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ABSTRACT

Both resin and metal matrix composites with high modulus carbon fibers
are being developed., Chemical etchants which roughen the fiber surface

have approximately doubled the compressive strength of resin rings, Contact

angle and wicking rate tests are used to evaluate surface treatments,
Vaiious coatings (best: Ta) improve wetting with aluminum, but brittle
intermetallic phases degrade composite properties. Nickel matrix compos-
ites have near theoretical modulus and 1/2 theoretical strength. The effect
of random fiber spacing on calculated composite moduli is being studied.
Curing stresses and stress concentrations at fiber ends have been measured
photoelastically, Improved test concepts have been formulated for uni- and
bidirectional composites. Discrete element methods of structural analysis,
a transient temperature analysis capability, and a statistical theory of
strength have been extended to include material anisotropy. New structural
synthesis algorithms are being investigated, Work is reported on a method
for nonlinear, multiaxial stress analysis. Preliminary minimum weight
estimates have been made for a fiber composite component r:presentative
of a fuselage section, The use of structural synthesis methods to select

the best material from within a class of materials is being investigated on

a series of particulate composites similar to grade JTA. Material property
data, analyscs of a hollow cylinder and a flat plate, and the design of a
rocket throat insert are reported,
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SECTION 1

INTRODUCTION

The present program is a novel approach designed to fulfill three
different but clearly interdependent needs of the Depart:nent of Defense: a
material need, a structural design capability n~ed, and a need for more
scientists and engineers trained in applied materials problems and advanced
design methods. The Carbon Products Division of Union Carbide Corporation,
Case Institute of Technology, and Bell Aerosystems Company have formed
an Association through which a joint effort can be made to meet these needs.

The Association has formulated a broad program which includes the
development of new materials, generation of advanced analyses and design
methods, and education of graduate studente. In brief, the major objectives
are (1) to develop high modulus carboa fite : composites, (2) to extend the
methods of structural mechanics, (3) to identify DOD applications toward
which the program efforts should be directed, (4) to educate engineers
capable of developing and using modern materials, and (5) to integrate
materials research with the needs of the designer by extending the technique
of structural synthesis to include material variables.

A number of existing or planned aerospace and hydrospace systems of
the Department of Defense would perform more efficiently if made from a
lighter and stiffer material taan any presently available. One of the most
promising classes of materials for these applications is carbon fiber
composites made from high modulus carbon yarn recently developed by
Union Carbide. A major objective of this program is to develop resin and
metal matrix composite materials containing these new high modulus
carbon fibers.

Composite materials, most graphites, and many advanced aerospace
materials are mrderately-to-strongly anisotropic in their physical
properties, show nonlinear and nonconservative stress-strain behavior to
varying degrees, and exhibit brittle failure. The efficient utilization of
these materials in DOD applications requires that these properties be
accurately treated by the designer. A second major objective of this
program is to extend and, where necessary, to develop new methods of
structural mechanics to cope with anisotropy, with nonlinearity, and, to
the extent possible, with nonconsczvatism. The accuracy of the analytical
methods is to be evaluated by tests on simple but representative structural
components. The structural mechanics work is to be supported by
experimental and theoretical studies of the specification of the {racture
surface and the statistical aspects of fracture in anisotropic brittle
materials,

It is essential that the fundamental work conducted here be applicable
to current DOD needs. A third major objective of this program is to
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id .ntify DOD applications toward which the program efforts should be
directed. Components whick represent specific hardware items a.:d the
thermal and mechanical loading conditions for these components are to be
considered,

The steadily increasing use of materials which exhibit complex
behavior (anisotropy, nonl.nearity, nonconservatism, and nonhomogeneity)
has created a demand for more engineers and scientists who are interested
in and prepared for the continued development and use of these materials,
A fourth major objective of this program and a prime reason for the
formation of this Association is the education of these engineers and
scientists. This education is to be done directly by the involvement of
graduate students with various aspects of this program and by developing
a greater awareness at the academic institution of current DOD material
and design problems.

One of the program supervisors (Prof. L. A, Schmit) has pioneered
in the development of a branch of structural mechanics known as structural
synthesis. Structural synthesis has been defined as the rationally directed
evolution of a structural comiponent which, in terms of a defined objective,
efficiently performs a se! of specified functional purposes, i.e., sustains
the load conditions without violating any of the constraints., Desirable
objectives for aerospace applications are minimum weight or cost or
maximum reliability. A logical extznsion of existing structural synthesis
methods would be to add material variables to the design variables treated
in the optimization process. The material variables might include
composition, density, or fiber winding angle. The output of the structural
synthesis process would be the specification not only of the best geometrical
shape of the component to carry a certain load but also of the best material
from which to make the component. The designer would then be able to tell
the materials supplier which material within a given class of materials
would be best for a specific application, In this way, the material needs of
the designer and the development of new materials by the muterials supplier
would be mtegrateu into one overall process. A fifth ma_)or objective of
this program is to develcH workable methods for carrying out this Integrated
Approach to Applied Materials Research.

. In the following three paragraphs, the general areas of responsibility
of each member of the Association are defined. The nverall technical
program and the war ir which the activities of the three members of the
Association are couplec together are discussed in Section I A. The overall
program can be diviced into six parts, and a brief description of each part
is outlined in Section II B. In Section III, a general summary ie given of
the work accomplished during the first year. In Section IV, two specific
applications, an airframe component and a rocket nozzle insert, are
identified; these applications form the objective of much of the applied work.
The remaining six sections of the report present in greater detail the
results of the work of the first year for each of the six parts of the program,




The primary areas of responsibility of Union Carbide Corporation,
Carbon Products Division, are to develop and produce composite materials
and to measure on certain materials those mechanical and the rmal
properties needed for the structural design work of the other members of
the Association., The technical program at Union Carkide consists of:

(1) materials research, a basic resear:h program to develop new, improved
composites of high modulus carbon fibers in both resin and metal matrices;
(2) materials fabrication, an applied research program to produce materials
for the joint research programs of the Association and to seek new ways of
fabricating components which better utilize the superior properties ot
composite materials; (3) properties evaluation, the measurement of the
mechanical and thermal properties of certain composites to provide data

for the joint research programs of the Association; and (4) failure criteria,
2 basic research program to det:rmine experimentally adequate failure
criteria for anisotropic materiales under multiaxial stress states and to find
ways of representing the failure surface which can be used by the designe-
in practical calculations.

The primary objective of the work at Case Institute of Technology is
to advance the basic structural mechanics technology required for rational
design with composite materials. Composite materials offer the structural
design engineer the prospect of being able ultimately to carry on
simultaneously the design of the structural configuration ind material. To
bring this about will require fundamen“al advancas in structural synthesis
as well as a substantially improved understanding of the hehavior of
composite materials, The objectives of the research program at Case are:
(17 the quantitative formulation and efficient solution of the structural
synthesis problem, including materiul variables, for elementary, but
representative, components fabricated from compositc materials;

(2) experimenta! stress analysis studies and theoretical investigations in
micromecharics with the objective of improving the measurement and
celculation of stiffnecs properties and failure mode criteria for composite
miteriais; and (3) the development of improved analysis methods for
anisotropic, nonlinear, and nonconservative materials.

The primary purposes of Bell Aerosystems Company's participation
in this program are to interject user requirements into the applied
material research efforts; to apply, at the protot design level, the
advanced analytical procedures and improved ux:?z’:itanding of material
behavior which will result from the research; and to establish application-
related property specifications for materials research activitizs. To
attain these objectives, the following seven-part t-chnical program is to be
performed: {l) application selection, the objective of which is to define
representative configurations and environmental conditions which reflect
DOD requirements; (2) recognition of failure modes, which involves the
overall structural behavior such as elastic instability, deformation limits,
and fracture and the material failure modes; (3) determination of the
nature of and methods for the application of analytical tools, which are
needed to cope with the anisotropic, anelastic, and nonconservative
material property behavior and the multiaxial stress distributions
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anticipated in structural configurations associated with the use of the
subject materials; (4) definition of objective function, which is required for
the assessment of performance of the :omponents of interest in light of
achieving their design objectives; (5) structural eynthesis, which involves
the application of structural synthesis techniques at the practical level to
define the most desirable material compositions within a particular class of
composites; (6) study of creative design concepts, which are certain to be
necessary for a material class which ic as complex as composites; and

(7) testing, which is necessary to verify the value of analysis procedures
used to design composite materials and the components which utilize them,
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SECTION LI

. PROGRAM PLAN

In a project involving separate organizations, an attempt is usually
made to divide the work so that each organization has separate and well-
defined jobs. In the present case, a deliberate attempt has been made to do
the opposite, that is, to have close coupling (1) between the materials
laboratory and the structural design grouns and (Z) between the applied work
in industry and the basic work at the university. In order to ensure this
close coupling and to achieve the technical objectives set forth in the
Introduction, a rather detailed program plan has been formulated. In
Section II A, this plan is presented in a manner which shows how the
activitics at one organization interrelate with the activities at the other two
organizations. In Section II B, a more detailed description is given of the
technical projects which make up the total program., For brevity, the
interrelatedness of these individual projects will not be pointed out here,
although these connections have been established on a program plan network
diagram which is more detailed than that given later in Figure 1,

A. Conceptual Approach

Turning to new materials has often been the design engineer's response
to challenging design tasks. The advent of high performance composite
materials makes it possible to think of tailoring materials and designing
structures simultaneously in order to arrive at an optimum design. To
make this promise a reality will require dramatic improvement in
communicatinn between material scientists, engineers skilled in structural
mechanics, and designers. The dialogue among these three groups has
often been primitive, und, even at bes*, it has been largely qualitative.

The concept of the Association Research Plan is ¢> bring into existence
a quantified approach to specifying (at the engineering properties level)
goals for composite materials development based on representative
component applications., This task requires broad capabilities ranging
from basic materials science through structural mechanics to the practical
design and fabrication of representative structural components. The
conceptual approach underlying the Association Research Program Plan is
outlined in the block diagram shown in Figure 1. Note that the Association
member principally responsible for the activity represented by a block is
designated in the upper left-hand corner. The category numbers following
the organization designations are assigned to Union Carbide (UCC)
activities beginning with 1, to Case Institute activities beginning with 20,
and to Bell Aerosystems activities beginning witn 40.

The iterative cycle begins with research on new composite materials
(Block UCC 1) and leads to the study of fabrication methods (Block UCC 2).
The needs for high performance structural composites are assessed and
the selection of appropriate representative components (Block Bell 46)




influences the materials research and fabrication techniques. The inter-
relations among activities are depicted in Figure | by the lines connecting
the blocks, The output of the materials fabrication activity provides
composite materials for physical property evaluation and multiaxial stress
testing (Block UCC 3) as well as for tests on ectructural components (Block
Bell 45), The physica) propertiea evaluation and multiaxial testing effort
tie in with research concerned with the obtaining of reliable design data
(Block UCC 5 and Case 27). This effort i, obtaining reliable design data
involves the development of test procedures and other experimental work
aimed at providing the designer with stiffness and strength information on
which to base structural design decisions. In parallel with the reliable
design data activity, fundamental studies in micromechanics will be
pursued. The micromechanics activity is thought of as having two major
subdivisions, Studies aimed at predicting the stiffness properties of
carbon-fiber, resin-matrix composites are represented by Block Case 25,
Research on failure mechanisms for strength predictions in carbon-fiber,
resin-matrix composites is depicted by Block Case 26, The outp\.*s of
micromechanics studies are shown feeding into the reliable design data
activity (Block UCC 5 and Case 27). This relationship is meant to indicate
that, in the beginning. these studies can be expected to provide guidanc¢ in
evolving semiempirical methods for predicting stiffness and strength data,
The lonyg-range goal of micromechanics research will continue to be the
establishment of experimentally verified analytical procedures for
predicting stiffness and strength properties of a composite based on input
describing the constituents and the process employed to create the
composite, It should also be noted that the results of component testing
activities (Block Bell 45) will be fed back into the refiable design data
research program (Block UCC 5 and Case 27), The output of the physical
properties evaluation (Block UCC 3) is seen to feed into an effort aimed at
establishing upproximate analytical representations for the physical
properties of composites 3s a function of composition and processing
variables (Block UCC 4), Information from the physical properties
evaluation and multiaxial stress testing activity (Block UCC 3) is also drawn
upon by research studies which seek generalized constitutive equations and
generalized failure criteria (Block Case 24) for composite materials., The
results of this research activity (Block Case 24) may provide insights useful
in constructing analytical representacions for physical properties. The fact
that analyticz] representations of physical properties can be constructed
which are independent of the success of the high-risk studies represented by
Block Case 24 is indicated by the line connecting Block UCC 3 directly to
Block UCC 4.

The analytical representation of physical properties (Block UCC 4) and
the reliable design data (Blocks UCC 5 and Case 27) provide bazic input
information for stress analyses, Research on methods of structural analysis
for composite materials is represented by Block Case 20 and Block Bell 40,
The work on structural analysis at Case will be aimed at dealing with
complex structural behavior (anisotropy, nonlinearity, nonconservatism)
but will be limited to somewhat idealized geometric configurations (Block
Case 20), The development of an advanced structural analysis capability
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represented by Block Bell 40 will be based on extendinj, discrete element
methods of structural analysis to composite materials, These methods are
known to be especially well suited to dealing with complex geometry and
irregular loading. Transient temperature response analyses and thermal
stress analyses will be generated as r1equired in Loth Block Case 20 and
Block Bell 40. Experimental verification of some of thes« structural
analysis studies will be undertaken: this viork is indicated by the lines
joining Block Case 20 and Block Bell 40 to *he compcnent testing activity
(Block Bell 45). The selection ~nd evaluaticn of modern algorithms for
efficient structural synthesis is represented by Block Case 21, The
innovations and modular procedures that evolve as a consequence of these
studies will be drawn upon in generating automated optimum design
capabilities for simple components with and without material variables
(Block Case 22), and they will also provide a basis for studying modifications
and extensions (Block Bell 41) needed to successfully apply these structural
synthesis methods to actual structural components (Bell Block 42). The
generation of the structural synthesis capabilities and their application to
representative components (Block Bell 42) will draw upon the following:

(1) research efforts aimed at defining improved objective functions and load
conditions (Block Bell 44), (2) studies extending structural synthesis methods
to actual structural systems (Block Bell 41), and (3) research on the
statistical nature of strength theories for composite materials (Block Bell
43). The results of the research on statistical strength theories (Block
Bell 43) as well as the identification of improved objective function and load
condition information (Block Bell 44) will be considered wherever possible
in the generation of structural synthesis capabilities for simple components
(Block Case 22). It should be emphasized that initially the structural
synthesis studies for simple compnnents v:ill be carried out for specific
composite raaterials, Several specific materials within a class can be
selected and employed. For each discrete mateyial, an optimum design can
then be sought. These results can be used to construct a materials
evaluation function, The materials evaluation function expresses the
dependence of the desirability of a material (with respect to a stated
objective function, say, minimum weight) upon the variables which
determine the engineering properties (for example, composition and
processing variables). Minimizing the material evaluation function, subject
to constraints on the range of values that the independent variables can
assurne, will yield a quantitative recommendation for a new material in the
class which is expected to be better suited to the engineerir.g task at hand.
The quantitative recommendations that emerge irom materi\l evaluation
function studies (Block Case 23) can then be used to close the loop (i.e.,
make specific recommendations to guide the fabrication of improved
composite materials within the class considered). Alternatively, when the
structural synthesis capabilities are extended to include as design ~uriables
those quantities which determine the material engineering properties, it
will be possible to use the results of structural synthesis calculations to
close the loop. Inclusion of the composition and processing va:iables
within the structural synthesis process will represent a significant advance
in design, whereby the structural configuration and the material are
designed simultaneously. Structural synthesis calculations carried out for




representative components (Block Bell 42) will also provide insight wlich
can be used to guide the fabrication of new composite mate rials within «
class. The application of the matcrials evaluation function or the
incorporation of material variables into large-scale structural synthesis
capabilities for actual representative components is thought to represent a
potentially attairiable goal.

B. Technical Approach

For convenience of presentation, the program plan has been divided
into six parts. In the following paragraphs, the long-range objectives of the
work of each part are discussed.

1. Particulate Composite Studies (See Section V for results of the first
y2ar. )

It was decided to carry through all aspects of the Integrated Approach
to Applied Materials Research at an early stage cf the program in order to
gain experience in how to introduce material variables into the synthesis
procedure and to establish a working relatiorship betw=en the materials
laboratory and the structural designer. Because high modulus carbor fiber
composites were not available in sufficient quantities at the start of the
program, the first pass hud to be made with another class of materials; ir
addition, the calculations had to be based on the best currently available
analysis procedures, failure mode criteria, and structural synthesis
algorithms. These disadvantages are more than cffset by the fact that
much of the experience gained and many of the techniques develrped will be
applicable to later passes of the integrated approach which will utilize
carbon fiber composites.

The material selected for the first pass is a class of particulate
composites designated the JT-series materials. These composites combine
the good thermal shock resistance of graphite with oxidation resistance
provided by incorporating ZrB, and Si into tue graphite matrix. When this
material is exposed to oxygen at elevated temperatures, a protective oxide
coating is formed on the exposed surface by oxidation of the bulk material,
thereby providing oxidation protection in depth. One member of this
series is the cormmercial product JTA, which is currently being used for
rocket nozzle inserts and is being evaluated by the Air Force for additional
anplications.

1he JT-series materials are being produced and their physical
properties measured by Union Carbide. At Case Institute, two structural
synth=s8is problems are being investigated with the objective of determining
the optimura material for each application (a thick-walled cylinder and a
iiat plate). For at least one application, the optimum material will actually
be made, its properties determined, and its performance calculated, thus
providing a means of evaluating the entire integrated approach concept. The
design of a more complicated component, a rocket nozzle insert of JTA
matecial, is being carried out at Bell Aerosystems. The analysis
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procedures at Case and Bell (for linearly elastic, orthotropic materials
with temperature dependent properties) will be evaluated by tests at Bell on
simple components. The analysis work will be suppr.rted by studies of
failure under multiaxial stress conditions at Union Carbide and Case and by
studies of statistical theories of failure tor anisotropic composites at Bell,

2. Materials Research on Carbon-Fiber, Resin-Matrix Composites
(See Section VI for results of the first year.)

Prior to the start of this program, carbon-fiter, resin-matrix
composites had becn fabricated by the same methods used for glass fiber
commposites. Therefore, the objective of this worl, which is being conducted
at Union Carbide, is to improve the existing processes through studies of the
surface treatment of the carbon fiber and the use of finishes, Progress is to
be evaluated by mechanical tests of unidirectional composite rings.
Concurrently, larger resin matrix components will be fabricated by filament
winding and molding techniques, using the best state-of-the-art. These
components will include eamples for the reliable design data studies, simple
components for testing analysis procedures, and the more complicated
component representative of a fuselage section.

3. Micro:mcchanics and Design Data Studies for Fiber Composites
(See Section V1l for results of the first year.)

The best use of fiber composite materials has been hampered in the
past by lack of reliable measnrements or, preferably, calculations of
composite material physical properties. Micromechanics studies at Case
Institute will attemyt to improve existing methods for predicting stiffness
and strength properties of fiber composites. Work, mainly at Case but
partly at Union Carbide and Bell Aerosystems, will be directed toward
improving test methods for measuring design data. Union Carbide has the
principal responsibility for routinely measuring design data on carbon fiber
composite materials.

4, Materials Research on Carbon-Fiber, Metal-Matrix Composites
(See Section VIII tor results of the tirst year.)

Unlike the situation for resin matrix composites, fabrication processes
for metal matrix composites, applicable to carbon fibers, do not exist.
Thus, the initial objective of the metal matrix composite research is to
develop a fabrication process for a light weight composite for general
airframe usz. Emphasis has been on aluminum; but, because of the low
density of the carbon fiber, a high fiber content, nickel-matrix composite
is of interest. Wettability, carbon diffusion, and brittle intermetallic
phase formation are problems under investigation. Future work is to
include studies of other metal matrices and process scale-up. This work
is being done at Union Carbide.

-11-
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5. Advanced Analysis and Synthesis Studies (See Section IX for results
of the first year.)

-

The particulate composites are moderately anisotropic and highly
nonlinear and nonconservative; the carbon fiber composites are highly
anisotropic and moderately nonlinear and nonconservative. For both
materials, rational structural design will require improvements in
existing analysis and synthesis capabilities. At Case Institute, analysis
methods for dealing with buckling and geometric nonlinearity in anisotropic
structures will be studied. Synthesis studies at Case seek to establish the
morz efficient synthesis algorithms which will be required in order to
include the material variables within the synthesis process. Later, work
at Bell Aerosystems wil! incorporate these procedures into a large-scale
synthesis capability, Studies at both Case and Bell aeal with stress analysis
procedures for anisotropic nonlinear materials. A large effort at Bell is
to generalize their heat transfer and discrete element structural analysis
programs to include orthotropic material properties. Later, stress-strain
nonlinearity wili be introduced into the discrete elemert structural analysis.

~
.
.
>

-t

6. Fiber Composite Airframe Component (See Section X for results of
the first year.)

The end objective of much of the work of the program is the synthesis,
final design, construction, and testing of a subscale component, represent-
1 ative of a fuselage section and fabricated from a carbon-fiber, resin-matrix
- composite, The synthesis and design is to be done by Bell Aerosystems but
| will draw upon the experience at Case Institute on the synthesis of
particulate composite components and on the advanced analysis and synthesis
studies at Case and Bell, Union Carbide is to fabricate the component; the
testing is to be done by Bell,

-12-
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SECTION 1
SUMMARY

A. Application Sele:tion

A variety of aerospace application areas for high performance compos-
ite materials has been reviewed in order to focus the program effu st on
DOD requirements. Atmospheric, space, and support systems and
propulsion devices were considered. Application requirements were first
related to the type of matrix which would be required and then (¢ he expected
degree of utilization of composite material in each area, Fiber reinforced
resin matrix composites are of most immediate interest because of greater
present availability. Applications include subsonic and supersonic aj¢craft,
missiles, and alunct. vehicles. The greatest potential of particulate co~.posites
appears to be in propulsicn systems,

For the high-modulus carbon-fiber reinforced composites to be used in
this program, a fuselage application has been selected as a representative
airframe component. For particulate composites, a rocket throat insert
has been chosen as a representative propulsion system component. Typical
ranges of environmental load conditions were then determined fcr both
applications. -

B. Particulate Composite Studies

The effects of processing temperatures and pressures on physical
properties have been investigated for the JT-series materials. Three-inch
diameter billets have been fabricated for six different materials; and
significant and well-behaved variations of the physical properties as functions
of composition and density have been found to exiut. Possible approaches
have been reviewed for developing a multiaxial stress failure criteria for .
brittle, anisotropic materials which take into account the fact that these
materials behave diffcrently under tensile and compressive stresses. A
statistical concept has been formulated which predicts the sirength
variability of an anisotropic material subjected to triaxial stresses. The
concept includes consideration of the effects of compressive and shear
stresse¢s, as well as teusile stresses, on the probability of failure of the
component. A multiaxial stress testing machine for thin-walled, hollow
cylinders has been constructed, and preliminary data are reported for
biaxial tests in the tension-tension quadrant.

Two structural synthesis problems for simple components (a three-
layered cylinder and a flat plate) have been defined, and the necessary
transient temperature, stress, and displacement analyses have beén
formulated . programmed, and subjected to numerical verification studies.
The transii:nt temperature analyses take into account temperature depend-
ent thermal properties. The stress and displacement analyses consider the
orthotropic charazcter of the material and the temperature dependence of
the mechanical properties.

-13-
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Design studies fd'xfrocket nozzle insert have been made. The high
stress levels calculated on the basis of the elastic analysis emphasize the
need for considering nonlinear stress-strain effects. A test program plan
to provide experimental verification of the various theoretical analyses is
presented,

?
/C. Materials Research on Carbon-Fiber, Resin-Matrix Composites

Preliminary experimental evaluation of epoxy resin composites made
with carbon and graphite yarr indicated a need for improved fiber-to-resin
bonding for the graphite yarn, Studies of surface treatments of graphite
fibers have been initiated to assess the influence of surface treatment ou
adhesion. Chemical etching to roughen the surface was accomplished by
immersing the fibers in aqueous solutions of various oxidants. Procedures
have been developed for measuring the contact angle of a liquid on a single
graphite filament and for measuring wicking rates of liquids along graphite
yarn. Contact angle and wicking rate measurements have shown that
surface treatmants have a large effect upon the wetting of graphite fibers
with a high viscosity epoxy resin, Rough, oxygen-free surfaces appear to
favor the best wetting and, therefore, the best adhesion. The compressive
strength of epoxy resin rings reinforced with etched graphite yarn has been
found to be approximately double trat of rings made from unetched yarn,
This increase in strongth is believed to be caused by better fiber-resin
bonding. However, the flexural strength of rings made from etched graphite
yarn was reduced, probably as a result of yarn degradation. Less severe
etching should reduce the magnitude of the decrease in flexural strength,

D. Micromechanics and Design Data Studies for Fiber Composites

A literature study of the theories for the prediction of stiffness
properties of unidirectional composites has been completed. It was fourd
that the various analytical models for the modulus in the direction of the
fiber gave essentially the same result. However, the modulus transverse
to the fibers and the in-plane shear modulus are heavily dependent upon the
assumed fiber packing arrangement. A computer capability to simulate
random: packing arrangements Las been developed; future work on models
with random packing should yield more realistic predictions of imnechanical
rroperties, A study of test methods for the exparimental determination
of mechanical properties has been initiated. The magnitade of bendmg and
frictional stresses in the split-D test of unidirectional composite rings is
being investigated in order to obtain more reliable design data from this
test, and a new ring test is being developed.

The first investigations of a photoelastic study of the internal stress
behavior within fiber reinforced composites have been on stresses due to
curing and uniaxial loading and on stress concentrations at the ends of a
finer, Curing stresses along the fiber have been found to be small, but
stresses at the ends are an order of magnitude larger,
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To provide preliminary data for design studies, theoretical physical
properties have been calculated for several types of unidirectional compos-
ites. A new approach for determining mechanical properties of bidirectional
compoeites has been formulated. Theoretical moduli of bidirectional high
modulus carbon fiber composites have been calculated as a function of
winding angle.

E. Materials Research on Carbon-Fiber, Metal-Matrix Composites

Studies on carbon-fiber, metal-matrix composites have been concerned
principally with aluminum infiltration around oriented carbon fibers and hot
compaction of fibers electrociad with nickel. Also, brief consideration was
given to twou matrices (tin and cupro-nickel), where a more favorable
relationship exists between the fiber and mztrix moduli, Since aluminum
does not ordinarily wet pure graphite, the infiltration of aluminum into an
«riented graphite fiber network can be facilitated by cladding the fibers
with a coupling agent to enhance the wetting of the fibers by aluminum,
Reaction and irfiltration studies encompassing twelve candidate coupling
materials indicated that tantalum is the only metal that is both readily
wetted by aluminum and chemically compatible with the fiber and the metal
matrix under inflitration conditions. Successfully infiltrated specimens
were achieved with other coupling agenta {Ni, Cu, and Ag), but the composite
properties were adversely influenced by intermetallic phases. Carbon fibers
can be electroclad reasonably uniformly with nickel by several techniques;
and the nickel matrix composites, prepared by hot pressing the coated fibers,
resulted in good fiber distribution and near theoretical densities. Young's
moduli /~ 29 x 10% 1b/in.?) for these composites are consistent with the rule
of mixtures value, but the tensilc strengths (~ 50,000 1b/in.2) are
approximately fifty percent of the anticipated value. The cupro-nickel
matrix composite containing aligned carbon fibers provided the highest
tensile strength achieved to date (56,000 1b/in.?) and the greatest
reinforcement efficiency (75 percent of theoretical).

F. Advanced Analysis and Synthesis Studies

The development of methods for nonlinear multiaxial stress analysis
has been /nitiated with a study based on the concept of the incremental
complementary energy search method. Initially, an isotropic Prandtl-
Reuss type of material has been considered because of the existence of
independent 1esults that will provide test cases for numerical verification.
Extension of this study to irclude orthotropic material characteristics is
thought to be possihle. The selection ancl generation of synthesis procedures
;.re well advanced. Three modern algorithms for seeking the unconstrained
minimum of a function of many variables have been programmed in modular
form and checked out on test functions. The transformations of inequality
constrained minimization problems into unconstrained minimization
problems using penalty function concepts are reviewed. The methods of
feasibl: directions have been selected for dealing with inequality constrained
minimization prohlems directly, and the generation of modular computér
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procedures based on these algorithms is being pursued. The powerful
discrete element methods of structural analysis have been extended to
accommodate anisotropic materials. A linear analysis capability for thick-
walled axisymmetric structures has been generated by introducing a set of
orthotropic ring discrete elements. Three orthotropic thin-shell discrete
elements have been formulated and are being developed to extend the dis-
crete element analysis capability to fiber-reinforced composite structural
components., A general three-dimensional transient temperature analysis
capability has been extended to include anisotropic thr rmal characteristics,

G. Fiber Composite Airframe Component

Preliminary minimum weight estimates have becn made of the fuselage
st:ructure for several materials and several types of shell construction,

The ring- and stringer-stiffened skin was found to be the lightest construction,

and a carbon-fiber, resin-matrix composite was estimated to be abcut 30
percent lighter than a titanium structure. Plans have been prepared for
studies of attachments and for component testing.

s
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SECTION IV

APPLICATION SELECTIONS

During this program, attempts are being made to expedite the development of
materials to meet DOD needs by directing the material research efforts toward applica-
tion oriented goals. In the broad sense, there are many needs for materials of lower
density, higher strength, higher stifiness, and greater resistance to chemical or radia-
tion damage and of lowe’ cost. Carbon composite materials offer great potential for
meeting these objectives, but the numerous possibilities fcr constituent materials and
proportions require specifically defined goals. Within the scope of the project, how-
ever, only a few components can be examined. Therefore, it has been decided to:

(1) Consider only one broad application category, namely, aerospace
(2) Emphasize common requirements

(3) Consider representative rather than specific applications

(4) Emphas!ze structural aspects

The aerospace category was chosen because the performance benefits to be
obtained from composites are greatest. The use of representative components
having requirements common to many applications will allow program results to
have broad applicability. The empaasis on structural aspects is warranted since the
primary function of the exterior of most aerospace applications is to support mechan-
ical and/or thermal loadings.

Although major emphasis during the program is to be devoted to fiber rein-
forced composites, it was deemed advisable to demonstrate the advantages of the
cooperative efforts of the university, the material producer and the rotential user at
the earliest possible date, hence, the inclusion of a particulate composite material
family, the JT series, which was in an advanced state of development.

As an aid in defining representative aerospace structures for which
composite materials would show a high potential, a literature review was con-
ducted. Its purpose was to define types of airframe and propulsion system components
along with mission applications, g:ometric configurations, environmental conditions
and loadings. The results -vere generally disappciniing with one notable exception, a
series of Material Advisory Board reports, which reviewed aerospace requirements
for the 1970-1985 time period. Although these reports were directed toward a defini--
tion of manufacturing technology requirements rather than toward applications for
composi‘e materials, the information on missions and system requirements formed
an excellent basis for assessing the f:ture usage of composites.

The MAB reports analyzed numerous systems which were grouped with respect
to atmospheric, space, and support operations and propulsion devices, as shown in
Tables I and II. While information on specific geometries and loading indices were
not provided in detail, overall environmental cond:tions were sufficient to relate
mission application areas to composite material matrix requirements and to assess
the relative usage of the various fiber-matrix systems; Table III summarizes this
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TABLE 1

SYSTEMS CONSIDERED FOR COMPOSITE MATERIAL A PPLICATIONS

ATNOSPHERIC OPERATIONS SPACE OPERATIONS SUPPORT UPERATIONS
1 ALRCR LAUNCH SYSTEMS BASEIOUIPMENT
LONG ENDURANCE CHEMICAL ® LARTH LAUNCH - HUMAN PROTECTIVE
LONG ENDURANCE NUCLEAR ENCLOSURE
RECOVIRABLE BOOSTER LAUNCH FACILITIES
RECOVERABLE BOOSTER - DOCKING DEVICES
RSONIC ALRCR SINGLE STAGETOORBIT | FURNISHINGS AND
HIGH ALTITUDE LONG RANGE CHEMICAL | @ SPACE LAUNCH MLt

MIGH ALTITUDE LONG ENDURANCE-NUCLEAR
TACTICAL V7 STOL FIGHTER-CHEMICAL

HYPLRSONIC AIRCRAT
o CRUISE VEHICLES

HIGH ALTITUDE
LOW ALTITUDE

® BOO0ST GLIDE VEMICLES

STRATEGIC
TACTICAL

© HIOL-ORBITAL VEHICUS

MISSILY
® TACTICAL MISSILES -

GROUND LAUNCI! ANTI-AISSILE
SPACE LAUNCH ANTI-MISSILE
SRBM

UNDERWATER MISSILE

® STIRATEGIC MISSILES

MOBILE 1CBM
STORABLE ICBM

SPACE LAUNCHED 1CBM
RE-ENTRY SYSTEMS

EARTH ORBIT LAUNCH
LUNAR LAUNCH
PLANETARY - MARS
PLANETARY - "ENUS

SPACCCRAF]
© NEAR SPACE OPERATIONS
EARTH SATELLITES

SPACE STATION
LUNAR VEHICLE

© INTERPLANETARY VEHICUES

MARS
MERCURY
vinS
NPIER

@ SHUTTLE IMANEUVERALLD)

EATRY SYSIEMS
® L.FT REENTRY

EARTH ORBITAL
LUNAR RETURN

® ORAG ENTRY

MILITARY WEAPONS & 5ICOYS
MILITARY, MANNED
RESEARCH

LANDING | YSTEMS
©® EARTH | AN ING

TANGENTIAL
VERVICAL

® SP/.CE LANDING

EARTH RENOEZVOUS

LUNAR RENOEZVOUS

LUNAR VERTICAL LANDING
PLANETARY VERTICAL LANOING

IRANSPORT VEHICLES ¢
LQGISTICS

SPACE SITE VEHICLES
SURFACE VEHICUES
OTHER

LIEE SUPPORT AND
ENVIRONMENTAL CONTROR

INDIVIDUAL
BASE
OTHER

POWE | GENERATION

LAR
NUCLEAR
FUEL CEWLS

] N

EXPERIMENTAL TEST
EQUIPMENT

INSPECTION EQUIPMENT

SURVE ILLANCE EQUIPMENT

RECONNAISSANCE &
ASTRONOMICAL
E0UIPMENT

WEAPONRY

WAR MANAGEMENT CON-
TRIBUTION EQUIPMENT

WORK DEYICES
OPERATION SUPPORT
MATERIAL HANOLING
SPECIALFACILITIES &

100LS
VEHICLE ASSEMBLY
EQUIPMENT
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Turbojet

Subsonic
Supersonic
Earth launch
Lift Entry

Turborocket

Supersonic
Hypersonic
Tactical Missile
Lift Entry

Ramlet & Turboramjet

Subsonic
Supersonic
Hypersonic
Earth Launch

TABLE 11

PROPULSION DEVICES
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Tiquid Rocket

Strategic Missile
Earth Launch

Near Space
Interplanctary
Shuttle (Maneuverable)
Lift Entry

S011id Rocket

Tactical Missile
Strategic Missile
Earth Launch

Space Launch

Near Space
Interplanetary
Shuttle (Maneuverable)




TABLE IIl

EXPECTED UTILIZATION OF COMPOSITE MATERIALS

Matrix Material
Application Areu Resin Metal | Ceramic
Atmospheric Operations
Subsonic Aircraft x x -
Supersonic Aircraft x X -
Hypersonic Alrcraft X x x
Missiles
Tactical x x x
Strategic x x =
Space Operations
Launch Systems
Earth x x x
Space x x -
Spacecraft x x -
Entry Systems
Lift - x x
Drag x x -
Propulsion Devices
Turbojet x x -
Turborocket - x x
Ramjet and Turboramjet - x =
Liquid Rocket x x X
Solid Rocket x x x
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assessment. With respect to quantity usage aircraft, missile, and launch vehicle
structures operating at subsonic and supersonic speeds represent the most significant
applications for compcsite materials in the immediate future. Resin matrices are
expected to be adequate in many applications. Note, however, that as metal matrix
systems become available the number of applications for composite materials should
increase,

Environmental conditinas corresponding to each application area were reviewed
in detail but are not included iiere because of security requirements. Initial airframe
applications for fiber reinforced composites will involve nominal load factors, rela-
tively modest heating, but rather severe acoustic excitation. Some missile and launch
vehicle applications will involve very high load factors and significant heating, but
operational lives will be very short. In contrust, the lives of aircraft components should
range from hundreds to thousands of hours. Initial applications for particulate com-
posites of the JT type will undoubtedly be in the rocket propulsion aresa.

Based upon the review of potential uses for composite materials, it is con-
sidered appropriate to select an aircraft or mirsile application for initial study of
the fiber reinforced composite (Section IV A), and a rocket engine application for the
particulate composite (Section IV B). Notwithstanding the complex environmental
conditions involved, major emphasis is to be placed upon design under quasistatic
conditions of loading, When design methods are validated for such conditions,
attempts to design for dynamic conditions may be initiated.

A, Fiber Composite Application
(F.M. Anthony, D.P. Hanley, and J. Witmer, Bell Aerosystems)

The first fiber reinforced component to be stadied during this program will em-
ploy a resin binder since cuch composite material systems will be used most exten-
sively in the near future. Components of subsunic and supersonic aircraft and missiles
and of launch vehicle sys’ems would constitute the major usage for many of these
structural applications vheve ablation is not important, Both fuselage and wing type
configurations are of intcrest so that a representative selection becomes desirable.

A conical thin-walled shell may be considered a common idealization of both con-
figurations. With this common feature in mind a "fuselage' application has, there-
fore, been chosen for the initial fiber reinforced comnonent. Additional factors in the
fuselage selection include:

(1) Existing filament winding techniques can be used

(2) The configuratiion ia generally applicable to aircraft, missile, and launch
vehicle interstage structures

(3) Complexities such as penetrations and attachments can be introduced at a
later datc, if desir.:d.

The geometric configuration tentatively estublished is a slightiy tapered, ring
and stringer stiffened shell as shown conceptually in Figure 2. Preliminary analyses
indica‘e minimum weight will be achieved with this type of construction as discussed
under Section X A,
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Typical ranges of loadinz intcnsities for various aircraft and laurch vehicles are ,
shown in Figure 3. These data have heen assembled from a review of the literature
and many of Bell's structural systems. Included are V/STOL aircraft, supersouic

fighters , cruise vehicles, hypersonic boost-glide vehicles, large transport applica-
tions, and solid and liquid propelled boost vehicles. The load intensity plot serves to
define the ranges of multiaxial loading encountered in practice.

For thin-walled shells of generally cylindrical cross section, a bending moment/
diameter index (M/d3)1/ 3 is used in conjunction with the load intensities. Figure 3
identifies typicai values of this parameter for the various fuselage and launcb vehicle
data. Selecting then the central area of greatest overlap from Figure 3 as being the
most representative loading conditions, axial and shear loading intensities of 2000 and
200 Ib/in, respectively were chosen with an (M/d3)1/ 3 = 4.0 for initial design studies
of the fuselage section,

B. Particulate Composite Application
(F.M. Anthony, D.P. Hanley, and J. Witmer, Bell £.crosystems)

The JT particulate composite material family possesses characteristics which
include high thermal conductivity, low thermal expansion, moderate modulus of
elasticity values, good strength retenticn at elevated temperatures, and good oxidation
resistance up to temperatures of 3500°F. When such characteristicc are considered
in the light of potential application areas for composite materials, the most logical
area for immediate application is for rocket propulsion devices. To minimize the
amount of effort to be devoted to particulate composite materials within the frame-
work of this program, a logical component for study is a rocket throat insert. While
relatively simple in geometric configuration, rocket throat inserts are subjected to
severe heating environments wiich generate steep transient temperature gradients
and high thermal stresses, the magnitude of which depend upon the particular geometry
and environmental conditions involved.

The severity of the environmental conditions will vary with the propellant com-
position, chamber pressure, and engine size. In order to establish the relationships
among environmental conditions and system operating parameters, heatirg intensity
was calculated as a function of throat diameter and chamber pressure for a single
propellant combination, The propellant combination was assumed to be NoO4/50
UDMH + 50 N2H4 which has a combustion temperature of about 5400°F at a mixture
ratio of 2:1. Nozzle throat diameters were varied from 0.5 inch to 24.0 inches while
chamber pressures were varied from 100 to 1000 psia. Although liquid propellant
engines rarely operate above 500 psia, higher chaniber pressures were assumed to
make the results somewhat representative of solid propellant engines. The resulting
heating conditions are presented in Figure 4, in the form of a carpet plot of the throat
heat flux as a function of chamber pressure and throat diameter. It is apparent that
the chamber pressure has a dominant influence on the cold wall heat flux. The effect
of throat diameter becomes relatively insignificant when diameters are above approx- i
imately 5 inches.

While it is not considered to be economically desirable to test large inserts during i ':
the present program, insert proportions were chosen so that the selected environmental
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conditions will glve tempeiatuie and stress levels which are representative of a range
of sizes. Reuults of design studies which define representative temperaturc 2.ad stress
levels are precented in Sections IX C and D. Two geometric configurations were
considered, as shown in Figure 5, along with variations in diameter, wall thickness,
length, external restrairts, and chamber pressure. Temper2ture distributions were
determined using 8 computer program which was available prior to the initiation of
the present effort, and which include’ temperature dependence of material properties
but permitted consideration only of \ransversely isotropic materials; this program
under the present effort has been extended to account for generailz 'd thermal
anisotropy. Discreie element matrix methods described in Section IX C were used
for the calculation of therma!l stresses. Structura! idealization was accomplished by
means of & triangular ring element whose behavior characteristics were based ou
temperature dependent, linearly elastic, transversely isotropic behavior.

-26-







SECTION V

PARTICULATE COMPOSITE STUDIES

'The JT-series composite materials represent a specific class of
particulate composite materials which were selected for initial implementa-
tion of the integrated approach to applied materials research. The main
goal of this effort is to demonstrate a quantified approach to the
simultaneous desiga of structuia. geom:try and material. In this instance
(J T-series composites), the material properties are varied by changing the
composition (i. e., percent metallic additives) and the porosity of the
particulate composite material. The porosity is thought of as a processing
variable since it can be controlled by means of processing temperatures and
pressures. The thermal and mechanical properties of materials in this
JT series can be thought of as functions of comgosition, porosity, and
operating temperature,.

Consider now the design of a simple component to perform a specified
set of functional purposes. The design task is to determine the geometric
proportions, material composition, and porusity such that the component
performs the functional purposes adequately, while at the same time progress
toward an optim 'm design is achieved with respect to some stated function
(for example, minimum weight). This task may be attacked by considering
several discrete materials, each one of which is within the JT series, and
then obtaining an optimum design of the geometric proportions for each
discrete material. These optimum design weights-versus-composition and
porosity can be used to construct a function which estimates the optimum
dusign weight as a function of composition and porosity. Functions of this
sort will be referred to as materials evaluation functions. Seeking the
minimum of the materials evaluation function, subject to constraints which
limit the range of values of the arguments, leads to a quantitatively based
recommendation for an improved material. With the recommended
composition and porosity information, a new material within the JT series
can be fabricated. The proferties of the improved candidate material can
then be obtained; and, as belore, the optimum design of the geometric
proportions determined. It ix to be expected that the weight associated with
this optimum design will not agree exactly with that predicted by the
materials evaluation function; but the improved material is likely to be
superior to any previous material in the family, provided that the dependence
of the material properties on the composition and porosity is continuous and
well behaved. Subscquently, it should be possible to treat the geometric
proportions, composition, and porosity simultaneously within the structural
synthesis procedure. When this goal is accomplished, the quanti ied
approach to the simultaneous design of structural geometry and material
will have been clearly demonstrated.

11 Section V A, the fabrication of JT-series materials with various

compositions and porosities is aoscribed, and in Section V B the
experimental dete rmination of thermal and mechanical mate -ial properties
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is discussed. A review of stress-strain relations and multiaxial stress
failure theories for anisotropic materials is reported in Section V C, Au
examination of statistical aspects of failure in anisotropic brittle materials
is presented in Section V D, An experimental program to establish an
operational failure criterion for JT series materials subject to multiaxial
stress conditions is reported in Section V E. In parallel with the quest for
a rational and/or semiempirical multiaxial stress failure theory (as
represented by Sections V C, D, and E), effort has been directed toward
formulating two structural synthesis probleme for simple structural
components. The analyses on which these two synthesis capabilities will
rest include orthotropy and temperature dependent material properties.
The principal purpose of these two structural synthesis studies is to
demonstrate the integrated approach. Various idealizations and
simplifications have been made in the analysis and failure criteria in order
to expedite completion of these initial demonstrations. In Section V F,
progress to date on the structural analysis and synthesis of a three-layer
thick-walled cylinder is described. In Section V G, the analysis and
synthesis formulations for a flat-plate system which exhibit several
important structural behavior characteristics are reported. Both of these
simple components are geometrically regular and highly idealized. The
study reported in Section V H deals with the application of axisymmetric
finite elements to the analysis of rocket throat inserts, This analysis study
deals with the actual insert geometry, Finally, in Section V I, test plans
of JT-series simple components are given. The results of these tests will
provide an experimental base which can be used to assess the accuracy of
the thermal and stress analysis techniques descrited in Sections V F, G,
and H,

A, Fabrication of JT-Series Materials
(R. G. Femsh, Union Carbide)

1, Description of JT-Series Materials

The JT-s~~ies materials are graphite-base refractory composites
similar to the commercial material with the grade designation JTA produced
by the Carbon Produtts Division (JTA is one member of the series). On a
weight basie, grade JTA is composed of 48, 1 percent C, 42,4 percent
ZrB;, and 9.5 percent Si, There is a minimum density limit for grade JTA
of 3.0 g/cm? During manufacture, the silicon combines with part of the
carbon to form silicon carbide.

In this work, the elements Zr, B, and Si will be called the metallic
additives; and these elements will always be present in the same proportions
as in JTA: 42,4 parts of ZrB; to 9.5 parts of Si. Let

c = mass {fraction of metallic additive
in the fabricated product and
p = density;
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grade JTA may, then, be specified by composition ¢ = 51.9 percent and
density p> 3.0 g/cm?,

The JT-series materials are a class of materials produced by varying
the amount of metallic additives and the density. In order to vary the density
at a fixed composition, variations must be made in processing temperatures
or pressures; otherwise, the ma?\?facturing conditions are kept as close as
possible tc those for grade JTA. 1) Therefore, to a good approximation,
each member of the JT series can be identified by values of the compositional
variable, c, and by that which is equivalent to a processing variable, the
density, p. To the same approximation, the physicai properties of the JT -
series materials may be connidered to be iunctions of only two material
variables, c and p.

2. Material Symmetry, Coordinate Orientation, and Billet Notat.on

All of the JT-series materials are molded in cylindrical billets. This
process yields material with the symmetry characieristic of transverse
isotropy, i.e., all physical properties are invariant with respect to
arbitrary rotations about the symmetry axis, which is parallel to the
direction of molding and perpendicular to the molding ram face.

Throughout this study, physical properties ot the JT-series materials
will be specified with respec. to a Cartesian coordinate frystem oriented
with the x; and x; axes in the plane of transverse isotropy and the xy axis
parallel to the axis of rotational symmetry. These symmetry oricnted
coordinates should not be confused with other types and orientations of
coordinate systems used in the stress analysis problems. In JT mater:-'.
as in other molded material, the elongated graphite particles or frains tend
to be aligned with their two larger dimensions parallel to the plane of
transverse isotropy, a situation which has led to properties (Young's
modulus, coefficient ot thermal expansion, etc.) in directions parallel to
the plane of isotropy being called ''with-grain" properties and properties
in the direction parallel to the symmetry axis being called "against-grain'
or '"across-grain' properties,

The billets of JT material fabricated especially for this program will
be identi’ied by the letters JT, followed by the nominal composition, and,
finally, the sequential fabrication number. Thus, JT30-4 designates that
the billet is the fourth to be fabricated and that the composition 1s
approximately 30 percent metallic additive.

Commercial JTA billets from the standard production material which
are used for this program will be identified by the letters JTA followed by
the sequential ordetr number. Thus, JTA-9 designates the ninth piece of

commercial JTA used for this program.

»
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3. Calculation of Theoretical Maximum Density and Po rusity

Pecause the density varies with the composition as well as with porosity
in\! . material, it is better for some purposes to choose composition ¢ and
porosity p as the material variables, 1ather than composition and density.
Part of the porosity is in closed pores, the volume of which is not easily
measured, Therefore, the porosity must be calculated from the measured
bulk density p and the calculated theoretical maximum density P

p=1- plp_ (V A-1)

The theoretical maximum density can be calculated from the mass
fraction and X-ray density of each phage in the composite material. Based
on the following assumptions

mass ratio of ZrB, to Si is 42.4/9.5,

all Si is in the form of a- and £-SiC, and

X-ray density of pure C is 2,267 g/cm?, of

ZrB,; is 6,10 g/cm?®, and of SiC is 3.2)6 g/cm?,
the calculated theoretical maximum density is given by

2,267

P " T- 059085 < (V A-2)

where c (0<c<1) is, as above, the mass fraction of Zr, B, and Si in the
fabricated composite. In practice, there are uncertainties of perhaps one
percent in the mass fraction ¢ and ZrB,/Si ratio and in the density of ZrB,,
At low porosity levels of less than 5 percent, the corresponding uncertainty
in the calculated porosity is ssveral tens of percent, The possible error in
the calculated porosity will not affect the stress analysis and stcuctural
synthesis work provided that Formulas V A-1 and V A-2 are used
consistently in calculating the porosity,

4. Fabrication of Initial Billets in September, 1965

The initial series of billets to be fabricated was selected to provide the
initial trend of property data with composition at a fixed porosity and the
trend with porosity at a fixed composition. Billets 3 inches in diameter by
3-1/2 inches n length were pressed on production-size equipment at a
maximum obscrved outside-surface mold temperature of 2130°C and at
pressures ranging between 3,300 and 5,500 1b/in,2 Two attempts to
fabricate composites with 10 percent additive were unsuccessful due to mold
failures. Two other billets were of smaller size, Table IV gives the
composition and average density and porosity of the good billets and of a
commercial JTA billet. All of these billets have been cut into specimens
for physical properties testing, The test results are given in Secticn V B,

-31.




oy

TABLE 1V

COMPOSITION, DENSITY, AND PORCSITY OF
INITIAL JT-SERIES BILLETS

Composition Average Average
Billet Percent Metallic Densit Porosity
Number Additive g/ cm Percent
JT30-5 31,5 2.31 17.2
JT30-6 31,5 2.38 14,7
JT30-4 31,5 2.58 7.4
JT40-9 41,7 2.81 6.7
JTA-9 51.9 3.05 6.7
JT70-3 71,4 3.66 6.7
JT70-8 71, 4 3.66 6.7
b——F —— e i — b et = =

5. Process Studies on 1- and 1.5-Inch Diameter Billets

A basic premise of the entire JT-series program is that the physical
properties of the materials cepend on only two material variables,
composition and density, and not on, say, the individual values of
processing temperaiure and pressure used to attain a certain density. Whean

it was found that the physical properties of commercial JTA did not fit

smoothly with those of the initial experimental billets, a limited study of
processing conditions was initiated to determine conditions for the
development laboratory equipment which would yield material more
compatible with commercial JTA.

a. Method of Fabrication., Experimental billets 1.0 and 1.5 inches
in diameter with the same composition as JTA were hot-pressed by a
floating mold technique. The mold was heated in a 4-inch diameter tube
furnace. Resistance heating, rather than the induction heating normally
employed for manufacturing JTA, was used to obtain closer temperature
uni.ormity than that which can be nchieved by induction heating. During
hot pressin,, an initial pressure of 2500 1b/ in.? was applied and maintained
until the mold temperature reached i300°C; at that time, the selected
maximum pressure was applied. All samples were held for 1 hour at the
selected hot-pressing temperature. They were then cooled under maximum
pressure to a temperature of 1700°C, at which time the presiure was
released. These experimental billets are designated by the letter E
followed by a sequential fabrication number. -

b. Temperature Series, Etfects of pressing temperature on the
density and micrustructure were examined on samples hot pressed at
temperatures ranging from 2210° to 2280°C at a pressure of 2900 1b/in,?
The solidus temperature for JT composites was determined to be

-32-




A

2260+10°C by incipient melting experiments. Examination of the run-out
mnaterial by metallography and X-ray diffraction disclosed a eutectic
>etween ZrB, and SiC. Processing and density data are given in Table V,

TABLE V

PROCESSING CONDITIONS AND DENSITY OF
EXPERIMENTAL JT-SERIES BILLETS

- — — e ———

Processing Processing

Specimen Temperature Pressure Density Diameter

Number T+10°C 1b/in,? g/ cm? in.
E-2% 2210 2900 2.84 1.5
E-3% 2230 2900 2.98 1.5
E-4x% 2250 2900 3.11 1.5
E-5% 2270 2900 3.11 1.5
E-6* 2280 2900 3.06 1.5
E-17 2240 2900 2,86 1.5
E-18 2260 2900 3.00 ) P
E-20 2265 2900 3.03 1.5
E-16 ~290 2900 2.97 1.5
E-13 2150 3500 2. 78 1.0
E-14 2150 4500 2.89 1.0
E-12 2150 5500 2.97 1.0
E-10 2210 5500 3.11 1.0
E-11 2230 3500 2.96 1.0
E-9 2230 4500 3.09 1.0
E-b 2230 500N 3,11 1,0
E-7 2230 5500 3.13 1.0
E-19 2260 5500 3.15 1.0
*

Specimens E-2 througu E-6 were inadvertentiy made with 53, 7 instead
of 51.9 percent metallic additive.

— e

Figure 6 illustrates the effect of pressing temperature on density and
microstructure, Density increases with increasing pressing temperature
to an extrapolated temperature of 2258°C and then decreases at higher
temperatures, This decrease in density is caused by some run-out of the
ZrB,;, SiC liquid eutectic. The 250 X magnification photomicrographs
adjacent to the data points on Figure 6 show the representative structure of
the material at different pressing temperatures. As the temperature is
raised from 2210° to 2250°C, the porosity of the material decreases; the
general physical structure and distribution of the ZrB;-SiC-C phases
remain essentially unchanged. As the temperature is raised above 2260°C
(the solidus temperature), some of the dense metaliic phases are pressed
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out, causing a change in composition of the billet. Both the porosity and the
density of the billet decrease, and the structure shows the presence of an
increased amount of a well-dispersed metallic phase,

32
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N-9556
Figure 6, Effect of Processing Temperature on Density and
Microstructure of JT Material of 53, 7 Percent
Composition, White Phase Is ZrB,, Light Gray
Phase Is SiC, and Lark Gray and Black Phases
Are Graphite and Porosity,

An X-ray analysis was made on the liquid run-out from a specimen
taken to 2400° C, well above the solidus temperature; the analysis showed
only the presence of ZrB,, SiC, and graphite.

c. Pressure Series. The effect of molding pressure on density
was examined on samples molded at pressures ranging from 3500 to
5500 1b/in. % at temperatures of 2150+10 and 22304£10°C, Figure 7 shows
the dependence of density on molding pressure; the figure also shows the
density change with temperature for four samples pressed at 5500 1b/in, ?
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These data indicate that, to achieve densities of 95 or higher percent of
theoretical maximum density (,95 x 3,27 = 3,11 g/cm?), temperatures in
excess of 2200° (. and pressures in excess of 5000 1b/in.? are necessary.

3.2

Processing

Temperatu~e

E-190 2260°C
E-7-0 2230
E-100 2210

Density (g/cm3)

Z.B;—/
QE-13

I | | |

o 7
3500 4500 5500
Processing Pressure (l1b/in,?)

N-9481

Figure 7, Effect of Processing Pressure and Temperature on
Density of JT Material of 51,9 Percent Composition.

d. Ultrasonic Elastic Stiffness Constants, The elastic stiffness
constants cij have been determined for the experimental billets from

measurements of the velocity of ultrasonic pulses at 1. megacycle per
second frequency. Figure 3 shows the stiffness constants c;;, c;;, and cy
and the density for a series of billets processed at successively higher
temperatures. At a given density, the value of each constant is 15 to 20
percent higher if the processing temperature is above rather than below
the solidus temperature., It is thought that the consistently high values of
the elastic constants of the 3-inch diameter billets fabricated in September
1965 are due to the maximum billet temperatures having been higher than
the solidus tempcrature, even though the outside mold temperature was
only 2130°C. (See Gection V B for data on elastic constants of 3-inch
diameter billets, )
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Figure 8, Effect of Processing Temperature on Density and
Ultrasonic Elastic Stiffness Constants of JT Material
of 53,7 Percent Composition,

Figure 9 shows the stiffness constants c, and cy versus density for
all the 51, 9 percent composition billets fabricated at various pressures and
various temperatures less than the solidus temperature (see Table V for the
processing conditions). It appears that, within the reproducibility of the
experiments, the elastic constants at fixed composition depend only on the
density and not on the individual processin; temperatures and pressures
used to achieve that density, provided that the temperature is less than the
solidus temperature, This result strengthens the original premise that
the JT-materials program can be based entirely on composition and density
as material variables,
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Figure 9. Ultrasonic Elastic Stiffness Constants Versus Density l

for JT Materials of 51,9 Percent Compc sition,

6. Process Studies on 3-Inch Diameter Billets

A 40-ton press with an induction furnace capable of attaining
temperatures higher than 3000°C has been put into operation at this
laboratory. Figure 10 shows an overall view of the press, including the
induction coil and furnace assembly,

In induction heating at high heating rates, there is a difference between
the temperature of ihe outside surface of the mold (which acts as the
susceptor) and the temperature of the billet. During normal fabrication,
only the outside mold temperature i8 measured, Therefore, it was
necessary to correlate the surface temperature ot the mold to the intc rior
temperature of the billet. This correlation was established by simulta-
neous temperature measurements on the mold surface and at the center
of a specialiy prepared, prepressed billet of 51. 9 percent compositicn,

The maximum temperature diffcrence is 140°C.

A three-inch diameter billet of JT material of 51.9 percent composition
was hot pressed to 92. 5 percent of theoretical density by single ram
pressing. The billet was sectioned, and a density profile consisting of 15
specimens (1/2 x 1/2 x 1/2 inch) was obtained. The density variation
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Forty-Ton Press and Induction Furnace Used for

_Figure 10,
the Fabrication of the JT-Series Materials,
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within the billet wac determined to be 3.0 percent; densities ranged from
3.01 to 3.10 g/cm’. A three-inch diameter billet of 31,5 percent
composition was hot pressed by float molding. The density profile of the
sectiored billet resulted i 2 1,2 percent density variation; densities varied
from 2.47 to 2.50 g/cm?. Thus, float molding reduced the density variation
in a three-inch diameter billet from three percen~t to one percent. Based on
these results, additional billets of JT material will be fabricated employing
the float molding technique.

B. Physical Properties Evaluation of JT-Series Materials
(0. L. Blakslee and T. Weng, Union Carbide)

The objective of this work is to nbtain physical property data to be used
as input information to the stress analysis and structural synthesis
calculations performed at Case Institute ana Bell Aerosystems, Testi~7to
date has been at room temperature; future work will include determining or
estimating high-temperature trends. The physical properties of interest are
the elastic moduli, stress-strain relations, fracture strengths, thermal
diffusivities, specific heats, and coefficients of thermal expansion.

At the start of this work, very little was known of the variation of the
physical properties with composition and porosity. Therefore, the first
objective was to obtain quickly approximate trendr to aid the stress analysis
and synthesis programs. For this purpose, six billets of varying compo-
sition and porosity were prepared in September of 1965 and one billet of
commercial JTA was obtained, as discussed in Section V A4, measurements
were made of their physical properties. These measurements revealed
that physical properties values predicted for JTA by interpolation of data
for the c»:perimental billets did not agree with values measured on
commercial JT?. In order to remove or lessen this discrepancy, the study
of processing conaitions discussed in Section V A5 wis initiated. As a
resuit of this study, billets prepared in the future will have properties
which are more compatible with those of commercial JTA, It must be kept
in mind that the physical properties values given in this report on the billets
made in September, 1965, will differ by perhaps 10 to 30 percent from the
final values for JT-series materials. In addition, it appears that the moduli
and strengths for billet JTA-9 are on the lower edge of the range of values
for commercial JTA and are not typical of average values.

Even though the present data will ultimately be revised somewhat, it is
felt that the data should be reported at this time to give a general picture of
how the physical properties of JT-series materialsdepend on composition and
porosity. It has been found that a 10 percent change in composition or a
5 peivcent change in porosity causes most physical properties to change by
amounts that are large compared with the scatter and possible error in the
measurements. A significant variation of physical properties with changes
in material variables (composition and porosity) is, of course, a necessary
prerequisite for any materials optimization study.
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1. Methods of Measurement

a. Ultrasonic, Elastic constants were determined {roin the
velocities of propagation of longitudinal and transverse ultrasonic pulses at
one megacycle per second frequency. Due to the hich attenuation of the JT-
series material, a through-transmission method vas us=d with a path length
of about 1,25 inches and with directions of proragation parallel, perpen-
dicular, and at 45 degrees to the symmetry axis of the material.

b. Resonant Bar. Elastic constants were determined from the
frequencies of longitudinal, flexural, and torsional vibrations of bars of
dimensions /4 x 1/4 x 3 inches. In addition, measurements were made on
the ‘static tension and flexural specimens to detect defects and unusual
characteristics of the specimens prior to static testing and to provide a
check of the moduli determined from the initial slope of the stress-strain
curves,

c. Tension and Compression Tests. Both longitudiral and trans-
verse strains were measured using pairs ol strain gages mounted on dog
bones in tension and on rectangular prisms in ccmpression. Thc dog-bone
blank dimensions were 1/4 x 5/8 x 2-3/4 inches, and the gage-section
dimensions were 1/4 x 1/4 x 1-1/2 inches. The size of the compression
sample was 1/4 x 1/4 x | inch,

d. Flexuval Test. Flexural teris were run using four-point
loading or. bars of dimensions 1/4 x '/4 x 3 inches, Transverse and
longitudinal tensile and compressive strains were measured at the top and
botton: surfaces with strain gages. Because the load-versus-strain
relations are nonlinear and slightly different in tension and comp-ession,
the data obtained from flexural tests were converted to yniaxial stress-
strain relations ty means of Naidai's graphical method. 2) 1n addition, the
effert of frictional forces ati the loading and supporting edges was also
taken intn account in the calculation of the true stresses.

e. Thermal Diffusivity. Thermal diffusivities were measured
from ambient to approximately 600°C by a flash method. (3) The sample
size was 5/8 x 5/8 x 0.04 inch,

f, Specific Heat. Specific heats were calculated by multiplying
the weight percent of each c?r;ltitucnt phase by the specific heat per unit
mass of that phase (carbon, 4) zirconium diboride, %) and silicon carbidc,(‘)
assuming complete conversion of Si into SiC). The calculations were made
at 100 degree intervals from room temperature to 700°C.

g. Coefficient of Thermal Expansion. The coefficients of thermal
expansion were measured by the Newton's rings method on cubes of
nominal edge length of 1/2 inch,
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2. Ultrasonic Elast.c Constants

A complets set of five elastic stiffress constants, cij' has been

determined from ultrasonic measurements on one sample from each billet,
All of the Young's and shear moduli and Poisson's ratios have been
calculated from these cij by standard transformation formulas, although

there is a loss of accuracy due to the accumulation of errors in the
calculation, The ultrasonic data shown in Table VI illustrate the trends of
the elastic constants  ith composition for approximately six percent porosity
and the trend with porosity for 30 percent additive composites.

TABLE VI

ELASTIC CONSTANTS OF JT BILLETS FROM
ULTRASONIC MEASUREMENTS

JT 30 JT 40 JTA JT 70
-4 -5 -b -9 -9 -3

Young's Modulus

o/ sy 8.1 3.7 4,4 10. 4 10.8 23,5

l.’ln 2.9 1.5 1.6 4,0 3.8 13,7
Shear Modulus

1/ 844 1.9 0.9 1.0 2.5 2.6 7.4
Poisson Ratios

-812/81) 0,08 --- 0.10 0.07 0. 06 0.12

-8y3/ 833 0.13 0.13 0,14 0.15 0.15 0.15

-813/81) 0. 38 0.32 0,38 0.39 0.42 0.26
Density 2.616 2.313 2.414 2.833 3,042 3.682
Porosity 6.1 17.0 13,3 5.8 7.0 6.1

Units: moduli - 10® 1b/.5,2
density - g/cm

porosity - percent
e ———— e —  © W

Two indications <. *  degree of material anisotropy can be calculated
from the cij: the ratio ¢ [cys, determined from the long'tudinal wave

velocities along the »; - ¢ xy axes, and c¢/ ceys dete rmined from the two
shear wave velocitic: These two ratios are plotiess against the percent
metallic additive ir | gure 11, Extrapolation of these ratios to 100 percent
metallic additive indicates that the metallic additivc phase is isotropic, as
expected. The difference is evident between the data obtained from the
commercial JTA-9 billet and the data obtained by interpolation for tae
experimental billets.
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Figure 11. Anisotropy Ratio of Ultrasonic Elastic Constants Versus
Composiiion for about Six Percent Porosity JT
Composites.

3, Elastic Moduli

The elastic moduli in the limit of zero stress have been determined
from ulirasonic and sonic resonant bar tests,and from the initial slope ol
static tension and compression stress-s’rain curves, The trend of the
Young's moduli 1/e;; and 1/ssy and the rhear modulus 1/s¢ with density and
porosity is shown in Figure 12 for the nominal 30 percent additive JT
composites (JT30-4, JT30-5, and JT30-6). The good agreement between
values obtained by ultrasonic, sonic resonant bar, and static tests has also
been found for all other billets tested. The trend of moduli with compcsition
is shown in Figure 13 for JT composites with five percent porosity (the data
reduction to five percent porosity for JTA and 40. and 70 percent compo-
sitions involves some uncertainty until more porosity trends are established).
The extrapolation of 1/sy; and 1/8y; to 100 percent additive shows, as did
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the ultrasonic anisotropy ratios. that the metallic phase is isotropic. The
data for commercial JTA is again not compatib!- with that of the nominal
30, 40, and 70 percent experimental billets,

Figure 14 shows the dependence of the three Poisson's ratios on
composition. The data are averages from ultrasonic and static measure-
ments. As in the case of the moduli, no significant differences were found
between the Poisson's ratios measured by the two methods. At this time,
no clear dependence of the Poisson's ratios on porosity has been detected.
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Figure 14, Poisson's Ratios in the Zero-Stress Limit Versus
Composition for Five Percent Porosity JT
Composites.

4, Stress-Strajn Relations

Typical stress-versus -longitudinal and trans-—erse strain curves,
showing the nonconservative and nonlinear elastic behavior, are given in
Figure 15. Figures 16, 17, 18, and 19 show typical tensile and compressive
stress-strain curves to fracture for all four compositions at approximately
five percent porosity. Most of the tensile stress-versus-transverse strain

curves exhibit a decreasing slope, i.e., greater strain than predicted by a
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Figure 15. Compregsion Stress-Strain Curves for Billet JT40-9.
Specimens Oriented Perpendicular to Symmetry Axis
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Figure 16, Tensile Stress-Strain Curves (v, vs. ¢; and 7, vs. ¢;)
for Nominal 30, 40, 50, and 70 Percent Additive JT

Cumposites at about Five Percent Porosity,
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Figure 17. Compressive Stress-Strain Curves (o) vs. ¢; and 0 vs. ¢3)
for Nominal 30, 40, 50, and 70 Percent Additive JT

Composites at about Five Percent Porosity.
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Figure 18. Tensile Stress-Strain Curves (03 vs. ¢y and 03 vs. ¢) for
Nominal 30, 40, 50, and 70 Percent Additive JT
Composites at about Five Percent Porosity.
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Figure 19.

linear relation. This shape is of opporite curvature to that of the
corresponding transverse strain curves for polycrystalline graphite.
Surprisingly, the only tensile stress-versus-transversc strain curves
which are similar to those of polycrystalline graphite are some of the
curves for the 50 and 70 percent additive composites.

5. Fracture Strengths

The flexural strength was found to be consistentiy higher than the tensile
strength (see Figure 20). The strengths of all sarnples have been adjusted
to five percent porosity. Part of the difference between flexure and tension
may be due to a statistical dependence of strength on test volume. (Thie
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Figure 20. Flexural and Tensile Strengths Versus Composition
for Five Percent Porosity JT Composites.

point is being investigated for JTA ke IIT Research Institute, (7)) In addition,
some of this diffe rence may be due to bending moments in the tensile
specimens, The magnitude of bending moments was investigated by
measuring the strain with single gages on opposite sides of the tensile
specimen, The mexsured tensile strengths were corr:cted for bending by
assuming that the strain due to bending is one-half of the difference between
the strains on opposite surfaces. The average correction for 13 specimens
waz a four percent increase in the measured tensile strength; the tensile
strengths for other specimens were also increased by this amount. This
procedure gives a lower limit to the correction; the true correction might
be = few percent larger. The remaining difference between the flexural and
tensile strengths is probably due to stress concentrations at the shoulders
of the tensile dog bone. The effect of a larger fillet will be investigated.

The strengths for the commercial billet JTA-9 at 51,9 percent additive

are lower than values reported for other commercinl JTA material,
Preliminary results on JTA reported by NTRIT) appear to be slightly higher
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than the value interpolated from the rrsults for the 30, 49, and 70 percent
additive levels, '

The trend of tensile strength with grain g, and against grain g, with

porosity is shown in Figure 21 for 30 percent additive. The linearity on a
semilogarithmic plot indicates an exponential dependence of strength on
porosity, a result similar to that found for the moduli.
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Figure 21. Tensile Strength Versus Density and Porosity for
31,5 Percent Additive JT Composites.
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Figure 22 shows the dependence of the compressive strengths on

composition for five percent porosity JT compasites. Investigation shows
that "'u:>“m in compression, whereas 0,>0,,, in tension; the same

relationship exists in polycrystalline graphite,
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Figure 22, Compressive Strength Versus Composition for Five
Percent Porosity JT Composites,

6. Thermal Diffusivities

The dependence of the thermal diffusivities x; and K3 on temperature
for four compositions at about five percent porosity is shown in Figures 23
and 24. The dependence of K, and K3 on temperature for three porosities
for 31,5 percent additive JT composites is given in Figurea 25 and 26, The
the rmal diffusivity K ; appears to show little variation witn either compo-
sition or porosity. It is not known whether or not the otserved
dependences of K on composition and porosity are real,
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7. Specific Heat

Calculated values of the specific hcat ¢ _as a function of temperature

are shown in Fivure 27 for four compositions of JT composites. The

figure also shows expc('mcntal values measured on commercial JTA by the
LIT Research Institute;'®’ the agreement between calculated and experimental
values is satisfactory.

O Measured by LTRI on JTA (Ref. 8)
31,5 Percent Additive

°
N
|

~—=Calculated

(Cal/g *C)

P

.
N

Specific Heat c

0.0 | l | l | l
0 200 400 . 600
Temperature (*C)’

N-9464
Figure 27. Specific Heat c Versus Temperature for Nominal
30, 40, 50, and 70 Percent Additive JT Composites.

The thermal conductivity k can be calculated from the relation

ky = c Py (V B-1)

where p is the bulk density.

8. Coefficients of Thermal Expansion

The temperature dependence of the coefficients of thermal expansion
a; and a4 is shown in Figure 28 for the 31.5 percent additive JT composite.
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Figure 28, Coefficients of Thermal Expansion a, and ay Versus
Temperature at Various Porosities for 31,5 Percent
Additive JT Composites.

The experimental uncertainty is excessively large, and the experimental
procedure is being improved to reduce the scatter and extend the
temperature range, At prescnt, *aere is no significant dependence of a,
on porosity; the apparent dependence of a; on porosity may not be real.
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C. Stress-Strain Relations and Multiaxial Stress Failure Theories for
Enfsotropic Jaterials - A Surve
[Professor Saada, Case lns%itute)

Most, 1f not all, of the stress-strain relations suggested for anisotropic

materials have been patterned on the well known relations developed for iso-
tropic materials. In the elastic range, the strains are linearly related to
the stresses, and in the plastic range the strain rates are linear functions
of the stresses. Yield or fracture conditions are extensions of conditions
establ}shed for isotropic materials, in particular the energy of distortion
criterion.

In the following a brief survey of what is available in the field of
stress-strain rzlations and yield or fracture conditions for anisotropic
material is given. A slightly more detailed presentation is given to the
Generalized Tresca failure condition which is relatively new and quite
promising.

1. Stress Strain Relations

a. Flastic Stress-Strain Relatigns. Let us consider an elastic
medium maintaTned at a Tixed temperature and assume that there exists a one
to one analytic relation between the stress tensor and the strain tensor:

(v c-1)

o3 = Fig legy)

au u
S I i R |
where 2T 2'(0xj + o, )
If the furiction F1j are expanded in power series in €3 and only the linear
terms retained, we get

T cijkt €k (1,35kot = 1.2.3) (v c-2)

In Equation V C-2 the assumption is also made that in the initial unstrained
s.ate the body is unstressed. If the cijkz are independent of the position

of the points, the medium is called elastically homogeneous. Equation vV C-2
is the generalization of Hocke's Law, The cijkt are symmetric with respect

to the two first and the last indices, so that the maximum number of elastic

constants s 36. Tais number is however reduced to 21 because of the existence

of a stirain energy density function

1
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with the property,

M _ . o (v c-4)

3€13

If the medium is elastically symmetric with respect to certain directions,
the number of elastic constants is further reduced. The degree of symmetry
is expressed by the statements that c”“ are invariant in a change of

coordinates, The expression of C”“ when passing from a system of x,
coordinates to "1‘ coordinates is obtained as follows:

o' - c13k; ke (V ¢-5)
since o”‘ * L0 Y0 m (v C-6)
then ogs' = L %4n Cmcd Scd (V C-7)
and cij;(z exe = Ym Yn Cmncd Scd (V c-8)
we have c“‘ = b Ly g (V C-9)
then L L, Y Eog| (v c-10)
and cijk.l. ‘kz‘ * "1m "jn Cmed "rc sd ‘rs‘ (Vv c-11)
then Cigke = “m Yn k¢ *2d Cmcd (V ¢-12)

The coefficients of elasticity are therefore components of a tensor of the
4th order.

For an orthotropic material the c”“ do not change in a transformation
of coordinates

xg == %' (V €-13)

Only nine independent elastic constants remain. They are given by
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v oo,

G Ch2z Ghiss 0 2 °

Chze Cz222 o33 0 0 0
Cliss G233 Cazas 0 0 0 (V c-14)

Cos23 0 0

G313 o

G212

For a transverse isotropic material, the cijkz do not change in the trans-

formation
" = xjcos8 + X, sing (Vv c-15)
xz' = -x;sine + X, cos e (V C-16)
X3 = X (v c-17)
Only five independent elastii: constants remain. They are given by
T (1133 9 0 0
‘he S Onas 0 0 0
! Cl1az Ciias Cazas 0 0 0 (V c-18)
C1313 0 0
C1313 ’
7 (C111-C122)
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References 9 and 10 give detailed computations regarding the transformation of
axes and the equations leading to the reduction in number of the elastic

constants.

b. Plastic Stress-Strain Relations. The approach here is similar
to the one used for Tsotropic materials, namely, that the strain rates are
proportional to the stresses and that they are linear functions of the stresses.

Using the same notation, the stress-strain relations are written(11):

where ?c
. . i
e TFJ' (v C-20)

and Aijkz has the diiension of a strain rate divided by a stress and is called
the coefficient of plasticity. The quantities Aijkz are a function of the

previous history of plastic flow, and consequently the symmetry of the matvix
of coefficients found in the elastic case {s not present here. In other words:

Here too the number of coefficients Aijkz is reduced depending on the degree

of symmetry in the gaterial. This degree of symmetry is expressed by the
statement that the Aijkz are invariant in a transformation of coordinates.

For planar plastic flow, Dorn(‘l) gives the various forms Equatfon (V C-19)
takes for different types of symmetries.
The coefficients of plasticity Aijkz are not constant but change with

large strains. Dorn(“) makes the assumptior that the ratios of the coeffi-
cients of plasticity remain constant and writes in Equation (V C-19)

Aijkl " %k §' (v c-21)

where a.y , fsa coefficient of anisotropy and ¢ is a generalized strain

rate and o a generalized stress. The definition of o and ¢ is completed
by assuming:

o = %% (v ¢-22)
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vwhere

d“ L4 0&“ = °1j dcij (V 5-23)
. d
ode = oy5, %45 %y *
1/2
o = [ﬂ,‘jkl 01‘1 ok’.] (V C-Z‘)
The expression of de¢ 1s obtained in a similar fashion
Starting from the expression of a plastic potential written
2 2 2 2
Zf L F(Uzz Cd 033) + 6(033 * 011) + H(U"‘ L4 022‘ + 2L 023
2 42 2 .y v C-25
+ ZM 013 N 0‘2 ( - )

Where F, G, H, L, M, N are constants characterizing the current state of

anisotropy, Hill“z'n) obtains the stress-strain increment relations for an
orthotropic material from:

isiy " g-gzg- m (v C-26)
deyy * [(H + G) o7 = Hogp - G 033] dx (v c-27) |
degy = [-Hopy + (F+H) oy - Fogyla (v c-28)
degg = [-6oyy - Foyp +(F + 6) 053] 1 (v c-29)
deyy = Loy dh (v C-30)
dejg = Mgy da (v c-31)
deyp = Nojp (v c-32)

The assumptions in the previous equations are that the yield stress in tension
and comression are the same, the stress and strain increments are along the
axes of orthotropy, and there occurs no volume change du~ing the application
of stresses. The zero volume change is directly connec’ed with the assumption
that the yielding fs independent of hydrostatic pressure. !
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2. Yield and Failure Conditions

Conditions in use for isotropic materials have been extended to aniso-

tropic ones. Hi11(12013) extended the Huber-Mises criterion for isotropic
material to orthotropic ones in which the principal axes of stress and
orthotropy are coincident. The condition is written

2 2 2 2 2 2
F(ozz- 033) + 6(033- o”) + H(o,” u??) + 2L 0y5 +2M o3+ MNoy, =1

(v C-33)
F, G, H, L, M, N are coefficients of anisotropy to be determined by experi-

ments. If X, Y, Z are the tensile yield stress in the principal anisotropic
directions, it is seen that’

1 1 1 ’
F = =+ - - (V C-34)
y? z "
1 1 1
26 = + - - (V G-35)
Z % v
t —‘- -—1- - —]- -
2H = + " =2 (V C-36)

Also if R, S, T are the yield stress-- in shear with respect to the principal
axes of anisotropy then:

2L-‘;5-. 2M-];;. zN-‘?z- (V ¢-37)

For transverse isotropy the number of coefficients is reduced to three since

N = F+24 = G+2H, L=M

It s clear that Equation V C-33 predicts the same yield in simple tension
ang in simple compression.

For the case of plane strain dc33 is set equal to zero in equation V (-29
and the resulting value of CEY) is inserted in Equation V C-33 to give

2
_(.;‘r{___;%"’-)— v ool = T | (v C-38)
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where l
N(F+6 (V ¢-39)

Equation V C-38 can be written in the standard notations of strength
of materials as:

e
-~

Q

[]

Q
~

~

~
~

e L

=t *+ %y =T (Vv c-40)

and, 1f we set Oy © oy = Sx and Ty " Ty then Equation V C-40 can be
written:
W (Sx' rx) = 0 (v C-41)

Thus the coridition expressed by Equation V C-41 can be represented by a curve
in a plane Sx’ Tye More details on this representation will be given in the

following paragraphs.
Griffith and Baldwin(") extendsd the distortion-energy theory of failure
to include generally orthotropic materials. The material nas to remain

perfectly elastic up to yield or failure. The generalized Hooke's Law is
written as in Equation V C-13

935 * Cigke ke

or (v C-42)

€15 " Sijke ke

2 Sun _Snz | S, 2
-8 ~~8 ¢

L 2 Juz | 3,
p " ni=5— 2T e

vo2Bn  na | Ja2m
933'"3 76 "6

Bz S Sz Suaz S
- gL =3 (V c-43)

togog (3 -
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‘ol (228 Snaz _ Sazez  Suss  Sumy
2233'T 3 "6 6 [ 4

S

250333 Sum S22 S2233 93333
o - .._TF_Q

togogy (—3—-—F "% 3

2 2 2
+4ap Sy * Aoyy Si33 * A0y Spppp

For transverse isotropic materials

= ] © = =
Si12 = 7 SmSnzde S © Saz2z0 Snias T S22z Sia3 ” S23es
(v C-44)

Radenkovic and Boschat“s) extended the Tresca condition of failure in
plane strain to the case of a material in which the shear strength of any
plane is a furition of the position of this plane. As shown on Figure 29
failure will not occur along u plane whose normal makes a with the x axis
when

K2 (a) < T, < K] (a) (Vv C-45)

Since the resistance to shear is the same for two opposite planes, then:

Ky (@) = Ky (a + 1) (v C-46)

KZ (a) = KZ (a ¢+ M) (v C-47)
So that in the x,y plane the curve representing K, (a) and K (a) is symmetric
with respect to the origin (Figure 30). ’

If we assume that K, (a) = - K, (a) then the two curves coincide and the
condition for incipience of yiels or fracture becomes:

(lr ) - K(a)] = 0 (v c-48)

If the material is orthotropic (Figure 31) then
K (-a) = K (+a) (v C-49)
K (n-a) = K (a) 'V C-50)
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Figure 29. Faflure Plane in the Extended Tresca Criterion,

Figure 0. Limiting Values of the Shear Stress on a Plane a.
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Figure 31, Fiqure 32.

Extended Failure Criterion for 22 Orthotropic Material,

Figure 33. Stresses on an a Plane throuch a Point 0.
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then the curve of K (a) s symmetric with respect to OX and OY (Figure 32).
If K (a ¢+ g-) = K (a) then one quadrant is enough to define the curve.

a. Space ‘Regresentation. The generalized Tresca condition can be

represented in a space ox//f . oy//f » 7, and this representation is a

cylinder parallel to the bisector OP of ox//f and oy//Z' . This can be I

shown as follows:

If we set (Figure 33) T = 1

Xy y
and Ty = -ty
we have
o +o 0. =0
- X X
9, "'T—L + —2—-1 cos 2a + ‘l’xy sin 2a
g =0

t J x -
L ——-2—1 sin 2a 1&? cos 2a

In terms of principal stresses (Figure 34)

01 + 02 o] - 02
ox'—-z——'*—-z—-cosZo
°1 + 2 °1 - 02

o, * —p== - —p— C0s 20

01'02
t‘y . —y—— sin 20 = - By

If in Figure 35, M represents the state of siress at the considered point in
the material, and 00' is the projection of M on the bisector of

ox/d' and oy/&' then (Figures 35 and 36)

o, to 9 + 9

&?‘-lTl-—T—-.P

6%

(v C-51)

(v c-52)

(v c-53)

(v c-54)

(Vv c-55)

(v C-56)

‘¥ C-57)

(v c-58)
(v C-59)

(v c-60)
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Fiqure 3. Projection of the Space Representation of the
! o /2 , 0/ /T Plane.
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Therefore in Figure 35, the circle at 0' {s the Mohr Circle for the state of
stress

oy = 9, e
2
(v C-61)
o, = O©
X
Ty -L'ﬁ_—

The plane 0'M H 1is called the deviator plane. The shear stress on 2 plane o
is then written (Figure 37):

Tg Sx sin 2a + T, Cos 2a (Vv C-62)

and 1f the failure condition is written

lt,! = K{a) (v C-63)
we get a relation between Sx and 1, independent of P,  This shows that the
criterfon is a cylinder parallel to OP (Figure 35).

b. Representation in a Deviator Plane. From Equations V C-62 and
V C-63 failure occurs when

Sx sin 2a + T, cos 2a = K (a) (v C-64)

or
S, sin2a + 1, sin 2 = -K (a) (v C-65)

Any combination of Sx and 58 satisfying these equations gives on a certain plane
a a failure or yield condition, For each value of a, Equations V C-64 and
V C-65 represents 2 straight lines D, and D, (Figure 38).

The properties of D] and Dz are shown on Figure 38. When o varies from 0
to n, Dl and 02 envelope two curves C] and cz syrmetric to one another with
respect to 0'. The curves C] and Cz can take different shapes depending on the
failure criterfon. Figures 39(a,b) show the form of these curves for the
criterion K(a) = A + B cos2 3a. It is to be noticed that only the points on C]

and C, between their intersection are possible (active) 1imiting points v = K(a).
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Figure 38. Properties of Lines D‘ and 02.
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Figure 3. Representation in the X,Y Plane and ir the Ty
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Active and Passive (Hatched) Zones for the
Criterion K(a) » A+B cos23a when A < 7B/2.

Figure 40,
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Figure 40 shows active points for the criterion K(a) = A + B cos 3u when
lg- Points following in the hatched zones (passive zones) are not

possible 1imiting points. It is worth mentioning that for a curve
G(Sx. T ) = 0 to represent a failure condition of the type

mx [t] = K (a) (v C-~66)
the curve must be regular, concave towards the origin and symmetrical with
respect to 0'. This would correspond to

Kla + ) = K{(a) (V C-67)
whiszh 1s Hi11's case previously mentioned.

¢. Conclusion. The case of interest in this program is that of
brittle materials in which the behavior in tension {s different from that
in compression. For isotropic materials, the Mohr:Coulomb failure criterion

accounts for such a behavior but nothing equivalent to it has been introduced
in the study of anisotropic ones. A formula of the form

Max |t|] = K (a) + f (a) o, (Vv C-68)

could be of value in such cases. Extensive experimentation is necessary before

attempting any stress-strain formulation,
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D. Statistical Aspects of Failure
(J. Y. L. Ho and F. M. Anthony, Bell Aerosystems)

1. Bac und

It is generally recognized that the strength behavior of brittle materials io statis-
tical in nature. If, for cxmple, 100 seemingly identical samples were loaded to failure
in an essentially identical manner, the ratio of strengths between the strongest and weak-
est samples would range from about 1.5 to about 5:0. With such materials, the design
allowable strength level must be related to a probability of failure. Hence, the assess-
ment of structural integrity becomes a problem of determining the probability of failure
under given loading conditions rather than whether or not the part will fail.

Ideally, the variability of strength behavior of a perticular component configura-
tion made from a specific material can be determined by subjecting a large number of
parts to simulated service loadings. Such an approach is prohibitively expensive in
most instances. Consequently, less expensive approaches have teen under investiga-
tion in receut years.(16'21) While universal agreement has not been reached as to the
specifics involved, trendr in the manner of dealing with isotropic materials have bcen
defined.

Three types of failure behavior have oeen postulated: series, parallel, and
series-parallel. Series or "weakest-link'' behavior implies that local fracture is
synonymous with complete failurc. The parallel model allows for load redistribution
in the event of local failure as in the case of a wire rope where the failure of one strand
does not cause complete failure. The series-parallel model may be constituted in a
number of ways to define combined behavior. Analytical development is most advanced
for the series model. In addition, the assumption of series behavior provides conser-
vative predictions of failure probability. Therefore, series behavior is generally
assumed.

The approach followed for isotropic materials is to fit strength data from un-
iaxial tests of small samples with a statistical distributior function and to predict
the behavior of samples of larger sizes. The distribution function by W. Weibul1(16)
is generally employed although its choice is rather arbitrary and other functions may
be more appropriate for specific materials. Inasmuch as the Weibull function
employs three parameters which are evaluated from an unalysis of test data, rather
than two parameters as required for most other distribution functions, better fits of
experimental data can usually be obtained with the Weibull function.

Relationships have been derived for employing data obtained under one type of
uniaxial stress state to predict the probability of failure under a different uniaxial or
a specific biaxial stress state;(17) i.e., relationships among tension, bending and torsion
loadings. The influence of multiaxial stress states can be included by means of experi-
mental data or by the assumption of a multiaxial failure criterion. While there is still
insufficient data to positively verify the statistical design approach for brittle materials,
recent results (18-20) provide sufficient encouragement to warrant the extension of the
statistical approach to brittle anisotropic materials.
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When an anisotropic material is considered, the statistical problem becories more
complex because (1) different statistical distribution function parameters may be neces-
sary to define strenpth behavior in each major material direction, (2) different distri-
bution function forms may be applicable in each major material direction, or (3) differ-
ent failure mechanisms may operate in each major material direction. Furthermore, it
is necessary to define strength as a function of orientation since the applied stresses
may not coincide with the major material axes. When the anisotrupic msterial is a fiber
reinforced composite, definition of statistical strength behavior is even more complex
because of the different constituents and their possible interactions, in:t the series model
should still provide conservative predictions.

The cost of experimentally defining the statistical strength behavior of an aniso-
tropic material subjected to multiaxial stress states is obviously too expensive to be
practical. Analytical approaches are essential. Once established, selected experiments
can be conducted to assess their validity.

2. Anisotropic Material Subjected to a Multiaxial Stress State

As initially planned, the extension of statistical theory from the relatively well
established procedures for isotropic materials subjected to a uniaxial stress state to
the more general case of anisotropic materials subjected to multiaxial stress states
was to proceed in three steps. The first step was to consider the anisotropic material
subjected to a uniaxial stress state. Thc second step was to extend the analytical de-
velopment for the isotropic material from the uniaxial to the multiaxial stress state.
The third step was to consider the anisotropic material eubjected to the multiaxial stress
state. During the anlytical developments for the first two steps which attempted to follow
the approaches suggested by Weibull(16-22) djfficulties were encountered. At various
points, assumptions were neceseary but there was no way of ascertaining the nroper
assumptions to make. Different assumptions led to different results. The initial approach
was abandoned, therefore, and an independent formulation of the problem was pursued as
described herein.

The well-known statistical theory of Weibull for the strength of a material defines
the probability of failure for isotropic materials in the uniaxial stress state as

F= ig=e © (V D-1)

and W
0','- au
< B == >0 2
B=B_ xj-2 av[o 20 20 v D-2)
¥ | [+] ¢

B—Bx=0 [axiauao]

where

=  Probability of failure
= Total risk of rupture
Risk of rupture due to uniaxial stress

¥
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Ox = Uniaxial stress in X~ direction

oy = Threshold stress

0o = Charnacteristic stress
m = Material {law intensity
K = Coefficient
V = Volume

The above equations are based on the assumption that the compressive stress will
not contribute to the risk of rupture. The value of the threshold strcss 0, is always
greater than or equal to zero. As longas C  is smaller than 0, whether it is tensile
(nositive) or compressive (negative with a large magnitude), it is postulated that rupture
will never occur.

When this concept is oxtended tv the multiaxial stress state, the total risk of rup-
ture B may be assumed to have the following form

o - |M
Kk |X—Y
%
v
iz, 2d  [gze0)
B =0 o<o 20
X L X u d
- D-3
B =0 o <0 Zo] v )
y Ly u .
Bz=0 ,a!<o'uaoa

For anisotropic materials, considering that the shear stresses also contribute
portions of the total risk of rupture, the most general form of B will be

5 3
B = B
j=1 j=1 Y (V D-4)

| [Ty (T, My
B, = K e— 20
L m o (t) [r“z (r“)u ] (Vv D-6)

L o'y
B, = 0 ,'n< (ru)uz o] [1=1.2. 3]
T (t my)

B, - 1Tyl - u)j| o [lr” |2 |(ru)u|.>. o] @ 5

1
7,

+

py - Irylelirg 2 0] T[] [rmse)

4
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where Bij Risk of rupture tensors
Til = Stress tensors
(T w i = Threshold stress tensors
(T o) ij Characteristic stress tensors
my; Material variability tensors

Ki ! Coefficient tensors

It is still assumed that the normal compressive stresses T ;,, T 2y and T 33 will
not cause rupture. As far as shear stresses T ;; (i # j) are concerned, they may cause
rupture when their absolute values arc greater Jxan the absolute values of the shear
threshold stresses (T u)lj i=1j.

The development of .he failure criterion is incomplete at this stage,simply because when
the uniaxial compressive stress is applied, failure does occur. Brittle materials may
be infinitely strong under triaxial compressive stresses, (hydrostatic pressure), yet they
have finite strength under uniaxial (or biaxial) compressive stress.

Hence analogous to the uniaxial tensile stress case, the risk of rupture due to
uniaxial compressive stress will take the following form
N i 1]
m

t
lo, 'l =le ) | ™ o'-o0 '
B=B - K “—x—'."u—" av = | k | =2—2 v
X Jv l"'ol v T,
[|a'2|a"|z 0] or[a-'< o < 0] (V D-7)
X u x - ua -

] 1 t t
Bng = 0 ['a-x '(la'u'zo] or[o-x > < 0]

where a'x. a'u and a'o are all negative values.

The distribution functions of probability of failure for both uniaxial tensile and
compressive stresses are presented in Figure 41. This figure indicates two important
facts:

(a) The brittle materials are not infinitely strong under uniaxial compressive
stress. It does have a bound in the compressive region.
(b) The ultimate strength of brittle materials in either tension or compression,
should b¢ stated as a function of probability of failure.
Concept (b) is not very apparent for ductile materials because their distribution func-
tions are almost like step functions. The range of variability of the yield or ultimate
stress is very carrow. For brittle materials, the ultimate stresses (tensile and com-
pressives) are increasing according to their distribution function as the probability of
failure increases from 0% and up.

When the biaxial stress state is'considered, the Mohr's stress circles are

shown in Figure 42, aad the maximum principle stress failure criterion assumed
at zero probability of failure is shown in Figure 43. Isotropic behavior is assumed
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n of Probability of Failure.

Figure 41. Distribution Functio
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Figure 42. Mohr's Stress Circles for Biaxial Siress State.
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Figure 43, Failure Criteria for Biaxial Stress at Zero
Probability of Failu.e,
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for simplicity of iilustration. It is considered temporarily that the shear threshold
stresses of the material are so high that they may not be reached. The following
table explains the various cases in Figures 42 and 43.

Figure 42 Eiﬁy_'g_ﬁl Description

Circle-(1) Point-(1) Uniaxial tensile stress

Circle-(2) Point-(2) Uniaxial compressive stress

Point-(3) Point-(3) Equal Biaxial tensile stresses

Point-(4) Point-(4) Equal biaxial compressive stresses
Circle-(5) Point-(5) Biaxia) tensile and compressive stress 8

The safe region and the rupture region are inside and outside the square boundary of
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