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FOREWORD

This report is a description of the work performed at the Lockheed Palo Alto Research
Laboratory on '""Basic Reinforcement Mechanisms in Metal Matrix Composite' for the
U.S. Naval Air Development Center, Warminster, Pennsylvania, under Contract
N62269-73-C-0576, from 1 June 1973 to 1 July 1974. The work was performed in the
Metallurgy and Composites organization, managed by Dr. T. E. Tietz, with Mr. R. F.
Karlak the program leader, assisted by Dr. F. W. Crossman and Mr. J. J. Grant.
The technical project was monitored by Mr. A. R. Fletcher (302A), Naval Air
Development Center.
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ABSTRACT

A finite-element program, developed in part under contract N00019-71-C-0289
"Reinforcement Mechanisms in Metal-Matrix Composites," for the U.S. Naval Air
Systems Command, Washington, D.C., was modified and used to analyze the macro-
and micro-mechanical behavior of several unidirectional boron-aluminum (6061-T6)
composites subjected to plane-strain transverse-normal tension in the elastic and
plastic ranges of the matrix. Mechanical properties were found to depend on: the
reinforcement concentration, the packing arrangement of the circular reinforcements,
the direction of the applied transverse-normal stress relative to the packing sym-
metry, the extent of reinforcement-matrix interface debonding, and the thermal
history of the composite. Two packing arrangements were studied — square and
hexagonal; the applied tensile stress was parallel to lines of nearest neighbors or
parallel to lines of next-nearest neighbors. The effect of reinforcement concentrations
from 20 to 70 volume percent was analyzed for the square arrays stressed parallel

to the lines of nearest neighbors; for that array stressed parallel to the lines of next-
nearest neighbors, concentrations from 30 to 60 volume percent were considered.

The hexagonal array, stressed parallel to both directions separately, was analyzed
for the 50 volume percent concentration only. Progressive interface debonding was
analyzed for the 30-volume percent square array stressed parallel to the nearest
neighbor direction. Residual stresses induced during a -250°F change to room
temperature, and their effect on subsequent transverse normal loading, were analyzed
for a 50-volume percent reinforcement concentration in the two square-packing cases
and for the hexagonal packing stressed parallel to the lines of nearest neighbors.
Macromechanical propertics included the determination of stress-strain curves into the
plastic range, including elastic modulus, transverse-transverse Poisson ratio, and
yield strength; the micromechanical analysis was used to determine interface-normal
stresses, interface-tangential shear-stresses, local siress concentration factors, and
plastic zone growth. Specially prepared tungsten-aluminum (6061-T6 and -0), uni-
directional, square-array composites were tested in transverse-normal tension to
verify theoretical predictions.
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Section 1
INTRODUCTION

1.1 STATEMENT OF PROBLEM

Advanced composites are a unique class of materials of particular interest to aerospace
engineering by virtue of their low density, high stiffness, and strength, and because they
are amenable to custom design that can provide an optimal combination of the component
properties for specific requirements. The reinforcement, whether boron filaments,
beryllium rods, graphite fibers, or any of a variety of glasses, contribute high strength
and stiffness, while the matrix, whether it is a metal, an organic polymer, or in certain
cases graphite or some other form of carbon, serves to transfer the load to the reinforce-
ments and maintain their spacing, while imparting the necessary compressive strength

by restricting the buckling of the reinforcement.

Mechanical properties of metal-matrix composites, in addition to being a combination
of the constituents' properties, depend on the latter's relative chemical affinity (or
tendency to react chemically) at elevated temperatures, on the relative coefficients of
thermal expansivity, on the concentration of reinforcement, and for each case on the
direction of the applied stresses. The applied stress directions for which the various
parameters most strongly affect the mechanical properties is the transverse-normal
direction, the direction normal to the parallel reinforcement axes. Although it is
possible to design certain composite structural members such that loads are directed
along the reinforcements, in most cases extraneous service loads may occur in other
directions. Furthermore, the optimum arrangement may contain cross-plies, some
of which will be stressed normal to the reinforcement. For a 50 volume percent boron-
aluminum composite, 50 vol % B/Al (6061-T6), the onset of plastic flow in the matrix
ogeurs at a transverse-normal tensile strain of about 0.15 percent, or at about one-
fourth the strain-to-failure of the reinforcement if it has a typical strength of 400 ksi
and a modulus of 60 x 106 psi. Thus, the matrix will be subject to plastic strains
during service even if a factor of 2 is assigned to the structure, in which case a sub-
stantial portion »f the matrix (~40%) will have yielded and thus may be subjected to
service fatigue.

The quality of the reinforcement matrix interface will clearly influence the transverse
composite properties. Some chemical affinity of the constituents is essential to pro-
duce a second interfacial bond. However, excessive chemical interaction can degrade
the interface strength if excessive quantities of a weak compound form, if any of the
interfaces separate because the products have a lower specific volume than the
reactants, or if diffusion occurs with the formation of Kirkendahl porosity.

For these reasons it is essential to understand the mechanisms of failure in uni-
directional composites under transverse normal tension, and how they are related
to the various possible conditions that may obtain.
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During a preceding study entitled "Reinforcing Mechanisms in Metal-Matrix Composites"
performed for the U.S. Naval Air Systems Command under contract N00019-71-C-0289
(Ref. 1) the finite element method was used to theoretically analyze the micro- and macro-
stress-strain behavior of 50 vol % B/A1(6061) and Be/Ti (6 Al-4V) unidirectional square-
array composites stressed in transverse normal tension. Interface failure, caused by
normal stresses at the interface, was found to occur catastrophically once such failure
was initiated, in essentially the same manner for each composite. Also, the predicted
ultimate strengths and strains, based on failure of the matrix where the local octahedral
shear stress is greatest, were considerably higher than those reported in the literature.

& &n &

A continuation of previous work is presented in this report. It includes the results of
E analyzing many more cases than previously with the computer program modified to

i increase efficiency, to improve the predictions of failure, and to provide a better
analysis of residual thermal stresses. The specific cases analyzed include variations
of volume fraction, reinforcement packing arrangement, and direction of the applied
transverse-normal stress relative to directions in the packing array.

O —

1.2 OBJECTIVES

2 The general ubjective of this study was to investigate the strength-limiting factors in

3 metal-matrix composites related to fiber-matrix interface characteristics, the cross-
sectional shape of the reinforcements and their packing arrangement, and the constituent
mechanical properties. To achieve this objective, an available finite element computer
program was refined to improve predictions of the mechanical behavior, and to expand
the range of composite types and loadings to be analyzed.

More specifically, the goal of the program was to analyze the influence of reinforce-
ment packing arrangement and the volume concentration of the reinforcements on gross
mechanical properties of unidirectional composites, the distribution of stresses within
the composite, the way they influence the plastic flow of the ductile matrix as well

as the distribution of normal stresses at the fiber-matrix interface, and the way these
can in turn lead to failure.

Refinement of the finite element computer program consisted of improving the quality

of the results after detailed examination of predictions on the basis of their reason-
ableness and by introducing suitable additions and modifications. The modifications
included activation of a program to analyze residual thermal stresses induced during
fabrication and/or service, and to determine their influence in the composite properties.

To obtain some verification of the validity or applicability of the theoretical predictions,
an experimental-precision composite was to be fabricated and tested, and the results
aralyzed in the light of the computer results.

ot S s SO v B~ I ~—— O ~— - O — O —— |

4 1.3 BACKGROUND

Some of the fundamental background work for this program has already been described
(Ref. 1 ). Several additional pertinent articles and reports have subsequently been F
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published or discovered, and these are briefly reviewed below to show the relevance

of the present work to the areas of general interest in the composites community,

and to provide the reader with references to additional related material. The research
reviewed includes experimental measurements of mechanical properties to theoretical
analyses of stresses and plastic flow, and determination of thermal residual stresses.

A large amount of mechanical test data on boron-aluminum and boron (Borsic)-titanium
by Toth, Menke, and Scheirer can be found in Refs. 2, 3, and 4. Transverse-normal
tensile moduli, ultimate tensile strength, and strains-to-failure measured for several
volume fractions of reinforcement are used for romparison with the present work.

The ultimate strengths and strains are not valid for theoretical comparison since they :
usually occurred prematurely because of diametral fiber fracture. For unidirectional ‘
(UD) 50 vol % B/Al (6061), elastic modulus values ranged from 15.4 x 106 to 18.3 x 4
106 psi in one report (Ref. 3) to 22.9 x 106 psi in a work about 2 years latter (Ref. 4).

Swanson and Hancock (Ref. 5) measured the Uniaxial Transverse-Normal Tensile (UTNT)
elastic modulus for UD 30 vol % B/AIl (7075) to be 11.5 X 106 psi, while Alexander and
Carlson (Ref. 6) measured the TNT elastic modulus of 50 vol % B/Al (2024) in the range
of 20.5 to 21.9 x 105 psi.

A very useful rule-of-mixtures relationship relating the longitudinal transverse Poisson
ratio of UD composites to the constitutent Poisson ratios was developed and verified
experimentally by Allred et al. (Ref. 7). For a UD composite stressed longitudinally
in tension, the negative ratio of transverse-normal to longitudinal strain is given by

i R ”m§ (B
where
Ve = the fiber Poisson ratio
Vg = the volume fraction of reinforcement

Vmp the elastic or plastic Poisson's ratio of the matrix, depending upon
whether or not the matrix undergoes stresses only elastically or
entirely in the plastic range

Lin et al. (Ref. 8) used the finite element method to analyze the plastic flow of the
matrix in square array (S) UD 50 vol % B/Al (6061-T6) composites under longitudinal
tension and observed that, after initial yield, a 1-percent increase in applied stress
caused the entire matrix to flow plastically. No report, however, was made of the
Poisson effect.

Two separate studies of crack propagation in UTNT stressed UD composites have been
made using the finite element method with appropriate routines to account for local
failure. Adams (Ref. 9) composed a finite element program in which crack initiation
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and subsequent propagation occur as the result of the local octahedral shear stresses.
Using an incremental loading, iterative scheme, whereby the properties of any finite
element to fail are suitably altered when necessary, it was possible to show that true
failure occurs macroscopically, as evidenced by the stress-strain behavior, in a pre-
dictable fashion. Buyukozturk (Ref. 10) performed a similar finite element analysis
for a composite masonry structure in transverse-normal compression, and showed
remarkable agreement between the theoretical predictions and experimental observa-
tion. Unlike Adams, Buyukozturk used the Coulomb-Mohr criterion for failure as

4 the material tested was very weak in tension and failed in compression as a combina-
2 tion of cohesive and frictional stress.

e e

Analytical mathematical expressions have been derived by Yu and Sendickyj for
interacting circular inclusions in an homogeneous elastic matrix (Refs. 11 and 12).
The ultimate equations are in series form that can be solved numerically to obtain
interface tangential and normal stresses. For a specific case the magnitude of these
stresses in general is inversely related to the fiber volume fraction.

3 Dvorak et al. has analyzed the initi... yield surface for UD composites in biaxial

- transverse-normal tension, using the finite element method, including the effect of

: temperature changes (Ref. 13). For hexagonal packing of circular fibers, the initial
uniaxial yield is essentially independent of the applied stress direction relative to the
packing. Also, matrix yielding that occurred for temperature changes of only 72°F
caused yielding in 30 vol % B/Al with a matrix yield of 10 ksi.

Hoffman (Ref. 14) also analyzed the effect of temperature changes on the stresses in
composites by an approximate shear-lag method by which the constituents are assumed
to have the same Poisson ratio, and the stresses within each constituent are uniform.
From an approximate elastic-plastic analysis, it is concluded that strains under tem-
perature excursions to 2000°F are sufficient to cause plastic flow.
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Section 2
APPROACH

2.1 USE OF FINITE ELEMENT METHOD (FEM)

The finite element method (FEM) is undoubtedly the most practical and versatile from
among the theoretical techniques available for analyzing the mechanical behavior of
composites on both the macro- and micromechanical scales. As in any numerical solu-
tion, including the evaluation of analytical relationships expressible in series form
only, the degree of precision possible depends on the quantity of calculation performed
to achieve adequate convergence. Thus, a series solution may be truncated at any
arbitrary term if retention of additional terms is determined to not influence the re-
sults significantly. Similarly, the fineness of a finite element grid can be made as
large (or small) as necessary to give the required precision, or interpolation func-
tions can be assigned with whatever degree will produce the desired results.

There are specific advantages to the FEM — for example, the ease by which elasto-
plastic deformations and thermal residual stresses can be included to give gross com-
posite properties as well as quasi-continuously following changes in local deformations
and stresses, for virtually any possible applied loadings or displacements. Several
examples are summarized in the introduction section. Also, once a basic program
has been composed, it is possible to perform easily a parametric study that includes
virtually any combination of constituents.

Figure 2-1 summarizes some of the major features of a finite element program such
as that used in the present work. That is not to imply that this program is completely
general and that any case can be analyzed simply by altering a few numbers. Although
this type of program has obvious desirable qualities, it would require extensive com-
puter storage and such a large amount of time to compile that its use would require
extensive justification. The actual program developed for this work is sufficiently
general to permit a large number of cases to be studied requiring at most a new Finite
Element Grid (FEG), and changing of material properties.

2.2 FINITE ELEMENT METHOD — SUMMARY

A complete description of the FEM is too lengthy for inclusion in this report. However,
a brief account of the principles involved is presented to provide the reader with suf-
ficient understanding to appreciate the range of applicability of the method, as well as
some of its virtues and limitations. A complete development of the subject has been
made by Zienkiewicz (Ref. 15) and Desai and Abel (Ref. 16), and a good summary by
W. C. Paulsen (Ref. 17).
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As its name implies, the FEM differs from traditional methods to the extent that the
object to be analyzed is regarded as an assemblage of discrete (finite), contiguous,
interconnected elements instead of a continuum. It is convenient to consider plane-
strain (or plane-stress) cases to limit the calculations to essentially two dimensions,
thereby reducing the complexity of the program and calculations. This approximation
is in fact a realistic model for plastic flow in transversely loaded unidirectional
composites since the rigid reinforcement effectively limits deformations to the trans-
verse plane, i.e., in the plane perpendicular to the reinforcement axes.

The model for a unidirectional composite consists of a representative portion of a
cross section normal to the fiber axes. This portion, called the repeating cell, is
subdivided into an FEG, usually composed of triangles with common boundaries and
corners call nodes. The FEG is superimposed over a coordinate system to permit

a systematic identification of the nodes eventually used in the calculation. Progress
toward: a solution is made by using basic stress and strain equations to compute
displacements in each element produced by a simple system of forces from neighboring
elements acting through the nodes. The nodal displacements result in strain taken

to be constant within each element, and these directly determine stresses through the
mechanical properties of each element. Since the elements are all iaterconnected

(as a system of springs), strains develop in each element until force:s balance. through
a number of simultaneous equations easily solvable in matrix form on high-speed
digital computers.

The method conforms to a strict requirement of solid mechanics — strain compatibility.
Displacements of interior and boundary points of each element are determined through
equations in the coordinate variables to ensure continuity between adjacent element
sides. When linear interpolation functions are used as here, this approach imposes

2n approximation in that no strain gradients can exist within any element. The

error thereby introduced can be made arbitrarily small by choosing sufficiently small
elements in regions where steep gradients are anticipated. As the element sizes

are decreased, the mechanical properties calculated by FEM do in fact converge to
those calculated using closed-form continuum methods. A second approximation

lies in the linear boundaries of the elements as this requires modeling real curved
boundaries by connected straight-line segments. Again, the resulting error can be made
negligibly small by increasing the number of segments representing the curve, i.e.,
decreasing the element size on the curved boundary.

2.3 FINITE ELEMENT MODELING AND GRIDS

The distribution of filaments in practical unidirectional composites is not sufficiently
uniform to permit application of the FEM to composites directly since the large number
of filaments in a representative region and the limited capacity of computers would
preclude the use of a finite element grid (FEG) of the fineness needed to properly

take account of stress gradients. This is avoided by considering the composites as
consisting of «r idealized uniformly spaced array of filaments imbedded in a matrix,

so that only a small representative region, bounded by symmetry lines, is used as the
computational model. Two such distributions are the square array and the hexagonal
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array. Adams and Tsai (Ref. 18) showed that the square array provides better agree-
ment with measured values than the hexagonal array though it may be necessary to
employ the latter in specific cases.

The idealized doubly periodic square array and the repeating cell on which the FEG

is formed are shown in Fig. 2-2. Symmetry about the X and Y axes of the repeating
unit allows the calculations to be made in the first quadrant which is the repeating cell.
Because of the relatively high stiffness of the composite parallel to the fiber direction,
the Poisson strains in that direction induced by transverse stresses are expected to be
smail, and a state of plane-strain can be reasonably assumed to simplify the calcula-
tions and to predict plastic behavior. The effects of this restriction are considered

in the discussion. It is clear that a slight overestimation of the transverse composite
modulus and transverse-transverse Poisson ratio will result. However, correct values
can be calculated from the computed results. The FEG is formed by subdividing the
repeating cell into triangular elements such as shown in Fig. 2-2. The number of
elements used and their sizes are determined by the minimum required for convergence
of the calculated properties or by the nature of the analysis; smaller elements are used
if microstresses are desired in regions of steep gradients or in small regions where
materials with distinct properties exist, such as a thin interfacial layer of intermetallic
compound.

Three basic repeating cells were used in this work to analyze the behavior under plane-
strain (PS) UTNT of square-array (S) and hc..agonal-array (H) composites, as designated
in this report. These have been referred to elsewhere as special cases of rectangular
packing, but the terminology used here is preferred as it is in keeping with crystallo-
graphic convention familiar to materials engineers. The repeating cells for these
arrangements are shown schematically in Fig. 2-3, together with their relationship

to the unidirectional packing of the circular reinforcements. The simple-square array
(S1) is related to the diagonal-square array (S2) in that the packing of the filaments is
the same but the direction of the applied stress is rotated 45 deg, so that instead of
being parallel (or perpendicular) to the lines connected to the first neighbor centers,

as in S1, it is parallel (or perpendicular) to the lines connecting the centers of next-
nearest neighbors. Similarly, the array and loading directions studied can be defined
for the hexagonal packing. As shown in Fig. 2-3, the load is applied parallel to the
lines joining the centers of nearest neighbors to give what will be designated as the H1
arrangement. When the applied stress is rotated 90 deg relative to this orientation,

it becomes parallel to the line of next-nearest neighbor centers and is designated by H2.
Other possibilities exist, but they require repeating cells too complicated for the
present program.

The specific FEGs used to study the various arrays, stress directions, and reinforce-
ment concentrations, are shown in Figs. 2-4 (a) through 2-4(k). High stress gradients
occurring in the vicinity of the reinforcement-matrix interface dictated the use of FEG
with the smallest eiements in that region. Also, since some properties such as yield
strength depend on the element size, as will be shown in a later section, the size of
elements bordering on the interface were kept as nearly constant as possible. For

the cases of 20- and 30 vol % S1, the size of these elements was increased somewhat

to permit the use of not-too-large elements elsewhere without changing the total number
of elements in the matrix, i.e., 74. The effect of not using identical interface elements
will be seen also in the results for the S2 arrangement to be presented later.
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2.4 THE COMPUTER PROGRAM

The computer program used at the start of this study was essentially the same as that
employed for the work reported in Ref. 1. However, detailed analyses of local
Stress changes indicated that failure predictions were not being made properly
because of the rapid change of slope that occurs between the elastic and the plastic
portion of the bilinear stress-strain curve representation as described in Appendix A
of this report. At least a partial solution was found by using a 5-segment piecewise
linear representation in conjunction with a scheme to limit the maximum stress
change experience by any element during each load increment. Also, some computing
economy was achieved by considering the transverse-transverse contraction constraint
as an initial boundary condition instead of superimposing two orthogonal displacements.
One time-consuming stiffness matrix inversion per load increment iteration was
thereby eliminated while the matrix size was increased only slightly.

Three additional computer program modifications were made in order to expedite
calculation of specific cases and to broaden the analytical capabilities. A section was
included to calculate the influence of thermal contraction differences between the
constituents a residual thermal stresses and the way they in turn affect the plastic
flow of the matrix and the composite stress-strain curves.

A few other efficiency schemes were tried and discarded when they were found to
have no real advantage; for example, asymmetric S2 and H grids were tried to
economize on the total number of elements and nodes by increasing the number
around one reinforcement quadrant and decreasing it around the other. The results
were too disparate to warrant continued usage.

Debonding was accomplished as in Ref. 1 by using the node-superposition method
over progressively longer portions of the interface starting with the point of
interaction of the interface and a stress-line through the reinforcement center. As
a final modification of the computer program, the interface normal (radial) stresses
and tangential shear stresses previously calculated on a programmable desk-top
calculator were included in the major computer program to improve the overall
efficiency.

2.5 LIMITATIONS

Prediction of ultimate tensile failure when any elemental octahedral shear stress
becomes equal to the corresponding stress for a uniaxial test of the pure matrix at failure
does not appear to be vaiid for several reasons. In particular, it does not permit

failure for any value of hydrostatic tension (triaxial tension) where local decohesion and
void formation leading to failure is likely to occur. There are other factors that also
contribute to inaccuracies in failure predictions, such as the size of the element to

fail or the size of load increment used on each iteration. As a result, ultimate tensile
strength predictions are not attempted in this report.
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Section 3
THEORETICAL ANALYSIS

3.1 CASES ANALYZED

Only aluminum (6061-T6) reinforced with circular boron rods was studied because
previous work (Ref. 1) indicated that titanium (6 Al-4V) reinforced with beryllium
behaved in a qualitatively similar manner. Of the four reinforcement arrangements
described in the previous section, the following cases were analyzed in detail:

® S1-20-, 30-, 40-, 50-, 60- , and 70- volume percent reinforcement
well bonded to the matrix

® S1 — 30-volume percent reinforcement progressively debonding from matrix

® S1 —50-volume percent reinforcement completely debonded from matrix

® S1 —50-volume percent reinforcement after a -250° F temperature change

® S1 —50-volume percent reinforcement applied stress :

® S2 —30-, 50-, 60-volume percent reinforcement well-bonded to matrix

® S2 —50-volume percent well-bonded reinforcement after a -250°F
temperature change

® S2 —50-volume percent full debonded reinforcement

® S2 —50-volume percent well-bonded reinforcement with an applied TNT
stress to 42,667 psi after a -250° F temperature change

® H1 — 50-volume percent well-bonded reinforcement

® H1 —50-volume percent fully debonded reinforcement

® H1 —50-volume percent well-bonded reinforcement after a -250°F
temperature change

® H1 —50-volume percent well-bonded reinforcement with an applied TNT
stress to 42,667 psi after a -250°F temperature change

® H2 — 50 -volume percent well-bonded reinforcement

For most of these cases, the following were determined:

Stress-strain curves

Interface normal and tangential shear-stress distribution

Maximum stress concentration factor at interface

Growth of plastically deformed zone in matrix with increased bond or
temperature change

Variation of elastic-modulus yield strength and transverse-transverse
Poisson ratio with extent of debonding or volume fraction reinforcement

® Distribution of principal stresses in reinforcement and matrix under applied
stress or temperature change

Some of these composite characteristics were analyzed using the bilinear stress-

strain representation for the matrix. The elastic properties or early-plastic properties
were nearly identical. Constituent properties used for the calculations are presented
in Table 3-1.
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Table 3-1
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TENSILE PROPERTIES OF CONSTITUENT COMPOSITE MATERIALS
USED IN FEM CALCULATIONS

Elastic Yield Fracture
Material Condition | Modulus | Strength(2) | Strength Elon%;l Hon P;;iis: -
(106 psi) | (103 psi) | (103 psi) (
Boron (B) = 60 400 400 = 0.20
Aluminum T6 10 36 45 16 0.33
(6061)

(@) Proportional Limit.

3.2 PRELIMINARY RESULTS

Elastoplastic properties calculated initially, with the bilinear stress-strain represent-
ation (yield strength of Al1-6061-T6 matrix of 38.2 ksi), and only a portion of the arrays
are presented in Table 3-2. The following observations were made.

3.2.1 S1 Array

Increasing the filament content for the S1 case is seen to increase the transverse
elastic modulus, the yield strength, the ultimate strength, and the load concentration
factor (which, when multiplied by the applied load, gives the greatest stress normal
to the filament matrix interface) occurring in the loading direction when no interface
debonding is present, and otherwise at the tip of the debonded region. In contrast,
the transverse-transverse Poisson's ratio and the strain-to-failure vary inversely
with reinforcement content; the former at 60 volume percent is only 71 percent of
the value at 30 volume percent.

Entries 2 and 3, and 4 through 7 for the S1 array show the effect of element size
and distribution in the vicinity of the interface. For 30 volume percent, increasing
the number of interface elements by 1/3 results in a change of less than 1 percent
in modulus and Poisson ratio, but a 6-percent decrease in yield strength and a de-
crease of nearly 2 percent in the ultimate strength. These findings occur because
steep stress concentration gradients exist near the interface that are more closely
approximated with smaller elements; the constant stress over each is a closer ap-
proximation to the true continuum case. Thus, yielding and failure can be determined
more accurately with the smaller elements. Entries 6 and 7 of Table 3-2 are cal-
culated for a grid identical to that shown in Fig. 2-4 (c) but with elements in the
filament adjacent to the interface near lower boundary made successively finer to
determine the effect on the stress concentration factor. The initial subdivision
caused an increase of less than 1 percent and the second had an undetectable effect
though a slightly larger decrease in Fyr and Fyr occurred in the second case.
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Of the properties listed, only the angular position for zero normal stress at the
interface is insensitive to the filament content.

3.2.2 S2 Array

The diagonal square array (S2) is the same doubly periodic square filament array

above but with the load applied parallel to the line of next-nearest neighbors as

shown in Fig. 2-3(b). It is a case of interest since real composites are practically
never loaded in the S1 configuration and the change in geometrical factors caused

by rotating the loading direction should alter the macro- and micro-mechanical be-
havior because of the change produced in filament-filament interaction. Indeed,
comparison of entry number 9 of Table 3-2 with entries 11 and 13 shows a drop in
modulus of about 17 percent from 24.4 X 106 psi to an average of 20.17 x 106 psi. Also,
there are a slight decrease in yield strength, a decrease of nearly 10 percent in the
ultimate transverse tensile strength, and an increase in strain-to-failure of 44 percent.

Another remarkable difference between S1 and S2 loading occurs at the interface.
The stress concentration factor for the former is 1.50, whereas it is only 1,00 for
the latter, indicating that filament-matrix debonding is more likely to occur when
S1 conditions prevail.

The difference between entries 11 and 12 for S2 loading is that in the latter the inter-
face was bounded by larger elements on one side and smaller ones on the other; in
entry 11, on the other hand, the grid was modified so as to place the interface be-
tween the two bands of nearly equal-size elements. The effect of this difference is
reflected by a small change in all properties, but there is essentially no difference
in the sequence of element yielding in the matrix along the boundary.

Entry 13 of Table 3-2 gives the results of using a simpler S2 array for the purpose
of reducing the total number of elements and nodes in the FEG and permit analyses

of interface debonding without exceeding the computer capacity, since new nodes must
be introduced for this purpose. The gross properties are sufficiently unaffected,

as were the local stresses along the interface bounded by finer elements, to permit
the use of such an FEG for interface debonding studies.

Reducing the FEG dimensions was tested also by an asymmetrical division with
respect to the diagonal within the matrix. The results shown as entry 14, are not
as good as those for the previous case in which the number of elements and nodes
are greater by 10 and 5, respectively. Therefore, the asymmetrical grid will not
be used unless the reduced symmetrical grid displays anomalies in later more
detailed analyses.

3.2.3 HI1 Array

Hexagonal packing is similar to the diagonal square with the repeating cell dimensions
altered as shown in Fig. 2-3(c). Loading is along the line of nearest neighbors in this
case, although loading at 30 deg to this direction along the line of second-nearest
neighbors is of interest also and will be examined subsequently. All gross properties
in this case (50 volume percent) occur essentially midway between the S1 and S2 values,
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except that as in the S2 case the interface-normal stress never becomes zero but
reaches a minimum at 90 deg to the applied stress direction. It seems that the
interface stress behavior in this case is similar to the S1 array in the loading
direction (concentration factor 1.5) because filament proximity is similar in this
direction, while at 90 deg to the load the interface surrounding more closely resembles
the S2 case.

3.2.4 Fracture

The progression of yielding to fracture has been studied in detail for several cases;

it was found that the current computer program contains features incorporated for
economic reasons that predict unrealistic failure loads and strains. Specifically,

the matrix (6061-T6) stress strain curve is a bilinear approximation. This is reason-
ably accurate but introduces problems as follows. As the applied load is incrementally
increased at each program iteration, some of the elements enter the plastic range
with too high a stress and then experience a steady unloading during subsequent
iterations until at some point the load on one of them drops below the material yield
stress. The subsequent load increment calculates the stress on that particular
element for the completely elastic material and results in failure because of the

steep slope of the elastic curve relative to the plastic portion for adjacent elements.
Thus, the failure strength and strains are somewhat under-estimated. They are
analyzed more completely in Appendix A.

3.3 RESULTS

The results of analysis performed with the improved computer program are presented
in this subsection. Every case previously described was reanalyzed except for the
modified FEGs that provided no advantage initially.

3.3.1 Reinforcement Concentration (S1 Case)

Stress-strain curves calculated for the S1 ~ase with a well-bonded interface are
shown in Fig. 3-1 together with the data for pure boron and for the pure aluminum
(6061-T6) matrix. The extent of plastic flow varies with each concentration only
because of the limit imposed on the number of applied load increments that are pre-
determined for each computer run required to generate the data for one curve.
Experimental data obtained during that study and by others seldom show a transverse
tensile elongation exceeding 0.3 percent.

3.3.2 Interface Debonding

An S1 UD 50 vol % B/Al (6061-T6) composite with a very weak, or absent, interfacial
bond has a much lower TNT elastic modulus (4.2 X 106 versus 24.4 x 106 psi), and a
much lower yield strength (4.7 versus 24.4 ksi), as shown in Fig. 3-2. As the debonded
case approaches a perforated material, the properties are much inferior to the pure
matrix.

The influence of a change in reinforcement concentration for the S1 case is shown
in Figs. 3-3 through 3-8 where various signiricant quantities for 30-volume percent
S1 are compared with those for 50-volume percent Sl obtained from Ref. 1.
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Fig. 3-1 Stress-Strain Curves for UDSS B/Al(6061-T6) Composites, With Several
Concentrations of Reinforcement From 20 to 70 vol %, Loaded in Plane-
Strain Transverse-Normal Tension (PSTNT)
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SIMPLE SQUARE ARRAY (S1)

PLANE-STRAIN TRANSVERSE-NORMAL TENSILE STRESS (KSI)
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STRAIN (PERCENT)

Fig. 3-2 PSTNT Stress-Strain Curves for UDSI 50 vol B/A1(6061-T6) Com-
posite With: (1) Well-Bonded Interface and Debonded Interface,
Compared to (3) Pure Matrix A(6061-T6) and (@) Pure Rein-
forcement (Boron)
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The maximum normal (radial) interface stress concentration factor, which is as-
sumed to be the most probable cause of interface failure, is initially slightly lower
for 30 volume percent than for 50 volume percent; the extent of debonding after
which itreturns to its initial value is also slightly less but not enough to cause a
measurable difference in macroproperties.

The PSTN elastic modulus is initially nearly 30 percent less for 30 volume percent
compared to 50 volume percent, as seen in Fig. 3-4, and the difference becomes
smaller as debonding progresses until they are equal at 45 deg of debonding, beyond
which the 50-volume percent modulus is less, as it should since the layer amount of
reinforcement in the case of a fully debonded material is similar to a larger con-
centration of large voids.

The yield strength versus degree of debonding data (Fig. 3-5) i8 surprising in that
the values are everywhere smaller for the lower concentration which corresponds to
more separated reinforcements that would be expected to interact in such a way as

to decrease local stress concentrations. After 60 deg of debonding, the yield stresses
are essentially identical.

The transverse-transverse elastic Poisson's ratio dependence on the extent of de-
bonding presented in Fig. 3-6, shows consistently higher values for the lower. re-
inforcement concentration. The fact that values in excess of that for the pure matrix
(v = 0.33) are predicted is due in part to the plane strain assumption, and in part
to the constraining effect of the stiff, lower Poisson's ratio reinforcements. It is
later shown that the transverse-transverse Poisson's ratio is a monotonically de-
creasing function of reinforcement concentration.

The maximum interface-normal stress concentration factor {or well-bonded S1 arrays
increases with reinforcement concentration, from 20 to 70 volume percent, as shown

in Fig. 3-7. Since this factor is the ratio of the normal stress to the applied stress,
the trend indicates that, for two S1 composites of different reinforcement concentration
but with identical interface interface strengths, the specimen with the higher concentra-
tion will fail at a lower applied TNT load.

3.3.3 S2 Array
PSTNT stress-strain curves for the S2 arrays are not as sensitive to reinforcement
volume fraction as are the S1 arrays. This difference can be seen for 30- , 50- , and
60-volume percent concentration in Fig. 3-8. The quantitative differences in elastic
moduli can be seen from Table 3-3.

Table 3-3

ELASTIC MODULUS (PSI) VERSUS REINFORCEMENT CONCEN TRA TION

Vol % S1 S2
30 17.2 x 106 15.7 x 106
50 24.4 x 106 20.3 x 106
60 29.2 x 106 23.6 x 106
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However, the values for corresponding concentrations are always lower for the S2
case, and these are also somewhat less sensitive to concentration.

3.3.4 Hexagonal Arrays and Comparison With Previous Cases

The hexagonal arrays H1 and H2 show a PSTNT stress-strain behavior intermediate
to the cases Sl and S2, as can be seen from Fig. 3-9 for 50 vol % B/Al (6061-T6),
The elastic moduli for the two hexagonal arrays are virtually the same (22.2 x 106 psi
for H1, and 22.1 x 106 psi for H2); the < 1/2-percent difference is possibly caused by
the slightly different matrix element deformation due to their nonequilateral form.
However, the yield strength varies more noticeably, with the H1 value at 33.4 ksi
compared to 34.8 ksi for H2. It is remarkable that, for these four cases, the yield
strengths of the composites are little different from that of the pure matrix. It should
be remembered that the yield strength as defined here is a microyield or true micro-
proportional limit, as can be seen in Fig. 3-9 by the fact that there is no perceptible
change of slope at the points marked "yield."

Differences between the curves of Fig. 3-9 become more apparent when the data

are replotted as applied TNT stress versus plane plastic tensile strain (Fig. 3-10).
The relative positions of the curves are the same except in the region of small de~
formations where S1 and H2 coincide and S2 and H1 are reversed to show that the
former initially work hardens faster but soon becomes softer than the latter. The
differences observed in the plastic behavior are a consequence of the complex, array-
dependent, stress distribution existing in the matrix when under applied stress, as
will be discussed subsequently.

The dependence of PS TNT modulus, yield strength, and Poisson's ratio on concentra-
tion of reinforcement for cases S1, S2, and H1 are shown in Figs. 3-11, 3-12, and
3-13, respectively. As shown previously, the dependence of elastic modulus is greater
for S1 arrays than for S2, particularly at the higher concentrations. The single value
for H1 packing is intermediate to S1 and S2 at 50 volume percent.

Yield strength depends strongly on reinforcement concentration for the Si arrays and
in a slightly reverse manner for the S2 (Fig. 3-12). The latter situation may be an
artifact caused by the sensitivity of predicted yield strength to the size of the element
that yields, as will be discussed in subsection 5.4.

Poisson ratio variations with reinforcement concentration for S1 and S2 are presented
in Fig. 3-13 together with a single point for H1. Again, the S1 condition produces

a greater sensitivity to concentration than does the S2. Since Poisson's ratio, unlike
yield strength, is a macro-property, i.e., relatively insensitive to FEG differences,
the predicted behavior is genuine. As with the modulus, the H1 value lies inter-
mediate to the S1 and S2. j

The influence of total interface debonding for the three cases of S1, S2, and H1 with
50-volume percent reinforcement is seen in Fig. 3-14, where the stress-strain
curves are presented for the well-bonded and completely debonded cases. The curves
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Fig. 3-9 PSTNT Stress-Strain Curves for UD 50 vol % B/A1(6061-T6) Composites

With Arrays as Indicated in Inset: (D) S1, (2) 52, (8) H1 (stressed as
shown), and @ H2 (stressed at 90 deg to direction shown)
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Fig. 3-11 PSTNT Elastic Modulus Versus Volume Percent Reinforcement for UD
B/dAl 6061-T6) Composites With Reinforcement Arrays: (D) S1, (2) s2, -
an H1 i
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Fig. 3-12 PSTNT Yield Strength Versus Volume Percent Reinforcement for UD
B/A1(6061-T6) Composites With Reinforcement Arrays: () s1, (2) S2,
and H1
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Fig. 3-13 PSTNT Poisson Ratio Versus Volume Percent Reinforcement for UD

B/AL(6061-T6) Composites With Reinforcement Arrays: (D) S1, @) s2,
and (3) H1
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for debonded S2 and H1 are only good approximations since they were determined by
assuming a reinforcement with null modulus, i.e., a matrix with cylindrical voids.
The error should be small provided that the composite plastic strain is not too large,
since the only contribution of the reinforcement in the debonded composite is to con-
strain lateral elastic and plastic contractions over a small portion of the circular
cross section.

3.4 FAILURE AND YIELD STRENGTHS

Several references to the questionable reliability of yield and failure strength pre-
dictions have been made in the foregoing sections. The reason for the existence

of a problem is that both properties are actually microproperties in the sense that
they are determined by designating the gross applied stress when the microstress in
some element attains a prescribed value designated as the octahedral yield or ultimate
strength. In regions where a continuum analysis would predict large-stress gradients
within one finite element, the present method will compute an average value that may
be significantly smaller than the maximum. Since it is not possible to identify these

a priori in the FEM, the predicted microvalues will always be less than the maximum,
and this will require a larger-than-real applied stress to cause yield or failure. Also,
failure is currently predicted at some prescribed (in part) load increment so that an
error in the failure-stress results. :

Figure 3-15 is an example of the influence of the yielding element area on the pre-

dicted yield strength. Decreasing the size of the yielding element 16 percent de-
creased the predicted yield strength 2.5 percent from 40.2 ksi to 39.2 ksi. Extrap-
olating to infinitesimal element size gives a predicted yield of 34.5 ksi, or 86 percent

of the originally predicted value. Failure-stress predictions were not made in these
cases because the analysis was performed with the unreliable belinear matrix stress-
strain representation. However, subsequent check of the influence of applied load
increment shown in Fig. 3-16 is as expected,with higher failure strength predicted

for smaller load increment that can also be extrapolated to infinitesimal load increments.

Each of the extrapolation methods described above is a possible solution to the problem
of improving the accuracy of yield and failure predictions, but they are time-consuming
and can at best be used to give a good estimate of the error or correction needed.

3.5 INTERFACE STRESS DISTRIBUTION
3.5.1 No Residual Stresses

An analysis was made of volume concentration effects and reinforcement distribution

on the interface-normal and tangential shear stresses for B/Al composites in transverse-
normal tension. The interface-normal (tensile and compressive) stresses are be-

lieved to dominate failure in most reasonably well-bonded metal-matrix composites;

in contrast, the shear stresses are more likely to dominate in weak interfaces when
predominantely compressive interface forces are present and failure occurs ac-
cording to the Coulomb-Mohr criterion.
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The variations after two interface stresses with angular position from the loading
direction for UD S1 B/Al with 20- , 50- , and 60-vol % reinforcement are presented
in Fig. 3-17. Minor changes are produced by increasing the reinforcement concentra-
tion from 20 to 60 vol % with the greatest change at 0 deg, where the stress-concentration
factor increases from about 1.4 to nearly 1.6, indicating that for a specified interface
tensile strength, failure would occur for a slightly lower applied tensile stress for the
higher volume fraction. The crossover point, where the interface-normal stress

is zero, is virtually unaffected by the reinforcement concentration, so the interface
failure is therefore expected to be equally catastrophic in either extreme of volume
fraction. The shear stresses appear too small to contribute significantly to failure

in the compressive normal -stress region. It is interesting to note that the stress
distribution for a square array of fibers given by Ing-Wu Yu and Sendeckyj (Ref. 12)
are qualitatively the same as those presented except that there is no interchange of
relative position for the curves at approximately 13 deg; no negative values (compres-
sive normal stresses) are predicted in the vicinity of 90 deg, and the referenced
curves are reversed in order at 0 deg. These differences are probably the result

of the different specific materials properties used in each analysis; i.e., the matrix
and fiber Poisson's ratio used in the reference were 0 and 0.5 respectively. In the
present analysis, however, values of 0.33 and 0.20 have been used.

A similar plot is presented in Fig. 3-18 to show how the interface stress distribution
varies depending on the reinforcement packing arrangement and the relative applied
stress direction for UD 50-vol % B/Al (6061) in an initially stress-free condition as
were all previously described cases. A much greater qualitative as well as quantita-
tive difference occurs as a result of varying arrays than does from concentration
variations. The S2 configuration, for example, results in a 0-deg stress-concentration
factor with only 2/3 the value of that for the S1 array. An even larger difference is
apparent for H2 compared to either H1 or S1; H1 is only 0.6 of the S1. Also note-
worthy is that neither the S2 nor the H1 array produces a compressive normal stress
in the vicinity of the interface at 90 deg to the applied stress direction. This finding
suggests that debonding failure in such cases might continue until the entire interface
is debonded rather than the failure arresting around 70 deg as observed previously for
case S1 (Ref. 1). The third significant difference is noted in the H2 array, which has

2 a peak stress-concentration factor at about 30 deg from the applied bend direction
instead of the customary 0 deg. In such a case, failure would initiate at four points
around a typical filament (one in each quadrant), and the interface crack formed would
propagate in opposite directions from each point until debonding extended around the
entire portion of each reinforcement where the normal stresses are tensile in the well-

£ 80 25 A BN G s O w e & e

. bonded case. As before, the interface tangential shear stresses, distribution, though
: significantly different for each array, are not of sufficient magnitude to merit con-
1 sideration, as mentioned above in the analysis of concentration effects.

When no residual stresses are present initially in a composite, before transverse-
normal loading, there is little change in the interface stress distribution pattern

or stress concentration factor, as the external load is increased beyond initial yield.
Thus, the concentration factors and the analysis presented for the figures described
above are generally applicable to any state of uniaxial TNT stress.
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3.5.2 Residual Thermal Stresses Present

Virtually all metal-matrix composites are fabricated at an elevated temperature or
they will be subjected to temperature cycling during service. Because of the difference
between the thermal expansion coefficients of the constituents, stresses will be in-
duced during temperature changes. For this analysis a change of -250° F was selected
to represent the cooling of aluminum (6061) to room temperature from the annealing
temperature required to produce the T6 condition.

The thermally induced interface normal stresses for S1, S2, and H1 arrays in UD

50 vol % B/Al (6061) cooling from the T6 annealing temperature are plotted against
angular position in Fig. 3-19. As the 0-deg position is arbitrarily designated here

as that direction in which the UTNT stress is applied, the S1 and S2 cases are identical
with the curves relatively displaced by 45 deg on the abscissa. The curves do not
coincide exactly because of small differences in actual values resulting from the use

of interface finite elements of somewhat different sizes in each case.

The interface-normal residual-thermal stresses induced on cooling B/Al (6061) are
everywhere compressive as indicated by the larger thermal expansion coefficient of
the matrix. Also, the largest values of stress occur at the points on the reinforce-
ment surface closest to its nearest neighbors, i.e., at 0 and 90 deg for S1 (or 45
and 135 deg for S2), and at 0, 60, 120, etc., for the hexagonal packing. As will be
shown in a section to follow, these stresses greatly modify the plastic flow of the
matrix on subsequent application of external stresses.

The residual thermal stress state in a composite influences the interface-normal
stress distribution also. As would be expected, the distribution transforms pro-
gressively to the case where residual thermal stresses are absent as the external
stress is increased. The manner in which this occurs is shown in Fig. 3-20,

where the interface-normal stress distribution, in a UD S2 50 vol % B/Al (6061-T6)
composite, is plotted for a temperature change of -171° F and an additional change

of -79°F for a total change of -250°F, and after the application of a UTNT load

in three steps to 22,667 psi. The stresses are initially radially compressive,
increasing in intensity with the magnitude of the temperature change. Application of

a small UTNT stress causes the compressive stresses to decrease slightly, with

little change in the distribution. As the external stress is increased, much larger
changes occur in the direction of that stress such that it approaches the distribution

for the initially stress-free state. The maximum stress-concentration factor only
gradually approaches the nonresidual stress case, with the value equal to 0. 88 at 22, 667
psi applied UTNT instead of 1.0. Also, the zero stress point shifts quite slowly toward
90 deg so that even at 22,667 psi applied load most of the interface is in a state of
radial compression.

The radial interface stress distributions for arrays S1, S2, and H1 of 50 vol % B/
Al (6061-T6) are presented in Fig. 3-21 for UTNT stressing to 22, 667 psi, following
a -250°F change to room temperature. The S2 and H1 conditions produce virtually
identical results quite different from the S1 in that the stresses in that case decrease
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much more rapidly with angular position and become compressive at a much larger
angle. The stress-concentration factor is comparable to the other arrays, however,
indicating that failure from interface debonding will most probably occur similarly
for each case.

The variation of the maximum interface normal stress for UD S1 50 vol % B/Al (6061-
T6) varies linearly with applied UTNT stress as does the angular position for zero
stress, as illustrated in Fig. 3-22. If this relationship persists for significantly
higher applied stresses, the maximum stress-concentration would remain constant

at 0. 88.

From the foregoing it can be concluded that the major practical consequence of the
thermal residual stresses is to render a composite less sensitive to failure initi-
ation from interface debonding.

3.6 RESIDUAL THERMAL STRESS INFLUENCE ON PLASTIC FLOW

Thermal contraction differences between horon and aluminum (6061-T6) are sufficiently
large to induce a singificant amount of plastic flow in the matrix of UD 50 vol % B/
Al (6061-T6) composites during a change of -250°F to room temperature. This will
produce a noticeable affect on the transverse mechanical behavior since alteration of
the residual thermal stress state, with even the smallest applied load increment,
will cause some local unloading and in other regions increased loading in the plastic
range such that the micro yield strength is essentially zero. Actually, the volume
of matrix loading plastically and the changing internal stresses are such that the
theoretical stress-strain curves appear to have a linear elastic region with an ap-
parent elastic modulus somewhat smaller than the same, but initially stress-free
composites, except for the S2 case, as illustrated in Fig. 3-23. The differences
between the initially stress-free case and the case of residual thermal stresses are
accented when the elastic portion of the stress-strain curves are eliminated to
produce a stress/plastic-strain plot for each UD 50 vol % B/A1(6061-T6) composite
array as in Figs. 3-24 through 3-26. Of the three arrays analyzed, S1 shows the
greatest work-hardening, with S2 the lowest and H1 intermediate. In every case

the initially stress-free material has an apparent work hardening greater than the
material with residual thermal stresses, at least for + mall total TNT strains. There
appears to be a crossover at greater total strains = <& be seen in Fig. 3-26 for
case H1 and in the other two cases by extrapolating t' . curves for the material with
residual thermal stresses. This behavior results from the complex matrix stress
interactions that result in concurrent unloading (elastic) and loading in the elastic
and plastic ranges.

The extent of plastic flow in UD composites under UTNT loading can be demonstrated
clearly by examining the change in transverse-transverse Poisson's ratio with applied
stress or strain. When the matrix is entirely elastic the composite Poisson's ratio is
also elastic and determined as a function of the elastic constituent properties. As a
progressively larger portion of the matrix enters the plastic state the value of the
total Poisson's ratio will approach unity, or a value slightly larger because of the
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contribution of the reinforcement. The near unity value results from the longitudinal
constraint of the stiff reinforcement that produces a virtual plane-strain situation such
that conservation of matrix volume requires transverse plastic strains perpendicular

] to the applied stress direction to be equal and opposite to those parallel to the applied
stress. The theoretically predicted behavior is illustrated in Fig. 3-27, where the
total transverse-transverse Poisson's ratio (including plastic strains) is plotted as a
function of the TNT strain for S1, S2, H1, and H2 UD 50 vol ™ B/Al (6061-T6) composites
initially in a stress-free condition, together with the matrix and reinforcement Poisson
ratio, assuming no necking or local deformation for the pure matrix. Except for case
: H1, the entire matrix appears to yield progressively in the range of TNT strain from
0.0015 to 0.0035 so that is entirely plastic for the same strains that cause uniform
yielding in a uniaxial tensile test of the pure matrix. The anomalous character of the

3 H1 curve is presently unexplainable. The curves also illustrate an unusual feature in

3 that the composites' elastic Poisson's ratios are all greater than the greatest of the
constituents and different for each case except when the entire matrix is plastic and
the values appear to converge to unity or slightly greater.

This method of analysis is also of value for comparing the influence of residual thermal
stresses on the plastic behavior of UD composites in UTNT loading. Figures 3-28 through
£ 3-30 are comparisons of the total instantaneous transverse-transverse Poisson's ratios
versus UTNT strain for the initially stress-free and thermal-residual-stress cases.

for arrays S1, S2, and H1. It is immediately apparent that the onset of matrix plastic
deformation occurs immediately upon application of load when residual stresses are
present, as there is essentially no region of constant ratio at lower tensile strains as
observed when no residual thermal stresses are present. Each pair of curves has

3 unique characteristics dependent on the type of array. S1 and H1 are similar in that

the total Poisson's ratio values begin rising rapidly with the application of load, whereas
for case S2 there is a region from zero to about 5 x 10~% tensile strain where the
increase of total transverse-transverse Poisson's above the elastic value is imperceptible.
Also, array H1, within the strain range analyzed, does not produce as large a total
Poisson's ratio difference as do the other arrays. Analysis of other differences, such

as with the asymptotic values, could not be performed under this program but will be
described in a report on similar work for the U.S. Naval Air Systems Command to

be published by the same authors in 1975.

st

Figure 3-31 shows the alternative method of presenting plastic-zone growth data that
has certain advantages for identifying regions of possible failure. The total transverse-
transverse Poisson's ratio plots are potentially more useful as they can be compared
directly with experimental data.

|
]
i 3.7 MICROMECHANICS — LOCAL STRESSES AND STRAINS

Introductory comments were made regarding the advantages of the finite-element
method over traditional continuum mechanics methods. Additional data are presented
in this subsection to demonstrate these advantages in addition to elucidating the
mechanisms operating during elastic-plastic deformation of UD composites with and
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Fig. 3-31 Calculated Plastic Zone Growth With Applied PSTNT Stress for UDS1 50 vol %

B/A1(6061-T6) Composite. Heavy outline is predicted zone at failure with
54,416-psi load when bilinear matrix stress-strain representation was used,
and remainder is zone predicted for failure at 59,459 psi, using five-segment,
piece-wise-linear matrix stress-strain representation. Each number indi-
cates sequence of yielding. Failure was predicted at @ for bilinear repre-
sentation and @ for piece-wise linear representation; and iterations 17

and 38, respectively
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without residual thermal stresses. These are stress-vector plots with plastic-zone
overlays that are available from any computer with a graphics link by appropriate pro-
gram instructions to print, on a repeating cell chart, sets of orthogonal lines of lengths
proportional to the magnitude of the principal stresses existing at the point of inter-
section, which also is the centroid of the particular triangular finite element for which
the stress-vector plot is called for. The orientation of the principal stresses is plotted
realistically, and compressive stresses are designated by a letter C at each end of the
vector. The plastic zones were delineated by noting which finite elements, at the

end of a computer run, had values of octahedral shear stress exceeding the value for a
uniaxial tensile test with the pure matrix material, then smoothing a boundary through
the bordering elements to eliminate the angular features that would otherwise results
as can be seen in Fig. 3-31. The resulting plots are presented for cases S1, S2, and
H1 with and without residual stresses in Figs. 3-32 through 3-37.

3.7.1 S1 Array

Loading a UDS1 50 vol % B/A1(6061) residual-thermal-stress-free composite in UTNT
to the yield stress produces the internal principal stress distribution shown in

Fig. 3-32(a). The reinforcement is in a fairly uniform state of tension in the applied
stress direction, with a small compression at 90 deg. In constrast, the matrix stress
is very nonuniform. There is a region of large double tension in the region where the
reinforcements are closest along the applied stress direction, and a region of moderate
compression and little tension in the corresponding region at 90 deg to the loading

direction. As can be expected, yielding begins in the region of high double tension, as
shown.

Doubling the UTNT produces little change in the uniform distribution that existed earlier
in the reinforcement, though the magnitudes are increased. The situation within the
matrix is changed significantly, however, with large principal stress rotations occurring
near the reinforcement, double compression developing at the 90-deg position and the
plastic zone now occupying the entire matrix except for a small region farthest from

the reinforcements. Initially, the plastic zone exists very close to the matrix as was
determined by duplicating a similar run using the same FEG with the interface shifted
one band of elements toward the reinforcement center so that the two narrowest circular
bands of elements were bounding the interface in the matrix [see Fig. 2-4(e)] . The plastic
zone was nevertheless confined to the first band of matrix elements adjacent to the
reinforcement as before although a steep gradient just beyond that region should have

produced at least a partial broadening due to the presence of finer elements in the
adjacent band.

The same composite when cooled 250° F to room temperature develops a plastic zone
of size and shape almost equal to that for UTNT stressing to 68,930 psi. However,
the principal stresses causing this flow are very different as are the reinforcement
stresses shown in Fig. 3-33(a). The latter are compressive nearly everywhere while
in the matrix near the reinforcement there are varying radial compressive stresses
and quite uniform circumferential stresses that, in combination, produce the plastic
flow. The region of the matrix farthest from the reinforcement is least stressed.
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Superimposition of a UTNT load of 42,667 psi onto the residual stress state [Fig.
3-33(b)] is sufficient to render uniform the stress field within the reinforcement and
to modify the matrix distribution by cancelling out compressive components in the
applied stress direction, among other things, in such a way that the size of the plastic
zone is reduced to nearly half its original size. As a greater UTNT stress is applied
a new plastic zone should form as in the residual-thermal-stress-free case, and that
zone should be attached to the other and grow to include eventually the entire matrix.

3.7.2 S2 Array

The microstress and yield behavior in this case is very different from the one just
discussed. With no residual thermal stresses [Fig. 3-34(a)] the onset of yield occurs
in regions most distant from the reinforcements and, with increasing load, virtually
the entire matrix is plastic for a much lower applied stress than needed to produce
only partial yielding in case S1. The stresses within the reinforcements are similar
though somewhat less uniform at either load value. Although the matrix has almost
entirely yielded at a 49,113 psi applied UTNT stress as is evident from Fig. 3-34(b),
the orientations and distribution of the principal stresses are not changed significantly,
and the magnitudes are increased about 50 percent above the values at yield.

Naturally, the residual thermal stresses induced on cooling 250°F to room temperature
should be the same as case S1 as is seen on comparing Figs. 3-33(a) and 3-35(a).
Subsequent application of a UTNT stress of 42,667 psi produces a much different
situation, however, as can be seen on examining Fig. 3-35(b). Whereas stressing
array Sl produced a decrease in the thermally induced plastic zone size, the same
stress in this case causes yield to occur throughout nearly the entire matrix. This
observation is entirely consistent with the stress/strain curves shown in Figs. 3-23,

3-24, and 3-25, which at 42, 667 psi show much more tensile strain for case S2
than for case S1.

3.7.3 H1 Array

The evaluation of .a plastic zone for the hexagonal array H1 would be expected to
resemble that for the diagonally stressed square array S2 because of configurational
similarities. Indeed, Fig. 3-36(a) shows the yield surface (elastic-plastic interface)
originating in the vicinity of the midpoint of lines parallel to the applied stress connecting
the centers of adjacent reinforcements. The differences between the exact shapes

result from quantitative differences in the arrays and, to a lesser extent, from FEG
differences.

Application of a larger UTNT stress (52,667 psi) causes nearly the entire matrix to
flow plastically, with the exception of small regions about the reinforcement poles
perpendicular to the stress direction where small compressive and tensile stresses
develop that are too small to cause flow. The reinforcements have one set of principal
stresses of nearly equal magnitude and nearly parallel to the applied stress, with the

orthogonal principal stresses mostly compressive and small, a situation differing
significantly from case S2.

3-47

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKMEERD MISSILES L] SPACEH COMPANY, INC.
A SUBSIDIARY OF LOCKMWEED AIRCRAFT CORPORATION

|
%
%._




P

)

18d ¢11‘6¥% (q) pue (pre1x) 1sd 906 ‘¥¢ (B) 03 LN.LSd UI popBOT pue 99a4-8s01)8 A[renru] ‘ojrsodwo)
(91-1909)1V/4d % 10A 0S¢ ZSAN UI UOYNQLIISTIA SSOIJSOIOT SUIMOYS §I0[d J10}09A-889J38 Tedroutad $¢-¢ “S1d

@

LMSC -D403435

1sdse8‘sy = Nloo (®)
“¥3AI 1X3N NO aiv4 szun 1 INIWIENI
Ell’6r = AINO Vo ¥.-81-% NNY¥ 40 31va
TSAN (91-1909) v/ %05 €Z00ED YITWNN NNY

92 INIWIUONI
¥/-81-¥ NN¥ 40 31va
£2006D ¥IIWNN NNY
IS4002°0, = +— = GI3IA XI4LVW 4O 90°Z YOLD3A SSIULS

O1d YO1D3A SSI¥LS TVdIDN I

= Q13IA XINLYW 34O 9€°1 ¥OLD3A SS3IS
107d ¥OLD3A SSIULS TVdIDNINd

3-48

Ao = 154 006°% = AINO Nlo
Zsan (91-1909) 1v/A %05

LOCKMNEED AIRCRAFT CORPORATION

L SPACE COMPANY

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHWEED MISSILES
A SUBSIDIARY OF



ik

LMSC-D403435

@

- 69 INIWIUONI
¥2=9¥ NN¥ 40 31va
Q@13IA XI¥1VW 40 88 .c«ohuwn m_mwsm
g » . Mt
1S4 00£°29 = — 101d YOL1D3A SSIULS TVdIDNIN

.

O Gg——

+

154 992y + 90 = Nlp , ¥,
Zsan (91-1909) 1v/8 %05

souoz o1yserd ajewrrxoxdde aae suorSal papeys
*18d 299 ‘Z¥ JO 889118 LN.LSd ® Y3Im swes (q) pue a8uey) samjeaedwal J,092- (B) :1093y onsodwo)d
(9L-1909)1V/4 % 10A 0S 2SAN UI UOTINQLIISI(J SSOIISOIOT SuIMOYyS §10Td J0JOOA-88a1)s Tediourad ¢e-¢ *Sid

1Sd 00S6'EYy =

()
11 IN3W3I¥ONI
¥Z-¥-% NNY 40 31va
076620 ¥IIWNN NNY
= Q13IA XINLYW 40 TZ°1 YOL1D3A SS3ULS
1074 ¥YOL1D3A $S3¥1S TVdIONI¥d

¢ ez

3-49

%4«5

ZSaN (91-1909) 1v/8 %05

LOCKHEED PALO ALTO RESEARCH LABORATORY

INC.

LOCKHWEED MmISSILES L SPACE COMPANY,
SUBSIDIARY LOCKHEED AIRCRAFT CORPORATION

L

T e S " = e e e N BN DD S D BB B B | =S




.
:
:

[y

=

seuoz oyserd ojewrxoadde axe suordea papeys ‘1sd 600°zs (q)
pue (pro1Xx) 1sd 10%‘ce (8) ‘03 LNISd Ur pepeo] usyl ‘eoxi-ssexig Arenu] ‘ajrsoduro)
(9L-1909)1V/€ % 10A 0S THAN UT UOIINQLIIST( SS0IISOISIIN SUIMOyS §10[d I10J09A~-889a)S Tedrourad 9g-¢ *Srg

@ G

SZ INIWIIINI
¥.=Z1-¥ NNY JO 31vQ
0Z00ED YIIWNN NNY O
= Q13IA XIIVW 4O 99°Z YO1D3A SSINIS 1Sd 055°2S = .—y
107d YOLD3A $S3uLS TVAIONIN

| INJWIWONI
¥.=Z1-¥ NNY 40 31va
0Z00€0 ¥ITWNN NNY
= Q13IA XILWYW 4O 9%°1 YOLD3IA SSIALS
1014 ¥OLD3A SSINIS TV4IONI¥

1S4 008°S6 = +——

154 600°26 = AINO Nio
W (91-1909) TV %05

1sd 10r'ec = AINO Nio
TH(91-1909) 1v/8 %05

3-50

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKMNEED MISSILES ] SPACE COMPANY,

FT CORPORA

RCRA

LOCKMNEED A

IDIARY OF

A SuNs




T s A st

EEEReTT—r—————

YT Ty T Y T

LMSC-D403435

Thermal residual stresses in UD H1 50 vol % B/A1(6061) on cooling 250°F to room
temperature after T6 annealing are shown in Fig. 3-37(a). Again the yielded region
resembles that for the diagonally stressed square array except that the elastically
stressed region is shifted upward from the lower boundary. This is actually a point-
of-reference difference only easily realizable by noting that for each array (S2 and H1)
the residual thermal matrix stresses are smallcst at the centers of the large regions
formed by groups of adjacent reinforcements. Thus, in array S2, the smallest stresses
occur at the center of the matrix regions formed by four reinforcements at the corners
of squares, while in array Hl the regions are at the centers of equilateral triangles
with a reinforcement centered at each vertex.

Superimposition of a UTNT stress of 42,667 psi onto the residual stress state of H1
arrays has an effect intermediate to that for arrays S1 and S2. Specifically, the array
of the yielded region neither expands nor contracts but merely changes slightly in shape
by shifting the elastic regions perpendicular to the direction of ithe applied stress until
each is symmetrically distributed about the centers of lines joining the centers of
nearest neighbors parallel to the applied stress direction. The shape of the plastically
deforming region varies too greatly with thermal excursions and applied stress to note
a consistency with the behavior of the gross stress-strain curve, particularly the cross-
over of the with and without residual stress curves at about 44,500 psi applied stress
and the much slower growth of the transverse-transverse total Poisson's ratio shown
in Fig. 3-27.
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Section 4
EXPERIMENTAL DETERMINATIONS

Two " precision" UDS1 W/A1(6061) composites were prepared in the laboratory for
tensile testing to provide data directly comparable to the theoretical predictions
described in Section 3 of this report. These were identical in composition to the similar
specimens described in Ref. 1, but fabrication was accomplished using additional pre-
cautions to ensure, as much as possible, the retention of the square-packing array
throughout the pressing operation. Testing was also modified in an attempt to obtain
more reliable results. Tungsten was selected as a reinforcement substitute for boron
since the latter is not available in diameters sufficiently large to facilitate precise
fabrication, and because the mechanical properties of tungsten are nearly the same as
those of boron.

4.1 TEST-SPECIMEN PREPARATION

The composites were prepared from 0.040-in. -diameter centerless-ground tungsten
rod and aluminum (6061-0) sheet with parallel, directly opposing, 90-deg grooves on
both surfaces formed by hot-pressing the sheets in a specially designed die. Such
grooves ensure proper initial alignment and distribution of the reinforcing rods, and
minimize the amount of metal flow required to achieve full densification. The original
thickness of the aluminum sheets was half of the interlayer spacing to ensure a 50 vol %
concentration.

Four-layer stacks of alternating tungsten rods and aluminum sheets were initially bonded
with a polystyrene solution to facilitate handling. Polystyrene is known as a fugitive
binder that depolymerizes and evaporates leaving no char or residue at temperatures
below that required for upset-forming and diffusion-bonding aluminum. It was demon-
strated in previous work (Ref. 1) that a fully constrained die is necessary for the forming/
bonding operation to prevent lateral flow of metal that drags along the reinforcements
nonuniformly and destruys the desired double periodicity. To this end, a pressing

die was made that consists essentially of a shallow closed rectangular cavity with a
matching ram. The grooved matrix sheets and rods were cut to dimensions that just -
filled the length and width of the cavity such that only through-the-thickness deformation
is possible.

Hot upsetting and diffusion bonding were peiformed within a large vacuum chamber that
contains an inductively heated susceptor surrounding a fixed water-cooled anvil and a
hydraulically actuated, water-cooled ram. Pressing was accomplished at approximately
950°F, and a pressure of 2260 psi applied for 60 min. The specimens produced are as
shown in Fig. 4-1 after steel end tabs were installed to facilitate gripping. Each
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specimen was 2.85 in. long by 0.60 in. wide by 0.25 in. thick. The reinforcement
concentration is somewhat less than 50 vol % as the two face sheets were initially

of the same thickness as the three intermediate sheets. This should have little effect
on the properties that depend on the internal concentrations.

The uniformity of the distribution within the gage length was excellent, as can be seen
in Fig. 4-2. Also,, the densification was excellent as was the interface bonding, though
interface strength was only good. The latter is more evident in Fig. 4-3(a) and (b),
which shows metallographically polished cross sections at 500x magnification. The
darker phase with a stringer texture is tungsten. The scattered small dark regions at
the interface may be unbonded, as is the larger region in Fig. 4-3(b).

Two specimens were annealed to provide tests of the -0 and -T6 matrix condition. This
was done according to conventional practice.

Steel end tabs were epoxy-cemented to each side of the test specimens to ensure as
uniform a load transfer as possible from the serrated wedge-locking grips that had to
be used with the specimen configuration. Each end had a bonded area of about 1.2 in.,
which was considered adequate to support the largest load expected for UD/UTNT-
loaded composites if interface failure sccurred.

4.2 EXPERIMENTAL RESULTS

The transverse tensile specimens were tested in an Instron Universal Testing machine
at a cross-head rate of 5 mils/min. Elongation was measured with a 0.5-in. gage
length clip~on extensometer working through an amplifier and other electronics to drive
one axis of an X-Y plotter while the other axis was driven by a signal from the load cell.
Preliminary tests with unreinforced aluminum (6061-0, and -T6) were made to verify
the accuracy of the apparatus.

The UTNT stress-strain curves for the composite and unreinforced matrix, each in
the -0 condition, are presented in Fig. 4~4, together with the predicted curves for the
well-bonded composite and the nonbonded composite (modulus only). The experimental
data are intermediate to that for the two extremes of bonding, suggesting that partial
(local) debonding had occurred early in the loading cycle. If the modulus follows the
rule of mixtures, for the effective volume fraction of composite that is well-bonded

at the interface, the measured 10 x 106 psi elastic modulus would occur if a good bond
existed over about 27 percent of the composite. The elastic-plastic portion of the curve
would progressively approach the debonded case if interface failure occurred locally
on increasing load whereas catastropic interface failure would cause the curve to fall
immediately to the no-bond level with leveling out of the curve at about 6-ksi applied
stress.

Evidence supporting the failure mode is clearly present in Fig. 4-6¢a), which shows a
combination of interface debonding and transverse reinforcement splitting at the fracture
surface. As there are four layers in the composite, the fractured reinforcement that
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Fig. 4-2 Micrograph of Gage Section From Precision uDS1 50 vol % W/A1(6061) Com-
posite Showing Uniformity of Reinforcement Distribution 8x
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Fig. 4-3 Micrograph of W/Al Interface in Precision Test Composite Showing:
(a) Characteristically Good Bond (500x) and (b) Isolated Region With No
Bond (100x)
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APPLIED TNT STRESS (KSI)

| | i 1 | ol
0 0.001 0.002 0.003 0.004 0.005

TENSILE STRAIN

S T A

Fig. 4-4 Comparison of Measure Transverse-Normal Tensile Stress-Strain Curve
for UDS1 50 vol % W/A1(6061-0) Composite, With Predicted
Theoretical Behavior of B/A1(6061-0) Composite With Good Bond, and

@ Modulus of Same With no Bond

4-6

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKMEED MISSILES & SPACE COMPANY, INC
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPQRATION




LMSC-D403435

apparently was well-bonded comprises 25 percent of the break — in excellent agreement
with the prediction based on the modulus of the experimental stress-strain curve as
accounted for by the rate of mixtures. The -T6 condition results are presented in

Fig. 4-5, together with various relevant theoretical predictions. The composite modulus
is much higher than for the -0 condition, suggesting 81 percent interface bonding at

least during the initial loading and about 29 percent debonding leading to failure. The
fracture macrograph [Fig. 4-6(b)] shows no filament breakage in this case, suggesting
that the sudden change of slope in the stress-strain data was the onset of progressive
debonding that resulted in ultimate failure.

Examination of reinforcement and exposed interface surfaces of the fracture suggests
that a minute reaction layer had formed or that a good, though weak, bond had
formed between the tungsten and aluminum. The markings on both surfaces were

identical, resembling the centerless-grinding marks on the rods and the appearances
of both bright metallic.
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Fig. 4-5 Comparison of Measure Transverse-Normal Tensile Stress-Strain Curve
for (1) UDSI 50 vol 7, W/A1(6061-T6) Composite With (2) Predicted
Theoretical Behavior of Similar Boron Reinforced Composite With Good
Bond, @ Fully Debonded and @ Measured Al(6061-T6)
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Fig. 4-6 Fracture in Precision UDS1 50 vol 9 W/AI{6061) Tensile Specimens:
(a) 0 Condition and (b) T6 Condition ~ 6x
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Section 5
CONCLUSIONS AN DISCUSSION

5.1 CONCLUSIONS

From this work it can be concluded generally that the finite-element method provides an
unequaled analytical tool for studying the micro- and macro-mechanics of unidirection-
ally reinforced composites with different combinations of packing arrays and applied uni-
axial transverse-normal loading direction, with or without the presence of residual ther-
mal stresses. It can be concluded further that the method is amenable to the analysis of
more complicated configurations and interactions by suitable modification. Specific
conclusions, regarding the reinforcement mechanisms in metal-matrix composites,

can be drawn from the calculations performed. For UD B/Al1(6061-T6) the most
significant are as follows:

e Catastrophic interface failure by tensile-normal debonding can occur for any
reinforcement concentration in the range of 20 to 60 vol % and for square or
hexagonal reinforcement arrays.

e The maximum interface-normal tensile stress leading to debonding failure,
increases monotonically with reinforcement concentration for a square-array
composite.

e The maximum interface-normal stress concentration factor varies from 0.9
for a 50 vol % hexagonal array stressed in tension parallel to lines connecting
the center of next-nearest neighbors, to approximately 1.5 for square or
hexagonal arrays stressed in tension parallel to lines joining the center of
nearest-neighbor reinforcements.

e Residual thermal stresses developed on cooling from the - T6 condition modify
the interface-normal tensions to retard debonding failure.

e For square-array composites elastic modulus increases with reinforcement
concentration from about 14.8 x 106 psi at 20 vol % to nearly 35.5 x 106 psi
at 70 vol %.

e The dependence of transverse-transverse elastic modulus on reinforcement
concentration is less for a square array stressed parallel to lines connecting
the centers of next-nearest neighbors than it is for the same array stressed
parallel to connectors of nearest-neighbors, with values increasing monotonically
from ~ 15 x 108 psi at 20 vol % to ~ 27 x 106 psi at 70 vol %.

e For 50 vol % composites, the transverse elastic modulus is greater for square
arrays stressed parallel to lines connecting the centers of nearest neighbors
than it is for uniaxial stressing parallel to lines connecting the centers of
next-nearest neighbors with hexagonal packing being intermeadiate.

e Residual thermal stresses developed on cooling {o room temperature from a
-T6 anneal, produce a decrease of about 10 percent in the apparent elastic
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modulus for the 50 vol % hexagonal independent of transverse loading direction,
and square arrays stressed parallel to lines of nearest neighbors.

e Residual thermal stresses developed on cooling to room temperature, after a
-T6 anneal, are sufficient to cause extensive yielding of the matrix for all
arrays studied.

e The residual stress state and amount of plastic flow that occurs on cooling to
room temperature after a -T6 anneal, modifies the subsequent transverse
stress-strain behavior such that local plastic flow occurs on the first increment
of stress and the composite exhibits a somewhat larger amount of work-
hardening.

e Measurement of the instantaneous total (elastic plus plastic) transverse-
transverse Poisson's ratio, under uniaxial transverse normal tensile stressing,
is an effective method of following the growth of the plastic zone size.

e The instantaneous transverse-transverse plastic Poisson's ratio in UD
B/A1(6061) composites, attains a limiting value of 1.0 because of the con-
straining influence of the reinforcements in their longitudinal direction.

o The instantaneous total transverse-transverse Poisson's ratio can be used
effectively to ascertain the amount of plastic flow the matrix has experienced
because of residual thermal stresses.

The following conclusions were reached from the experimental results:

e It is possible to fabricate square array composites with good precision by using
hot-upset/diffusion bonding under vacuum in a die that effectively constrains
all flow and associated displacements in a direction normal to the specimen
or in the direction of pressing.

e The interface normal tensile strength of a W/A1(6061) couple can exceed the
transverse tensile strength of a centerless-ground tungsten rod of 40 mils
diameter.

e The gross transverse tensile behavior of UD 50 vol % W/AL(6061-T6, or -0)
can be reconciled in terms of the preceding theoretical analysis.

5.2 DISCUSSION

The quantity of information that can be generated from a computer-programed finite-
element analysis of composites appears to exceed that available with comparable effort
utilizing other methods. While certain quantitative aspects of ihe results are not as
accurate as might be desired, there is adequate evidence indicating that improvements
will come in this area as the result of continuing research. For example, as seen in
Appendix A, a considerable extension of the clastic-plastic stress-strain curve and
consequently improvement, matrix failure prediction capability was achieved by
relatively modest refinements of the original computer program.

In its present state, the computer program used in the preceding study is very adequate
for predicting relative, semiqualitative, micro behavior, and fully qualitative gross
mechanical properties by further refinement to include, for example, generalized plane
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strain, as it more exactly represents the true state of stress in unidirectional composites
under transverse-normal applied stress. Such a program would permit also a determina-
tion of the effect on longitudinal properties of variations in the parameter that have been
examined already for the transverse case.

The FEGs employed for analyzing the various volume fractions, arrays, and loading
geometries should be standardized to provide a uniform element size in the regions of
highest stresses. This would render the results more comparable, relatively, as the
significant processes would be occurring over regions of the same dimensions. One
could also employ non-linear interpolation functions to the same end but possibly
only with an increase in program complexity that would require special justification.

There is no question regarding the extreme usefulness of FEM analysis to provide a
basic understanding of how composites function. It will continue to be used as a source
of generating data essential to the materials developed as a basis for analyzing results
and determining how improvements might best be brought about within the inherent
constraints revealed by the method.
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Appendix A
COMPUTER PROGRAM MODIFICATIONS

This section is included as an appendix since it is concerned with the investigation and
solution of a problem related to the computer program used to perform the theoretical
analyses described in the text. The finite element program is too complicated to
describe in detail here. Certain of its features will be described as necessary to
illustrate the material to follow. For additional details the reader may consult Refs.
15 and 16 of this report.

i
*
]

A.1 PREMATURE FAILURE PREDICTIONS

As a result of approximating the stress-strain behavior of the matrix Al (6061-T6) by

a bilinear curve during the early stages of this study, failure was indicated prematurely
because of local unloading of elements that have yielded plastically. This is illus-
trated in Fig. A-1 where the octahedral shear stress developed within three elements
is plotted versus the number of 1.2-ksi load increments beyond initial yield. The
octahedral stress in the first element to yield (No. 67) slowly increases in the plastic
range as the elastic octahedral stress in each of two other remote elements (Nos. 36
and 116) rapidly increases to a value slightly above yield, then continuously decreases
at a slower rate until it falls below yield. The program then assigns elastic proper-
ties to the elements, which results, in the next iteration, in an octahedral stress in ex-

cess of the value designated as that required for fracture, and the element is designated
as having failed.

A.2 STRESS-STRAIN CURVE REPRESENTATION

Attempts to obviate the difficulty were made by substituting for the bilinear curve a
least-squares curve-fitting routine, and a cubic spline function routine, each requiring
only tabular input data points from an experimental stress-strain curve. Neither of
these modifications solved the problem, though for different reasons, however. In the
case of the least-squares method, the available program could not adequately represent
the data just beyond yield without considerable difficulty to ensure monotonicity. The
spline function routine failed in the same region by introducing inflections between input
data points that produced poorer results than the bilinear approximation.

&3

- ]

| S
L

Since no computer interpolation routines were available to adequately represent the

data in smooth form, a polygonal approximation was adopted wherein the stress is a
unique linear function of strain between adjacent input data points. Such a representation
has the advantage of allowing a large number of points in regions of rapid slope change.
Indeed, the most practical piece-wise-linear curve for 60G1-T6 aluminum was found to

] consist of the yield point, four points equal-spaced with respect to stiress on the knee

4 of the curve and the point of failure.
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Fig. A-1 Calculated Octahedral Shear Stress Versus Applied Load for First Element
to Yield (No. 67) and Two Elements That Failed Anomalously (Nos. 34 and
116) Because of Assumed Bilinear Stress-Strain Curve of the Matrix
Al (6061-T6)
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A.3 STRESS-INCREMENT RESTRICTION

An additional computer program change was made as an additional precaution to ensure
anomalous early-failure predictions. Since load increments of arbitrary size are

1 prescribed at the beginning of the computation, these may be selected to be large enough
! to produce an erroneous result as described above. Also, the load increment cannot be
made arbitrarily small as inordinate computation times may result. A compromise
measure was adopted wherein a rather large increment is prescribed, but a check is
made after each incremental computation to determine which finite~elements, if any,
are experiencing an octahedral shear stress exceeding a given value beyond the linear
stress~strain interval used at the start of the iteration. When such are detected, the

b incremental load for that iteration is reduced to bring within bounds the octahedral
shear-stress of the element with the greatest deviation beyond the bound.

The stress increment restriction and the number of intervals selected for the piece-
wise linear representation of the matrix stress-strain curve each contribute not only
to mitigating the anomalous stress excursions leading to premature failure predictions,
but also to reducing the computation time required to reach a given composite strain.

Results of three runs with the modified program are compared with the previous bili-
near results in Fig. A-2. The elastic part of the calculations are not affected and the
curves coincide exactly. Beyond yield the new method predicts a slightly different
stress-strain but, more important, with optimized parameters it is possible to analyze
the behavior of a 50 vol % B/Al (6061-T6) composite to a plastic strain 2. 88 times
greater. The bilinear yield strength specified in the earlier method was higher
(42,000 psi) than the current value (36, 177 psi) to most closely approximate the stress-
strain curve over its entire range. The difference in the resulting composite stress-
strain behavior is imperceptible.

The influence of the program modifications on the micromechanical stress analysis is
also very pronounced. Figure A-3 shows the progression of yield through the matrix
for the original unrestricted bilinear computation and for the five-segment piece-wise-
linear stress-strain representation computation with the restriction that no applied
stress increment would load any finite element to an octahedral shear stress beyond
the upper limit of the next higher interval from the one containing the octahedral shear
stress at the start of a particular stress-increment computation. The bilinear calcula-
tions, made with 1100-psi applied-load increments starting at 42, 000 psi yield, give
the dark-outlined region of yield to failure at about 55,000 psi. The failure sequence
is essentially as indicated by the numbers. The remainder of the figure gives the yield
sequence predicted by the modified program. In this case the last element to yield
(indicated by number 38) did so with an applied load of 59,459 psi, nearly 7.5 percent
greater than the previous failure load. Actually, the calculation was continued without
additional yielding until at 62,075 psi, an 11.4 percent higher sustaining load than
previously predicted, the computation was terminated by apparent failure of the element
inscribed with the circled number 13.
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Fig. A-3 Schematic Representation of Yield-Zone Crowth With Increasing Applied

Transverse-Normal Load Predicted for a Unidirectional Square-Array

Composite of 50 vol % B/Al(6061-T6). Outlined region is for loading to

anomalous failure at 54,416 psi, assuming a bilinear matrix stress-strain i
curve. Remainder is for a five-segment piece-wise-linear representation

and loading to predicted failure at 59,459 psi. Numbers correspond to
load-increment (800 psi) at which elements yielaed. Failure was predicted

at circled 12 for bilinear curve and at circled 13 for segmented curve
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The cause of the predicted failure is not clear based on an analysis of the stress history
for the element in point, or those surrounding it. The program prints a listing of all
stresses, including the octahedral shear stress in each element after each iteration
(stress-increment calculation) and from these it is certain that the octahedral shear
.stress in the element to fail had not decreased to below the yield at any time, so the
failure prediction certainly was not anomalous in.the same manner as for the bilinear
stress-strain curve approximation. In fact, the octahedral shear stress in the element
to fail was oscillating approximately + 81 psi (+ 15. 7 percent of stress/segment) around
the data point separating the third and fourth interval of the seven segment input stress-
strain curve. The significance of the calculation is being questiored primarily because
it involved a sudden reversal of principal stresses from tensile to compressive, an
occurrence which has never before been observed.

A.4 MULTIPOINT CONSTRAINT

The computer program used until this report period made use of a superposition
technique to calculate the proper strains transverse to the applied load. Consequently,
two time-consuming stiffness-matrix inversions were required for each load-increment
iteration. To reduce the compuiation time, a modification in the program was made
whereby the stiffness matrix banawidth is increased slightly, but the time per iteration
is reduced by as much as 25 percent. The stiffness matrix non~zero values are con-
centrated about the main diagonal. The bandwidth is the largest number of such values
from all rows.

The method in effect reduces the number of equations to be solved by a procedure

analogous to the algebraic solution of simultaneous equations. For example, given
the simple case of a three-node structure with one degree of freedom at each node;

(r) = () (&)

L} =1,2,3

where r; are the nodal reactions, &4 the nodal displacements, and the k., the
stiffness coefficients, analogous to spring constants. ij

It is known, a priori, that A; =A3 and r; +rg = F are the constraints, the equation

can be reduced to:
R2 K21 K22 A3

®) = (K;) (&)
i =118

or

where Ki1 =kgg, K12=k21+k , Ko1 =k12""k32, and Kop =k, +Kk.o +k., +k )
Ry =r,,and R, =F. 3 23 " 117 %13 T %q1 Ve
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A sample calculation was made with a 73-node model having an original stiffness-
matrix bandwidth of 22. With the multipoint constraint, the bandwidth was increased
to 30, increasing the computation time, but the need for only a single inversion reduced
the time sufficiently to give a net gain of 25 percent.

There is an additional advantage in solving for thermal residual stresses partially
relaxed by creep where the representation cell is required to expand without distortion.
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