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Adams, Professor of Mechanical Engineering. Mr. J.M. Mahishi, Ph.D.

student in Mechanical Engineering, performed the work contained herein, as

part of his research assi.tantship duties within the Composite Materials

Research Group.
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SECTION 1

INTRODUCTION

a

The present report is the fourth and final annual report under a
A

NASA-Lewis sponsored project to study the energy absorption mechanisms

active during crack propagation in metal-matrix composites.

A. micromechanical approach was adopted to study the initiation and

propagation of matrix cracks emanating from broken fibers in unidirectional

composites. A literature review of the general topic of micromechanical

analyses of unidirectional composites as related to the present study was

included in the first-year report [1]. During the first two years, simple

two-dimensional longitudinal and transverse cross section models were used
a

i

to study the influence of broken fibers on the inelastic stress

distribution. An existing elastoplastic, generalized plane strGin finite

element micromechanics analysis [2=4], with crack propagation capability

based on the general procedure developed earlier by Adams [5-8], was used.

Work on an axisymmetric model consisting of a single broken fiber embedded

in a circular sheath of matrix material was also initiated during the

second year period [9]. The axisymmetric model was primarily developed to

facilitate a planned experimental verification of' the analytical work,

since it is relatively simple to fabricate and test a single-fiber

composite.

During the third year, the axisymmetric model was further refined, to

include a constant displacement boundary condition du-^:ing an increment of
t

crack propagation [10]. The new boundary condition permitted a substantial

amount of slow and stable crack growth, as opposed to tt-e almost immediate

catastrophic failure observed in the case of the earlier constant stres=s
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boundary condition model.	 The energy absorbed during stable crack growth

was calculated and the concept of crack growth resistance curves was used

to determine the point of crack instability.	 The crack growth resistance

curves	 (KR-curves or	 R-curves),	 for various	 fiber volume	 contents,	 are

f
given in Reference [11]. 	 The third-year report also provides information

required for a possible experimental verification of the analysis, viz, the

i aspect	 ratio	 of	 the	 specimen	 to be used,	 the predicted	 crack opening

displacement	 as	 a	 function of	 applied	 load,	 the	 variation	 of	 surface

longitudinal and circumferential strains with applied loads, etc. 	 It is

also possible to generate the R-curves from the	 experimentally measured

crack opening displacement (COD), using the compliance method described in

Reference [12].

During the present fourth-year effort, a three-dimensional model has

d been developed,	 to further study tla influence of broken 	 fibers	 on	 the

;;
inelastic	 stress	 distribution	 in' a	 more	 rigorous	 manner.	 A	 three-

{ dimensional elastoplastic finite element program recently developed by the
i

Composite Materials Research Group [13] was modified to include a 20-node

quadratic isoparametric element and a stress smoothing tech.-,4que [14] 	 for

accurate prediction of node point stresses. 	 A fiber volume content of 50

percent, with the fibers assumed to be packed in a regular square array, is

used	 as	 an	 example.	 The	 analysis	 accounts	 for	 temperature-dependent

material	 properties	 by	 expressing	 the	 properties	 as	 coefficients	 of

second-order polynomials.	 The effect of reduced material properties at two

elevated	 temperatures,	 viz,	 400°F	 and	 600°F,	 on	 the	 local	 stress

distributions,	 and also on predicted	 first	 failure,	 is studied.	 Results

are	 presented	 in	 the	 form of	 plots	 of	 stress	 contours,	 and	 composite

stress-strain. curves.

i

4
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SECTION 2	 a

THREE-DIMENSIONAL FINITE ELEMENT MODEL

The two-dimensional longitudinal and transverse models previously

considered [1,9], even though providing some understanding of the influence

of broken fibers on the stress state in the matrix and in the neighboring

continuous fibers, do not adequately represent the true three-dimensional

nature of actual unidirectional, fiber-reinforced composites. On the other

hand, the axisymmetric model of a single broken fiber embedded in a sheath

of matrix material [10,11] only represents an idealized model composite,

and does not take into account the influence of the array of neighboring

continuous fibers. A three-dimensional model consisting of broken fibers

and continuous fibers is obviously a better alternative. Analytical

approaches such as the continuum three-dimensional "material model"

formulation adopted by Goree and' Gross [15] incorporate a number of

restrictive assumptions in order to reduce the complexity of the

formulation. With the rapidly increasing capabilities of digital

computers, the use of three-dimensional finite element models such as in

the present analysis appears to be a much more powerful approach.

Figure 3. shows a typical cross section of a unidirectional composite

with fibers packed in a regular square array. Because of the assumed

periodicity, it is possible to isolate a repeating cell, such as the one

containing a single broken fiber surrounded by an array of continuous

fibers indicated in Figure 1. This single repeating cell consists of 25

percent of broken fibers, as shown in Figure 1. Making use of symmetry,

only one quadrant of the repeating cell actually need be modeled.

The three-dimensional elastoplastic finite element program developed
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by Monib and Adams [13] has been modified as part of the present study to

include a 20-node quadratic, isoparametric element [16]. The quadratic

isoparame'.ric element, which can mod,4,;.A. the circular boundary of the cross

section of . fiber exactly, requires fewer elements than the large number

of linear elements that might have been required to fit the curved boundary

of the fiber. In addition, the quadratic isoparametric element is better

able to represent the steep stress gradients in the matrix near the broken

fiber.

The finite element model representing one quarter of the repeating

cell of Figure 1 is shown in Figure 2. The model is 7 12 fiber diameters

long in the z-direction. A total of 144 elements were utilized, resulting

in 938 nodes. The model also incorporates the double-node concept [10] at

the junction of the broken fiber and the surrounding matrix, in order to

represent the actual conditions of total discontinuity of the fiber at the

break, while retaining the continuity of the matrix material at the same

point. In addition, in the present model the double nodes are constrained

to have identical displacements in the x and y directions. In the previous

axisymmetric model [10,11], this condition of constrained displacement for

the double nodes was not satisfied.

The displacement boundary conditions for a quadrant of the repeating

cell shown in Figure lb require, that the displacements of all nodes on the

righthand vertical boundary be uniform, and the displacements of all nodes

on the upper horizontal boundary be uniform. This complex boundary

condition has been achieved in the present three-dimensional model by

assigning the same global degree of freedom to all nodes that are required

to have the same displacements. The resulting three-dimensional model, by

including the constrained boundary conditions discussed abova, represents

5
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MATERIAL PROPERTIES

The boron fibers utilized in the present boron/aluminum composites

have been modeled as linearly elastic materials to failure, with isotropic

strength and stiffness properties. The temperature-dependent mechanical

and physical properties given in References [17,18] for boron fibers as

commercially supplied have been expressed for present purposes in second-

order polynomial form, i.e.,

P (T) = C 1 
T 2 + C 2 + ( I 	

(1)

where P(T) represents the functional material property of interest, and T

is the temperature. Figures 3 and 4 (taken from Reference [18]) show the

of normalized fiber axial modulus and normalized ultimate tensile

strength with temperature.

The matrix material utilized in the present analysis was 6061-T6

aluminum alloy. The temperature-dependent elastoplastic material

properties of the 6061-T6 aluminum alloy were obtained from Reference [19].

The elastoplastic behavior of the aluminum alloy JLs accounted for in the

finite element analysis by curve-fitting via a Richard-Blacklock three-

parameter equation [20]. Figure 5 shows the stress-strain curve of the

6061-T6 aluminum alloy at 75°F [19]. Figures 6,7,8 and 9 show the

variations of the mechanical and physical properties with temperature,

these data also being taken from Reference [19].

r
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SECTION 4

NUMERICAL RESULTS

The stress distributions around a broken fiber in a boron/aluminum

composite, the constituent materials having the properties presented in

Section 3, are given in this section. The assumed 50 percent fiber volume

content finite element model shown in Figure 2 was used.

Figures 10 and 11 are the contour plots of axial normal stress (azz)

and longitudinal shear stress (TXz ), respectively, in the elastic range in

the matrix on three different cross sections of the composite model. The

stresses have been normalized with respect to the applied average axial

stress (az)= Figures 10 and 11 indicate that the elastic stress

concentration due to the fiber break is confined to a very localized

region, and that an essentially uniform stress state is regained within a

distance of two fiber diameters from the fiber break along the fiber axis.

The maximum longitudinal stress concentration near the fiber break is 4.2,

compared to 7 in the case of the single broken fiber axisymmetric model

[10?. Although much of this difference is undoubtedly due to the fact that

two different physical models are being compared, some of the difference is

probably also related to the fact that a much finer finite element grid was

used in modeling the single fiber geometry. More work remains to be done

before totally valid comparisons can be made.

Figure 12 shows the effect of a fiber break on the elastic stress

distribution in the neighboring continuous fibers. The fibers diagonally

opposite to the broken fiber in the square array seem to be less affected

than those adjacent to the broken fibers.
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In Figure 13, the elastic longitudinal shear stress along the broken

fiber-aluminum matrix interface is plotted as a function of distance in

fl.ber diameters from the fiber break. Comparison is also made with respect

	

to the longitudinal shear stress variation along the fiber-matrix interface	 {

in the case of a single broken fiber in a sheath of matrix material (using

data from Reference [10]).

The analysis and associated computer program was extended into the

inelastic range of matrix material response also, to demonstrate this

capability. Figure 14 is a plot of the normalized axial stress contours

throughout the matrix, for an applied axial loading on the composite model

of 11,200 psi. This corresponds to the loading increment just prior to

that which initiated first failure. Since the yield stress of the aluminum

matrix at room temperature is 36,000 psi (see Figure 5), a stress contour

of 3.2 or higher (36,000 t 11,200) indicates material in the inelastic

range. Thus, at this applied stress, only a small volume of matrix

material has yielded (see Figure 14a), on the plane of the fiber break in

the regions between the closest fiber spacings. On the other hand, the

highest stress contour indicated in Figure 14a, i.e., 4, corresponds to a

stress of 44,800 psi, which is only slightly less than the 45,000 psi
d'

tensile ultimate strength of the aluminum matrix (see Figure 5). That is,

for the 6061-T6 aluminum alloy being modeled, the inelastic range of

material response is small.

To continue the loading beyond that indicated in Figure 14, a cral:k

initiation and propagation capability in the analysis will be required.

A comparison of Figures 10 and 14, the stresses in both plat y having

been normalized by dividing by their respective applied str oG_.-s, indi.:3tes

that the local concentration of strcG3 at the fiber break has spread

C.
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slightly at the higher applied stress (Figure 14), due to the

redistribution of loading caused by the yielding. This is as expected, of

course, and is one of the benefits of stressing the ductile matrix

composite into the inelastic range.

Results in the inelastic range similar in format to those of Figures

12 and 13 representing the elastic range were plotted also. However, the

results were not significantly different, again because of the very limited

extent of yielding prior to first failure. Thus, these plots have not been

included here.

Much more work remains to be done in applying the present three-

dimensional finite element analysis to practical problems. The one example

presented here is intended only as a limited demonstration of the

capability of such an analysis.

The original purpose of including the temperature-dependent material

properties was to study the influence of residual thermal stresses due to

the fabrication process. However, during the first few trial computer .guns

it was found that the nodes near the fiber break were failing during the

cooling from the elevated fabrication temperature condition. The three-

dimensional finite element computer program in its present form halts when 	 ,.

the first node fails. The situation was similar when the model was used to

study the thermomechanical response of the boron/aluminum composite at

elevated temperature, as indicated in Figure 15. 	 Obviously a crack

propagation scheme similar to that in the axisymmetric finite element model

[9-11] is required, to permit mechanical or thermal loading beyond first

failure. A crack propagation scheme based upon the principle of maximum

energy release rate is now under development.
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in order to demonstrate how much the reduction in constituent material

properties at elevated temperature affects the strength of the

boron/aluminum composite containing broken fibers, the three-dimensional

finite element computer program was used to apply an axial loading at two

constant elevated temperatures, viz, 400°F and 600°F. Figure 15 shows the

stress-strain response of the boron/aluminum broken-fiber model composite

at room temperature, 400°F and 600°F. The stress plotted in Figure 15 is

the average composite stress corresponding to an applied axial. strain.
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SECTION 5	 i

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK'

}

The `hree-dimensional, elastoplastic, finite element micromechanics

model presented in this report is more effective in determing the true

stress state around b oN%en fibers in metal-matrix composites than the

two-dimensional longitudinal and transverse models previously reported in

References [1-9]. There are no major simplifying assumptions made in

deriving this three-dimensional model. When the addition of a crack

propagation scheme is completed, the analysis will be ideal for studying

the basic energy absorption mechanisms in composites. A crack propagation

scheme based on the maximum energy release rate is in progress and will be

available for such studies soon.

The analysis can be extended in future studies to include different

types of flaws in composites, in addition to pre-existing fiber breaks.

For example, the number and severity of experimentally determined weak

sites along the fiber length can be modeled. Similarly, sites of weaker

bonding between fibers and matrix can also be included. These future

studies should result in a more realistic failure model, in which a number

of cracks initiate as fiber breaks at weak sites, and propagate steadily

along the fiber-matrix interface or across the matrix. These cracks may

subsequently coalesce and grow in an unstable manner, leading to final

fracture.	 The thermal residual stresses induced due to fabrication

processes, and also the thermomechanical response of the composite at

elevated temperatures, at attempted in the present study, can also lie

included in any future analysis. 	 It will also be relati-1 v

straightforward to include in the analysis any inherent fabrication
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residual stresses in the fibers [21).

While the analytical models are continuing to be improved and

extended, a parallel experimental study needs to be initiated at some

stage, to support the analytical predictions. The axisymmetric model was

primarily developed for this purpose. The use of the axisymmetric model to

analyze polymer-matriy. composites [22,23] should simplify the experimental

work, as the optical transparency of the polymer matrix will permit direct

observation of the crack propagation, and measurement of crack opening

displacements, whereas the metal matrix composite would require an X-ray

technique, or some similar process.

In summary, the recently developed three-dimensional finite element

analysis and computer program [13] used in the present study appears to

offer significant opportunities for use in the study of fracture mechanisms

in composite materials. While much additional work needs to be done, both

in the further development of the finite element model, and in the

generation of supporting experimental data, the potential of the approach

has been clearly demonstrated.
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