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ABSTRACT. The present paper proposes a strength model for unidirectional
composites with Lin/Epoxy. The model assumes that, a central core of

broken fibers flanked by unbroken fibers which are subject to stress
concentrations from the broken fibers. The approach of the model consists
of using a modified shear lag model to calculate the ineffective lengths and
stress concentrations around fiber breaks. In this paper, we attempt to
incorporate in the proposed model the unidirectional composite property
variation with temperature and moisture in order to predict even composite
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strength degradation. Strength degradation is often seen as a result of changes "¢

in ineffective lengths at fiber breaks. Subsequently, damage to the material can
be estimated at the micromechanical scale under the effect of temperature

and humidity.
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INTRODUCTION

arbon fibers reinforced polymers are widely applied for mechanical and structural components because of their

high specific strength and rigidity, and excellent durability. Because such reinforcing fibers are generally brittle and

have a large scatter in strength, mechanical properties of composites have often been discussed from the
viewpoint of materials reliability engineering. Predicting the strength of these materials from the properties of their
constituents is a task which has not yet been solved for all classes of materials.
From literature, oldest models have been used for predicting the strength of polymer matrix composites are introduced by
Zweben and Rosen [1, 2]. Both authors related the failure of the fiber bundles in the company of the matrix material.
They used the ineffective length to estimate the tensile strength. This was based on shear lag analysis. However, this
model did not consider the effects of stress concentrations in the fibers adjacent to the broken one. Phoenix et al. [3]
obtained statistical strength and rupture lifetimes of uniditectional model carbon fibet/epoxy matrix micro-composites.
Their model consists of seven parallel carbon fibers forming approximate hexagonal packing embedded in an epoxy
matrix. Landis et al. [4] addressed the question of how to choose effective dimensions of the matrix springs connecting
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neighboring fibers by modeling the matrix by finite elements and the fibers by continuous one-dimensional springs. Their
model also considered direct interactions of broken fibers with the next to nearest neighbors. Landis and McMeeking [5]
later extended the work of Landis et al. [4] to account for the effects of interface sliding, axial matrix stiffness and uneven
fiber positioning, on stress concentrations surrounding the broken fiber. Nedele and Wisnom [6, 7] also showed that the
peak stress concentration on fibers close to the broken fiber occurred slightly out of the rupture plane. Case et al. [8]
proposed an entirely different analysis technique to study the stress field in a general unidirectional composite material
containing fiber fractures. The model is based on approximating annular ring of fibers to represent the unbroken
neighboring fibers. Multiple fiber breaks were modeled by a fiber discount methodology. Case and Reifsnider [9]
addressed the problem of a penny shaped crack in the center of multiple concentric cylinders. The problem was solved by
applying standard elasticity assumptions, with appropriate choice of stress functions in each constituent. This solution was
applied to the problem of a fiber fracture in a unidirectional composite material by making geometrical assumptions.
Foster [10] proposed a direct numerical simulations and analytic Models to predict the strength of fiber reinforced
composites under tensile and flexural loading.

The main strength prediction model used in the present paper is the proposed by model Gao and Reifsnider [11]. In order
to predict the unidirectional composite strength degradation, we incorporated in this model the mechanical characteristics
changes. The strength degradation is a result of changes in ineffective lengths at fiber breaks and the corresponding stress
concentrations in intact neighboring fibers. After the calculation of stress concentrations and ineffective lengths of
composite Lin/Epoxy.

Fiber Bulk Composite
Matrix Zone of matrix yielding
Broken Composite Crack

Figure 1: Schematic representation of unidirectional composite with broken fibers and adjacent regions [11].

MICROMECHANICS OF TENSILE STRENGTH MODEL

are dependent on fiber strength and modulus, strength and chemical stability of matrix and efficiency of
fiber/matrix interfacial bond in transferring loads. By introducing the micromechanical charactetization with
changes in temperature and moisture concentration, this model enables the prediction of changes in ineffective lengths at

( ; ao and Reifsnider [11], according to the model proposed by, tensile properties of fiber-reinforced composites
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fiber breaks and the corresponding stress concentrations in intact neighboring fibers. Ineffective length & is generally
defined as the length along a fiber from the site of fiber break, necessary to regain the capability to carry full load.

In the case of Lin fibers reinforced polymers, the fiber strength and modulus are relatively insensitive to temperature and
moisture concentration variation, but epoxy matrix is influenced by theses environmental conditions. Consequently, the
interface fiber/matrix is con

cerned by changes in matrix properties. However, because interfacial properties are difficult to measure, the interfacial
bonding strength is assumed to be directly related to the yield stress of the matrix at interface, t0. Interfacial failure is said
to occur when the shear stress of the interface reaches 10 [12].

As illustrated in figure 1, the model considers a central core of i broken fibers which are flanked by unbroken fibers which
are subject to stress concentrations due to broken fibers. The unbroken fibers ate, in turn, flanked by a homogenous
effective material that is considered to be strained uniformly. Although the fiber bundle is not arrayed neatly, hexagonal
array of fibers is assumed. It is also assumed that the influence of broken fiber is limited to a critical length, and that the
stress concentration occurs to only neighboring fibers according to the arrangement. It is further assumed that broken
core can be approximated by a homogeneous material with circular cross-section whose Young’s modulus may be
obtained by the rule-of-mixtures:

iA, E/+[ZA,”—7Z(7”02—(70 —d)z)} E,
E= P @
T (’"o —d)

A and E are the area and modulus of hexagonal arrangement of i broken fibers flanked by unbroken fibers, respectively.
In the present model, we have included the local damage by introducing a region of debonding and local plasticity where
the shear strength of the matrix 10 is multiplied by a constant n. In the region0 <x <4, the equilibrium equations are
given by:

4°U,
iA /E‘/ﬁdx—zo—ZﬂrOiyro =0 2)
. 4°U, G,
iAE, —a 27(ry +2d + 2r/)2—d(U2 ~U,))+27rnt, =0 3)

where $ is given as a function of geometry and fiber and matrix modulus and a is the half length of the region of
debonding and plasticity. U0, U1 and U2 are tensile displacements in the three regions (figure 1).
The solutions of the differential Eqns. (2) and (3) are given below:

Uy ()= +.C, @
nEy
- 2T, 1 _ o,
U(x)=C, (" —e ™ )+ —0  — (1— 4 )+ =S 5
=6 ) (R, —1")E ﬂf( ) E o

Similarly, for the region a < x < oo where no interfacial yielding occurs, the equilibrium equations are:

4°U, G
En(r, —d)Y?* —2+27r —2(U, -U.,)=0 6
(1 )dx2 02d(1 0) ©)
4*U G Gm
nAE, —L4+27(r, +2d + 2r ) —2(U, —U,) = 275, —(U, =U. ) =0 7
i<y fdxz (o i 24( 2 1) 02d(1 0) )
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The solutions of both differential equations are given by:

Uy ()= Coe V1 4 GV 4 2o ®)
Ec
VRN Vi x| O,
U (x)=C,(1- L0y oy = Loy 4 Ze 9
1) =Cy( P 5( A) = )

c

All applications are made on unidirectional graphite epoxy specimen with length L, width W and thickness T. Mechanical
and geometrical characteristics of the studied considered material are given in Tabs. 1 and 2, these data are drawn from

Ef(GPa)  En(GPa) 1ty (MPa) 00(GPa) v Ve n

27.6 4.2 25.2 3.10 0.43 0.53 1.0

Table 1: Mechanical properties of Lin/epoxy specimen.

1 (mm) w (mm) t (mm) r¢ (mm) n;

152.4 12.7 1.016 0.0035 43

Table 2: Geometrical characteristics of Lin/epoxy specimen.
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Figure 2: Evolution of the ineffective length according to the number of broken fibers with progressive variation of moisture
concentration for T=20° and o= 0.50,.

INEFFECTIVE LENGTHS AT FIBER BREAKS

regain its ability to carty full load. Therefore it must include the zone of matrix yielding a (8 > a), as in constitutive

T he ineffective length is defined as the length along a fiber from the break location that it takes for the fiber to
laws of unidirectional composites, we distinguish three regions: a plastic, transitory and elastic zone, where of is the
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fiber stress, 8 is the ineffective length and “a “is the zone of matrix yielding. In Figs. 2 and 3, we plot the evolution of the
ineffective length according to the number of broken fibers with progressive variation of moisture concentration from 0%
to 100% for T=20°C, and 120°C, respectively. Ton figure 2, we can clearly see a superposition of all curves representative
the ineffective length. We can deduce that for low temperatures, the variation of the moisture concentration does not
have any effect on the ineffective length. With the increase in the temperature to 120°C (Figure 3), the sensitivity of the
ineffective length to the vatiation of the moisture concentration becomes more and more significant. At T = 120°C, the
ineffective length for 43 broken fibers which is 0.11 mm for C=0% become 0.10 mm for C=100%.

Ineffective length [mm]
\\_\

0.00 T T T T T T T T T T T T T T T T T 1
0 b 10 15 20 25 30 35 40 45

Number of broken fibers

Figure 3: Evolution of the ineffective length according to the number of broken fibers with progressive variation of moisture
concentration for T=120° and o= 0.50.

EVOLUTION OF STRESS CONCENTRATIONS

nder hygrothermal loading of unidirectional composites, the influence of interfacial adhesion on the tensile

strength is mandatory effects on stress concentration in the fibers adjacent to broken fibers, and critical length of

broken fibers. Since the matrix is very sensitive to the variation in temperature, the adherence at interface region
between fibers and matrix becomes very weak; thus the phenomenon of debonding appears, leading to the break of fibers.
When a fiber breaks in the composite, there is a region of influence generated around the end of the broken fiber where a
stress concentration exists. On the other hand, the load can be transferred back into the broken fiber with a shear stress at
the fiber/matrix interface.
To illustrate the effect of environmental conditions on the degradation of interfacial region surrounding the broken fibers,
we plot in (Figs. 4 and 5) the evolution of the stress concentrations according to the number of the broken fibers with
progressive vatiation of moisture concentration from 0% to 100% for T=20°C and 120°C, respectively. In both figures,
the stress concentrations become more significant with the increase in the number of broken fibers. Thereafter, this stress
concentration becomes relatively stable if the number of fibers becomes very large. For low temperatures, the effect of
the moisture concentration on the stress concentration is almost negligible (Fig. 4). The effect of the moisture
concentration becomes increasingly significant with the increase in the temperature to 120°C (Fig. 5). At T=120°C, a clear
distinction appears between all curves; for example, with 43 broken fibers, the stress concentration varies from 1.17 for
C=0% to 1.20 for C=100%.
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Figure 4: Evolution of the stress concentrations according to the number of broken fibers with progressive variation of moisture
concentration for T=20° and o= 0.50.
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Figure 5: Evolution of the stress concentrations according to the number of broken fibers with progressive variation of moisture
concentration for T=120° and 6= 0.5G.

CONCLUSIONS

he aim of this work is to develop a better understanding of how temperature and moisture may affect the stress

concentration of unidirectional composite materials, in terms of the number of broken fibers. By introducing the

micromechanical characterization with changes in temperature and moisture concentration, the proposed model
enables the prediction of changes in stress concentrations in the neighboring fibers. Consequently, the interface
fiber/matrix is concerned by changes in the matrix properties because the stress is transferred to the neighboring fibers. If
the surrounding matrix becomes less stiff, the ineffective length becomes larger and the fiber fractures regions will interact
more easily and may connect together to cause complete failure.
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