.20 0.19 0.195 0.29 0.193
Vs 0.29 - 0.31 - 0.31(0.28) - 0.292
Example 2

The properties of the constituent materials (Nicalon fiber and barium magnesium aluminosilicate
(BMAS) matrix) are listed as follows

E, =200 GPa, v, =0.3,

E =106 GPa, v, =0.23,

The fiber volume content is 60%. The interphase elastic modulus is constant and changes in the
range between 0.345 and 34.5 Gpa. Its volume content considered in the range between 0.0156
and 0.165. Results of the present approach are compared to the solution of N. J. Pagano et al."’
and are given in Table 2.

Table 2. Transverse elastic modulus for a unidirectional composite

Interphase volume Interphase Transverse elastic modulus (Gpa)
content modulus (Gpa) N. J. Pagano Present FEM
0.0156 34.5 148.031 148.909

3.45 109.741 109.649
0.345 45.148 45.337
0.08 34.5 131.901 131.996
3.45 58.332 56.660
0.345 22.891 22.148
0.165 34.5 115.995 114.515
3.45 37.123 31.901
0.345 14.624 9.47

Example 3

The effect of interphase on the composite properties will be investigated by varying the
parameters of Young’s modulus and thickness of interphase. It is assumed, that elastic modulus
of interphase is non-constant and changes according to
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The properties of the constituent materials are selected as follows

u, =05 - volume content of fiber
E, =59387 [/ .1, v, =0.22 - elastic properties of fiber
E, =3140 [/ .1, v, =0.34 - elastic properties of matrix

. . (1) .
Results of FEM calculation of transverse elastic modulus E,,,,| for different volume content

4, and Young’s modulus E,(r) of interphase are presented in Table 3.

Table 3. Transverse elastic modulus for different volume content , and Young’s

modulus E,(r) of interphase

Volume content of interphase #; =0.029 u; =0.04
Transverse elastic modulus
ep)
n a EFEM
2 0.5 10397.3 10580.7
4 0.02 9357.6 9369.8
4 0.5 10236.8 10349.1
4 1 10326.4 10473.9
)
Eg, =10994 [%mz]

Example 4

Identification of interphase parameters (volume content and elastic modulus of interphase) is
obtained using FEM, the method of experiment design and response surface approach. The
properties of the constituent materials are selected as follows

u, =05 - volume content of fiber
E, =59387 [ .], v, =0.22 - elastic properties of fiber
E, =3140 [/ .1, v, =0.34 - elastic properties of matrix
The plan of experiment with 15 reference points for two variables (x, = and x,=E,) is

n min X max

selected. The lower x™,x)™ and the upper x™*,xI™ bounds (domain of interest) for
identification are chosen as follows
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0.02<x, <0.08
3140 < x, <59387

Calculated values of identification parameters in points of experiment design are presented in

: . . .
Table 4. In all 15 reference points the transverse elastic modulus E,,,| is calculated (using
FEM).

Table 4. Reference points of experiment design and calculated values

. (T . .
of the transverse elastic modulus £ FEM‘ in these points

Ne- = =Bl e 1,00
1 0.0500 59387 11110
2 0.0243 27246 10200
3 0.0800 43316 12160
4 0.0200 47334 10120
5 0.0714 31263 11730
6 0.0286 11175 10150
7 0.0371 35281 10620
8 0.0457 3140 9456
9 0.0671 51352 11710
10 0.0629 7158 10560
11 0.0543 39299 11200
12 0.0329 55369 10530
13 0.0757 15193 11510
14 0.0414 19211 10630
15 0.0586 23228 11200

Having information about values in all 15 points of experiment design the approximating
. . (1) . .
function for the transverse elastic modulus £ FEM‘ can be determined. For this the software code

RESINT is used and approximating function is built (correlation C = 99 %)

D) (x,,%,) = 8986 + 18152, + 428, +72.26——+219.92> ~253.1z2 ~159.12L

Z, Z;

E

Model

where

z, =0.16667+16.667x, z, =0.000016839x,

Identification of volume content of interface x, = 4, and elastic modulus of interface x, =E, is
carried out by minimization functional

®(x,,x,) = min

where
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D(x,,x,) =

(T)
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.y ‘

Eksp Eksp

Results of the identification and corresponding Finite Element solution of the transverse elastic

modulus E FEM‘(T) are given in Table 5.

Table 5. Results of identification

No. =t | B=E L B T | Eal ]
1 0.0685 10000 10990
2 0.0582 15000 11000
3 0.0539 20000 11000 10994
4 0.0498 30000 10990
5 0.0479 40000 10980
6 0.0469 50000 10980
CONCLUSIONS

A method, based on classical elasticity theory, is proposed for the calculation of effective elastic
constants of unidirectional composites. The interphase influence on the properties of composites
was predicted using a FEM model based on RVE. The average Young’s modulus of the
interphase was identified combining the results of the experiments with the numerically
calculated values.
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Rucevskis S., Reichhold J. Armeta polimérkompozita elastigas ipasibas, ievérojot starpslani starp stiegru un
matricu

Raksta tiek apskatita starpslana ietekme uz arméta kompozita materiala elastigajam ipasibam. Izmantojot klasisko
elastibas teoriju, tiek veidots kompozita vienibas Sinas modelis, ievérojot starpslani starp stiegru un matricu.
Starpslana elastigas ipasibas tiek aprakstitas ar matemdtiska modela palidzibu. legiitie rezultati ir salidzinati ar
citu autoru pétijumiem, ka ari ar eksperimenta rezultatiem.

Ruchevskis S., Reichhold J. Effective elastic constants of fiber-reinforced polymer-matrix composites with the
concept of interphase

In this paper we discuss the effect of an interphase on the mechanical properties of unidirectional fiber composites.
Classical elasticity theory has been applied to the simplified model of a composite unit cell in which the concept of
interphase between fiber and matrix is taken into account. This interphase has its own set of properties, based on
mathematical model. Obtained results are compared with the results of other author investigations and with the
results of experiment.
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Pyueeckuc C., Peuuxono E. Ynpyzue ceoiicmea apmupo8eHHbIX NOIUMEPHBIX KOMHOZUMOE C YUemom
HPOMENCYMOUHO20 C105 MeHCOY B0TIOKHOM U MAMPUYEl.

B pabome ucciedyemcs enusinue npomMedtcymouHo20 CHOs MelcOy GOJOKHOM U Mampuyell HA MexaHuyecKue
Xapaxkmepucmuku OOHOHANPABIEHHO APMUPOBAHHO20 KOMNO3UMHO20 mamepuand. [na peuwieHus nocmaeieHHOU
npoobremvl NPUMEHEH Memo0 KOHEYHbIX deMeHmos. [Ipu smom paccmompena npocmpancmeentas 3a0aia meoputl
ynpyeocmu. Ilpoeedén cpaguumenvHull AHAIU3 NOLYYEHHLIX De3VIbMAamo8 ¢ OAHHbIMU UCTe008aHULL OpY2Ux
asmopos, a maxce pe3yibmamamuy IKCnepumMenma.
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