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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

-15.




-

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.
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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,
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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
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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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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.
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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)

-58-




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).

-68-




Ris
Yyl ud SEAL]S 40 Tivy
&3

: dmeiang "
.1 Hu__uu.__-mu..n-u LE
"l 3

“59=




A o |
v
.

o e e

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
Figure 43 respectively.

When the orobability of failure is greater than zero, F = F,, the faflure criterion
for biaxial stress states, as shown in Figure 44 indicates dev'ations from the originally
assumed failure criterion at F = 0. Note that for uniaxial loadings Points 1 and 2 move
to Points 1' and 2' as would be expected from Figure 41. Reasons for the deviations
under biaxial stress conditions are discussed ia subsequent paragraphs.

Consider first the bin&al tension region and the specific case of equal tensile
stresses, ax =0 y> oy The total risk of rupture is

n-n'myf x["; " ]m dV/ xlzl;::le dv-yfx["‘;’

In order to reach the same probability of failure, F = Fy, the equa! biaxial tensile
stresses are smaller than for the uniaxial tensile stress because the risk of rupture
in the x- and y-directions are added together. Hence Point 3 will move to 3" instead
of 3'.

™ v D-9)
"] av

Under biaxial tension-compression conditions Point 5 will move to 5'* or 5'"'
rather than 5' because of the reasons to be discussed. First, the total risk of rupture

is
S fo - 1™ c'-¢'1™
n-nos'-/ q P dv e x| L—L av
R y 'o UJ
v v

[a.z o, 2 o] [c'y'Sc“'s o]

(VD-9)

Since the compressive stress O y' may contribute a portion of the toial risk of
rupture. the tensile stress 0, in the biaxial stress state does not have to be as large
as the censile stress in the uniaxial stress state in order to reach the same probability
of fajiure Fl' Second, in brittle fracture, although compressive stress is applied, the
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Figure 44. Failure Criteria for Biaxial Stress at
Various Probabilities of Failure.
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material may still be broken by tension in the perpendicular direction from th. normal
compressive stress. In other words, the compressive stress 0 ' {n y-direction may
contribute some eifect of the risk of rupture in x-direction and z-direction. Also, the
tensile stress O 4 in x-direction may contribute som~ (negative) effect of the risk of
rupture in y-direction and z-direction. Third, for some types of bittle materials, the
threshold shear stress (T u)u (or o u") is relatively low, the shear stress T i

(i #)) (or 7 4. etc.) will have some effect on the risk of rupture. All of these
effects are additive to the contribution of total risk of rupture. Combined stresses at
point 5'' or 5'" will be eufficient to achieve the same level of probability of failure ¥y
as that in the uniaxial stress state. ‘

m m"

' m
- .
o _a 0'-0" 6 _cn
pep +B +B =] K|2—2| ave x| ul g k| 2| v
x 'y xy o, o, o,
v v - v

(V D-10)

[axz o 2 o] [cysaus o: [| cxy|z|o""'| > o]

Bxy =0 [laﬂl(‘o; I 2 o]

o
For anyrailo 7V = _-j'—’f- the shear stress will be

. y
Log-o) - 5[]
B e - = e 1{7 o
Txy Ox " 9y 2 x

(v D-11

As shown in Figure 45, circle-(5) represents a biaxial tensile and compressive

stress state. When o, and 0", are small (yet 0, >0y > (,o0'<0o; < 0),
Bx¢0. B;y #o0, Bxy = 0 because the value of O xy is still smaller than 0‘:1'. As the

values of O 4 and O "y increase, the shear stress ny will increase correspondingly
until

o =L[a' '0"])6"
xy 20l x y. u

then,

(V D-12)

Bxfo (Vv D-13)

Circle-(5") in Figure 45 explains how the shear stress O xy contributes its effect to
the total risk of rupture.

The interaction effects on risk of rupture between tensile, compressive and shear
stresses are not clear at this stage. More work is required in the future.
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Figure 45. The Effect of Threshold
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Finally consider the compression-compression region witho o = O <o, < 0.
If there is no interaction on the risk of rupture between the two compresslye stresses

o,"nnd 0')',. ‘hen
m' m'
a-l_o-lq FI" ot
B=B'+B' = K ul gve x| —L—=— dv
x Y oo L (Vv D-14)
v o= L}

L

[oxsois °] [U'ysﬁt's 0]

Analogous to the equal biaxial tension case, Point 4 in Figure 44 will move to 4''. In

A )
the special case when 0 t<<0Oy < ¢and Oy =djoy -0 y|>0y then
m' = m"
7% "7
B=B'+B__= K - dv+] K" - dv (v D-15)
X Xy o-o o_o
v v -

B'#O[a' '« C' a 0] B'nO[o‘ >0"S 0] B #0[0’ so" 2 0]
x X u vy y u Xy xy ' u

This special case is represcuted by Circle-(6) in Figure 45 which will also make
Point-(4) in Figure 44 move to 4" rather than to 4'. If there is interaction between
the two compressive stresses ¥ x and O )',. the total risk of rupture will take the
following {orm

= R ' ' ' 1 (] '
B=B (0, O‘y)+By (a'x.cryynxy(ax.cry)

Point 4 in Figure 44 will then move to 4'"".

When this concept is extended to & triaxial stress state, a boundary surface of
safe region can be drawn in the three-dimensional space. Foro 3 =0 &= o < AR

(triaxial compression) the boundary surface of safe region will be extended to infinity
because rupture will not be possible.

Figure 46 shows the probability of failure surface for the biaxial stress state
assuming the maximum principle stress failure criterion.

Thus, a basic approach has been established with respect to the statistical
aspects of failure for materials which exhibit series behavior. Effects of anisotropy
and multiaxial stress state are included, For purposes of illustration the maximum
principle stress criterion was assumed but the approach is equally valid for any other
failure criterion and can deal with shear and compressive stresses as well as tensile
stresses. The relative influences of shear and con-pressive stresses are currently
being examined.
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Figure 46. Probability of Failure Surface for the Biaxial
Stress State Assuming the Maximum Principle
Stress Failure Criterion,
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E. Failure Criteria and Multiaxial Stress Test Apparatus
[T. Weng, Union Carbide)

1. Introduction

The objectives of this research program are to build a multiaxiai stress
testing machine, to obtain, experim.ntally, failure criteria for brittle and
composite materials, and to represent the failure criteria in forms which
can be used by designers.

In order to establish the shape of the yield surface, to verify theories
of plasticity, and to study the processes of plastic deformation, biaxial
stress tests on ductile materials have been conducted by several investi-
gators. For brittle and composite materials, however, very little work
has been reported on biaxial stress tests and failure criteria. The usual
method employed in these investigations is to test a thin-walled, hollow
cylinder under a combination of internal pressure and an axial tensile or
compressive load; for a more sophisticated test, a torque is also applied.
This type of biaxial stress test is relatively versatile and easy to conduct,
and the stresses in the test cylinder under various loading conditions can
be calculated easily. A multiaxial stress testing machine for thin-walled,
hollow cylinders is being constructed for this program. To date, taree
tests of JTA cylinders have been made with a preliminary versior. of the
test apparatus.

2. Multiaxial Stress Testing Machine

In order to obtain some failure strengths under biaxial stresses for JT-
series materials early in the research program, a simplified version of the
multiaxial stress testing machine has been assembled. Provisions for
applying external pressure, axial tension, and torques will be added later.

a. Hydraulic System. A simple hydraulic system, shown
schematically in Figure 47, has been constructed for applying an internal
pressurc and an axial compressive load. The hydraulic power unit, A,
can supply internal pressure up to 5000 1b/in.? and the capacity of the
hydraulic press, B, is 12,000 1b in compression. The internal pressure
can be increased, decreased, or maintained at a given pressure by
adjusting a screw in a pressure relief valve, C, mounted at the outlet port
of the hydraulic power unit. Continuously variable and accurately controlled
rates of pressure increase can be obtained by replacing the adjusting screw
in the pressure relief valve with a threaded plunger, which rotates and
moves axial.y, in a linear actuator, D. The rate and direction of the axial
motion of the plunger in the linear actuator are remotely controlled by a
control box, E. The installation of the linear actuator into the pressure
relief valve is not yet completed. A strain-gage type pressure transducer,
F, which has a capacity of 5000 1b/in. 2, is connected to the hydraulic line.
The pressure recording system can be modulated to measure 0.5 1b/in. z
per inch recorder chart to 500 1b/in. 2 per inch recorder chart. Since at
higher pressures, considerable heat may be generated in the oil, a water
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cooling bath, H, is installed in the hydraulic system.  The hyd raulic press,
B, is used for applying a compressive load to a specimen as well as to a
fixture used in the hoop tensile stress test. An arrangement for internal
pressure and axial loading in the hydraulic press (shown in Figure 47) will
be described later.

[
D
9 ﬁ
E |

A. Hydraulic Power Unit G. Pressure Gage, 0-5000 1b/in,?2
B. Hydraulic Press H. Cooling Coil
C. Przssure Relief Valve I. Specimen
D. Linear Actuator J. Axial Load Cell
E. Control Box K. Drain
F. Pressure Transducer L. dand Speed Valves

N-9608
Figure 47. Schematic Diagram of Hydraulic System for Biaxial
Testing Machine.

b. Hoop Tensil Stress Test Fixture. A fixtltrs. similar to one
originally derigned by the Stanford Research Institute, '?>/ has been
constructed for hoop tensile stress testing by pressurizing a short, open-

end, thin-walled, hollow cylinder. The test fixture containing a test

specimen and a Neoprene bag for pressurization is shown in Figure 48. By
means of the hydraulic press, the upper and lower plates of the test fixture
are pressed against the spacers, which slide freely over the guiding pins.
Because the length of the specimen is slightly shorter than the length of the
spacers, there is a small clearance between the upper plate and the specimen;
thus, the specimen is free from end loads. When the Neoprene bag is
pressurized, the specimen is under pure hoop tensile stress. Talc is

applicd between the specimen and the Neoprene bag to minimize friction.

The inside and outside diameters of the test cylinders are, respectively,
0.885 and 0. 985 inch; the length can be 0.5, 1.0, or 2.0 inches.
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Neoprene Bag
Bottom Plate

N-9469
Figure 48, Specimen and Test Fixture for Hoop Tensile
Stress Testing.

c. Internal Pressure and Axial Compressive Stress Test Fixture.
A fixture for testing a cylincdrical specimen un%er Internal pressure and an
axial compressive stress, either separately or together, is shown in
Figure 49. For an internal ‘ressure test alone, the axial compression load
cell and the steel plate «re 1.2t required. The bore of the steel end cap
tapers off slightly to allow epoxy glue to fill in between the cap and the
specimen, An "O" ring groove is made on the steel e~ cap so that the
specimen may later be placed inside a pressure chamber for internal and
external pressure tests. On the end of the bottom steel end cap, a 7/16
inch radius and 1/16 inch deep crater is machined so that the assemh.y can
roll freely on a 7/16 inch radius and 1/8 inch high mound on the top of the
load cell for alignment when a compressive load is applied. The bottom
surface of the load cell and the top surface of the steel plate are highly
polished. A thin layer of light oil between the load cell and steel plate
makes the load cell slide very freely on the steel plate. At an early stage
of the application of the compressive load, the load cell slides into position
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to give an excellent match between the mound of the load cell and the crater
of the steel end cap. Under a few pounds of axial compressive load, the
lubricating oil is squeezed out, and the load cell is securely locked in place.
Bending moments due to misalignment under axial compression are
practically eliminated by this arrangement.

1/8' D Steel
Tubing
Top Platform

*\ / of Press

R SR

Spacer
Steel End Cap

. Specimen

Epoxy

Steel End Cap

"QO'" Ring Groove

Load Cell ﬂ
A ;Steel Plate é
t A / E
Bu:turr: Platform of Press

N-9606
Figure 49. Specimen and Test Fixture for Internal Pressure
and Axial Compressive Stress Testing.

3. Test Results

a. Hoop Tensil: Stress Test. In order to,checi the test fixture,
an epoxy cylinder 2 inches long and aluminum cylinders of lengtl.s i and 2
inches have been tested to examine the effect of the specimen length and
pressure loading on uniformity of strain distribution.

+

The strain distribution in the epoxy cylinder was investigated with a
reflection polariscope, and the variation of fringe pattern was estimated to
be less than 0, 1 fringe. This small variation is believed *o be due to '
variations in the properties of the epoxy cy'inder itself, rather than tc
variations in loading stresses. Strain distributions in the 1.0 and 2.0 inch
aluminum cylinders were investigated with strain gages. It was alsc found
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that strain distributions in the cylinders were uniform; the experimental and
theoretical values of the strains are in good agreeraent. '

G-ade ATJ graphite cylinders with lengths of 1 and 2 inches were also
tested. The variation of the hoop strains measured with strain gages at 4
locations on the 2 inch long ATJ graphite cylinder was + 2 percent, Tensile
strengths and strains obtained from these ATJ graphite cylinders are in
good agreement with those obtained by the uniaxial tensile test. A JTA-9
composite cylinder 1 inch long has been tested. The tensile fracture stress
and strain for this cylinder are 7500 1b/in. 2 and 1180 pin, /in., respectively.

b. Internal Pressure Test. An aluminum cylinder having an
inside diameter of U.BB5 inch, an outside diameter of 0.985 inch, and a
length of 3.5 inches was tested under internal pressure to check the
performance of the test apparatus. The gage length of the test cylinder
was approximate.y 2 inches, The axial and hoop strains at several
locations on the outside surface of the aluminurn cylinder were measured
with strain gages. The variation of strain with location was approximately
5 percent. The difference between the measured values of the strains and
theoretical values calculated by using the manufacturer's values for the
moduli was approximately 9 percent. Most of this discrepancy is probably
due to material anisotropy in the extruded aluminum cylinder.

A cylinder from the billet JTA-10 and 2 cylinders from the billet JTA-9
have been tested under internal pressure. The cylinder axis is parallel to
the axis of material symmetry. For the JTA-9 cylinders, the variation of
strain with location was approximately 28 percent. The greater variation
of strain compared to that in the aluminum cylinder is probably-due to
greater material nonhomogeneity in the JTA billets.

Stresses in the hoop and longitudinal directions on the inside surface
are given by Lame's formulas: for the hoop stress,

and for the longitudinal stress,

_ 1
U;—O’zwmﬁjz—:—rpi (V E-Z)
where Pi is the internal pressure, b is the outside diameter, and a is the
inside diameter. The hoop straine 0a on the inside surface can be
calculated from the hoop straine ob measured on the ou:side surface by the

formula:

1 11 +8),/811 + 8 /81)’0'(1'81/'8:)(13/3.)z
;oa—[ 12771 :23_._8‘13,811 Y1 ]eOb (V E-3)
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These formulas are derived for the case of linearly elastic material. For
a cvlinder subjected to internal pressure, the longitudinal stress and strain
are uniform through the thickness; and the longitudinal stress is always

one -half of the sum of the hoop stress and the radial stress. Therefore,
the ratio of the longitudinal stress to the hoop stress can be assumed to be
0.5 in a thin-walled, hollow cylinder subjected to internal pressure, for the
magnitude of the radial sfress is very egmall and can be neglected.

Stress-strain relations in the hoop (outside surface) and longitudinal
directions of a JTA-10 composite cylinder are shown in Figure 50. It
should be noted that (at the same pres sure) the longitudinal strair. is about
the same as the hoop strain for JTA composites, because of the highly
anisotropic properties of this material. For an aluminum cylinder, which
is much more isotropic than JTA composite, the longitudinal strain is about
0. 2 of the hoop strain (at the same pressure) in the elastic range and
considerably smaller in the plastic range.

3
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N-9607

Figure 50. Longitudinal and Outside Hoop Strezs-Strain Curves
for TTA-10 Composite Cylinder under Internal Pressure.
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The fracture stresses and strains for JTA-composite cylinders tested
under internal pressure were calculated with Equations V E-1to V E-3 by
using the internal pressure at fracture and the measured outside fracture
strain. The results are given in Table VII. These fracture properties are

TABLE VII

FRACTURE STRESS AND STRAIN OF JTA COMPOSITE
CYLINDERS UNDER INTERNAL PRESSURE

|

: Stress (1b/in.?) Strain (g in./in.)
Specimen Inside Hoop Longitudinal Inside Hoop Longitudinal
JTA-9-1 8030 3600 2020 1850
JTA-9-2 7530 3440 1900 1200
JTA-10-1 6260 2830 1250 1170

iTA-l0-

plotted on the two-dimensional fracture surfaces for JTA componites shown
in Figures 51 and 52. The uniaxial properties in tension anc compression

LR

‘—“D—.!ﬁ \ _Im l

Unit: 10?1b/in,?2

O - JTA-9 Billet <M, =

@® - JTA-, Billet Tested in 7
Hoop Tensile Stress

A - JTA-10 Billet

-30

N-9604
Figure 51. Fracture-Stress Surface for JTA Composites.
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O = JTA-9 Billet (Biaxial -0.5
Te’)t) L)
0O = JTA-9 Filet (Hoop 5‘1"
Tensile Stress Test) ~ "~ [
® = JTA-10 Billet (Biaxial
Test)
A = JTA-9 Billet (Uniaxial

Test) B %
a

-2, 0t N-9621
Figure 52, Fracture-Strain Surface for JTA Composites.

in Figures 51 ard 52 were measured on samples from the JTA-9 billet, and
the shaded circles are the results obtained by the hoop tensile stress tcst
on a JTA-9 cylinder. These preliminary results indicate that the fracture
criterion of JTA composites in the tension-tension stress state may be the
maximum stress theory of failure. §

Figure 53 shows one of the JTA-9 cylinders after fracture resulting
from internal pressure. Inspection of the fractured specimens failed to
reveal whether the initial fracture was due to the hoop or the axial stress.
The irregular fracture surface may be due to the fact that the stresses in
the cylinder, just prior to fracture, were approaching simultaneously the
uniaxial tensile strengths in both the hoop and axial directions, since the

stress ratio trz/tro in the cylinder is 0.5 and the uniaxial tensile strength ratio

ous/oum of JTA composites is approximately 0.4. Examination of the
fracture stress surface in Figure 51 indicates that fracture of the cylinder
was more likely initiated by the axial stress.

c. Internal Pressure with an Axial Com ressive Load Tcst. The
aluminum cylinder which was used lor examination of strain distribution
under internal pressure has been tested under internal pressure plus axial
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N-9316
Figure 53. JTA-9 Composite Cylinder Fractured under
Internal Pressure,

compressive loading. The bending moment produced by misalignment under
a compression load has been practically eliminated by means of the special
lcad cell with a sliding bearing which was described earlier. In order to
examine the pexformance of the test machine and to gain some experiences
for later teets with JTA and fiber composites, the aluminum cylinder was
loaded to the desired stress states using various loading sequences, The
satisfactory performance of the test machine has been demonstrated by

the excellent agreement between the experimental and theoretical strains at
all the stress states, regardless of the loading path, Several ATJ graphite
cylinders have been prepared for testing in order to examine the effect of
the loading sequence on fracture stresses in a nonconservative material,
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F. Anal%sis and Synthesis of Three Layer Cylinder
{Professor gcﬁm‘f and Pr. V. Genberq, Case Institute)

1. Introduction

An axially infinite three layered thick walled cylinder (see Figure 54)
was chosen as a representative component which will exhibit many behavior
characteristics found in certain high temperature nozzie inserts, The
cylinder is subjec’ed to high thermal and pressure loadirg on its inner
surface. Each of the three layers is treated as cylindrically orthotropic
material whose thermal and mechanical properties are assumed to have 2
known temperature dependence. The nreassigned parameters are the internal
radius (ra) apd the temperature dependent material properties, The

individual layer thicknesses (D‘. 02' 03) are the design variables (see

Figure 54). Each of several distinct load conditions is specified by
giving the internal (pa(t)) and extermnal pressure (pd(t)) as well as the

internal (T_‘(t)) and extermnal temperature (T_3(t)) or, altematively,

the heating rate at the inner surface (q(t)). Fatlure modes to be
quarded against in each 10sd condition fnclude temperature and radial
displacement limits as well as failure under combined stress. The objec-
tive function for the synthesis is minimization of the weight per unit
length of the cylinder.

2. Thermal Analysis

For any particular trial design (D]. Dz. 03) the thermoelastic analysis

s carried out in two steps. First the transient heat conduction problem
n.qlecting mechanical coupling is solved. Then using the temperature distri-
bution, the thermal stress analysis is carried out neglecting inertia effects.

It is assumed that the therma. and pressure loading are axisymmetric
and uniform along the axis (z), the-eby reducing the transient heat conduc-
tion analysis to a one-dimensional problem governed by the fo'lowing partial
differential equation

7T _ 1 3 T
DC-a-f -'-_-,'a-'-:(kl' -a-;:) (VF-])

in which the temperature T(r,t) is the dependent variable, the time t and
the radial position r are independent variables, and the density o, the
heat capacity c, and the thermal conductivity k are the pertinent material
properties. This one-dimensional equation is non-linear due to the
temperaturc dependence of the heat capacity and the thermal conductivity.
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The initial condition is assumed to be a uniform tempera<ure distribu-
tion (To). The thermal boundary conditions are general enough to permit a

prescribed time varying heat flux input,a convection heating input on the
inner surface (ra), as well as convection cooling and reradiation cooling on

the outer surface (rd =y + D] + 02 + D3)

aT =
-k = a(t) +h g (T, - Tp) (V F-2)
r'ra
e T “ ;
-k 3¢ =g Fe (T, = T4 )*+hg(Ty-Ts,) (V F-3)
r'rd

Perfect thermal contact is assumed at the interface between layers, thereby
requiring both the temperature and the heat flux to be continuous across the

interfaces at ry = r, + D] and r. = r, + 33 + D2 . -
() (2)
i . {2 (2 {2t (V F-4)
b b
(2) (3)
12 . ) @ 2@t

“he nonlinear transient heat conductior prcylem can be cast in finite
difference form for numerical solution ~n a high speed digital computer. The
imoticit finite difference formulation was chosen over the explicit form
since the fmplicit form is not limiteo to small time incremants by the
stabflity criterion. According to Forsythe and Nasow /Reference 24) the
fmplicit form §s faster than the explicit if the imlicit time interval is
at least four times as large as the explicit interval.

1f the rnumber of subdivisions in layers 1, 2, aid 3 are N1, N2, and
N3 respectively (see Figure 55), then the total number of nodes is NT+]
wh~ve

NT = NI + N2 + N3 (Vv F-6;
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For each node there is an equat.on of the form

ANNREY J J

This tridiagonal system of equations can be solved efficiently by a modi fied
Gauss elimination procedure (Reference 24).

3. Stress Analysis

At any particular time increment the temperature is known at a discrete
set of mesh points radially through the thickness of the cylinder, The stress
analysis then determines the stress state for a given temperature distribution
over the same set of mesh points, The stress function technique (see Reference
25) can be extended to accomplish this purpose. Based on the assumption of
axisymmetric, axially uniform behavior and ¢he additional assumption that
cross sections of the cylinder remain plane, it can be reasoned that

e Yoz " Tor " 0, Yeo " Yoz ™ Yar " 0, and ¢, = constant. The remaining

quantities of interest are Tps Ogs Ty €y € and u which are all funct.ons
off the radial position, r.

The radial equilibrium equation reduces to

d o o_ =20

% "% ‘ .
dr + T 0 (V F-8) «

which is idertically satisfied by defining the stresses in terms of a stress
function ¢ a: follows

o, = %, ae=§§ (V F-9)

r

The pertinent compatability equation fs

d €q \
tr = te + r a—-—r (V F']Oy

and the stresse-strain-temperature relation for the cylindrically orthotropic
elastic material is given by
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Using Equations (V F-9) through (V F-11) the compatability equation in
terms of the stress function ¢ and the undetermined constant strain <, {s found

to be

1
l';.' [V + v * (voz - Vyg) Ve %

- %; D+ vpy = (Vg = Ve V2e] %% LB

+ (v, = V) 2t (o, - ag = (vgy - Vpp) 8] 8T *

(Vev,, v,a) (v *+ v, V )
d ez 20  d or ez ‘zr
i ar - €, $ovgegt (g ot ) 4T

implicit finite difference form to

The above equation can be cast in
ich can be solved efficiently by a

obtain equations of the following form wh
modified Gauss elimination.
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+ (v F-13)

Aoty * Byag Gy " Dy v
If the value of €y is known, the system of equations reduces to a tridiagonal
system, An initial quess is made for €pe The solution {s then obtained by
{teration ¢n €, 0 since the estimated value of €, can be improved after

each solution of the tridiagonal system by using the requirement that the
resultant axial force on a cross section must vanish

NT
.. Ar ar | .
2n | L o, g vy 8 to, "y TT t S uta TN T 0
J=2
(v F-14)

The boundary ccnditions require that the radial stress equal the negative
of the applied pressure at the inner and outer surface.

Oa “ " Py o4 =~ P4 (V F-15)

At each interface the radial stress and displacement in the adjacent layers
must be equal.

L P R
a2 ul?) o 3 (¥ F17)

4, MNumerical Evaluation of Analysis

To date both the thermal and stress analyses have been programmed in Algol
60 for use on a Univac 1107 computer. The results for one layered isotropic
and orthotropic cylinders agree with results in the literature.

For a cylinder with 40 nodes, the temperature distribution for a single
time interval can be determined in 0.4 seconds. Thus, for a 100 second (real
time) load condition, an accurate temperature distribution with 10 second
intervals requires 4 seconds (machine time). For a given temperature disiribu-
tion, the stress state over the 40 nodes can be determined in 1 second of
machine time. Based on past experience it is estimated that by translating
the analysis programs into FORTRAN IV compiler language running times will be
reduced bv a factor of five. Clearly the repeated cycles of analysis, design
modification and reanalysis will be feasible for this problem because the
analysis run times are not ercessive.
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5. Constraints

The side constraints place upper and lower 1imits on each layer thickness
as determined by fabrication processes and other requirements. Behavior con-
straints include terperature upper limits for each layer, a radial displace-
ment upper limit, and failure under combined stress. The combined stress state
at any point at any time in this problem (°r’ Og o oz) is known as a result

of the thermal and stress analyses. An interaction formula of the following
form will he employed to guard against failure,

2 2 2

o g o} g _0C g, ¢ g, O
r ) Z r 8 8 Z zZ r
Se Sy S, r-e 8 "z z°r

The form of this expression is consistent with the generalized distortion
energy failure criterion (see Reference 14) but permits the use of different
uniaxial strength values (Sr' Se' Sz) depending upon whether the correspond-

ing stress component (°r' g cz) is tension or compression. The coefficients
(Kre' K,z Kzr) can be determined experimentally from biaxial tests or they Can

be estimated on a theoretical basis (see Reference 14) using the elastic
constants of the material, For the special case of an isotropic material
with uniaxial strength values identical in tension and in compression, these

coefficients (Kre' Kez' Kzr) reduce to unity.

6. Sznthesis

With the analysis comleted and the constraints identified the structural
synthesis problem for the three layer cylinder can be undertaken. The objec-
tive will be to find a design that minimizes the weight per unit length of the
system while satisfying the constraints placed on the system. The weight per
unit length can be expressed as follows:

2 2 2 2 2 2
W = 0 (rb -r, ) oy * (rc - T ) 92 + n(rd - e ) 03 (v F-19)
where

R e R U T PR I Rl

Initially only the layer thicknesses D]. Dz. and 03 will be treated as design

variables. The synthesis technique to be employed will be a sequeniial process
in design space of the type
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AL C R % 5a (V F-20)

where tre superscript q designates the current design, the superscript
g+l denotes the next trial design_in the sequence, represents a design
vector, a the step length, and S the direction of trave! for the design
mod! fication, In putting toge .her a synthesis technique for the three
layer cylinder problem some of the ,reprogrammed procedures discussed in
Section IX B will be drawn upon.
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G. Analysis and Synthesis of Flat Plate
!Fro?essor Tchmit and Mr. C. Chamis, Case Inscitute)

1. Introduction

A flat simply supported orthotropic rectangular panel (See Figure 56)
was chosen as a second simple representative component. This system
exhibits several important structural behavior characteristics such as
bending, buckling, multiaxial stress states, and thermal stress response.
The 1oadings on this panel include thermal inputs on the exposed surface
[for example q(t)], transverse pressure loading (p) and in plane membrane

forces (Nx' Ny. and ny). The planform dimensions of the plate (a,b)

are preassigned parameters and fnitially the material of the plate will
also be preassigned. When the material is preassigned, the temperature
dependent thermal and mechanical properties of the plate are assumed to
be known. Initially then the design variables are the plate thickness
h and the angle 6 orienting the material axes (1,2) with resoect to the
planform axes of the plate (x,y). Failure modes to be guarded agsinst

in each load condition include temperature and transverse displacement

limits as well as failure under combined stress. The objective of the
i;ruc%ural synthesis is taken to be minimization of the total weight of

e plate.

The analysis of the panel consists of three parts; the transient
temperature distribution solution, the displacement response and the
stress analysis, Tha thermal analysis is carried out using the one
dimensional heat conduction equation including temperature dependent
thermal properties. The transient temperature response through the
thickness of the plate is obtained using an implicit finite difference
solution technique. The displacement analysis is based on small
deflection elastic thin plate theory. The basfc field equation is a
vertical equilibrium equation in terms of the unknown transverse displace-
ment w(x,y). The series expansion selected to represent the transverse
displacement w(x,y) approximately satisfies the imposed boundary conditions
(namely, that w(x,y) = 0 on all our-simply supported edges). The field
equation subject to tho natural boundary conditions (namely, M = 0 on all
four simply supported edges) is solved approximately by applying the
generalized Galerkin method which yields a system of linear simultaneous
equations. Solution of this system of simultaneous equations gives the
values of the coefficients in the series expansion for w(x,y) and hence
an approximate functional expression for the transverse displacement
pattern of the plate. The stress analysis is based on the stress displace-
ment relations and the end result essentially expresses the stresses in
terms of the app’ied temerature distribution, the apnlied in-plane forces,
and the applied transverse load distribution.

2. Thermal Analysis

The flat plate is assumed to be exposed to heating conditions that are
uni form ove:: the planform (that is, with respect to x and y). The transient
temp-rature response of the plate is therefore essentially one dimensional
(through the thickness of the plate). The partial differential equation
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governing thi: temperature response is

) a7 3T

k) = oc (¥ 6-1)

9z 92 at
in which T(z, t) is the dependent temperature variable; the time t and the
position Z (see Figure 57) are independent variables; and the density o, the
heat capacity c and the thermal conductivity k are the pertinent material
properties. The boundarv condition at the exposed surface of the plate
Z =0 is quite general and permits a variety of options with respect to the
kind of thermal loading that can be dealt with. This boundary condition is

T(0, t) = Tp(t) (V 6-2)

where Tp(t) designates the prescribed temperature at the surface as 2
function of time or

- k 33—-;_ (0, t) = a(t) + F_ [T, T(O0, t)]- 0clTH0, ) - T.'1 4 o, 6 A
(V 6-3)

where q(t) designates a prescribed heat flux input as a function of time;
the second torm permits consideration of convective heating or cooling,

*he third term permits consideration of reradiation cooling, and the fourth
term provides for solar heating., The boundary condition on the unexposed
surface is assumed to be

A (h,t) = 0 (V G-4)
Y 4

which imposes a condition of zero heat loss from the unexposed surface
at z = h,

This nonlinear transient heat conduction problem has been cast in
finite difference vorm for numerical solution on & high speed digital
computer, The implicit finite difference formulation was chos2n over
the explicit because it is not limited to small time increments by a
stability criterion. As previously noted (Section V F2), the implicit
method will be more efficient provided the time intervals employed are
at least four times larger than the time intervals required to satisfy
the stability criterion when using the explicit formulation.

1f the thickness of the plate is subdivided into n-1 layers of equal

thickness (AZ = n—'_'\-) then the total number of nodes at which the tempera-

ture is evaluated will be n. For each node there is an equation of the
form shown ir. Equation V F-7. As note previously a tridiagonal system of
equations can be solved efficiently using a modified Gauss elimination procedure.
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3. Displacement /nalysis

The vertical equilibrium equation for an arbitrary element of the
plate shown in Figure 56 can be written as follows:

azux M G 2 2

I v

2
.z_&+7l.+u Iv o, ooy LAY s o A¥ 4pe0 (VG-5)
32 X3y . xa_;f xy Ixay y;';?

where the transverse load p is taken positive in the positive z direction
(1.e. upward) and the sign convention and force resultant definitions are
?1m fn Fiqures 58 and 59. This expression takes into account the
nfluence of the inplane force system on the behavior of the plate and
it 1s independent of the orthotrepic character of the plate material.

The stress-strain temperature relations for the plate in the orthotropic
material axis system (1,2,3) is written as follows:

Y — v = (
1 12 4 )
£ - 0 o 6
" !;‘]' t;z’ 11 1k
V21 ]
E s | - 0 o + AT a
{ %22 ) = T, X 22 ) < 2 %
1 1 0
Y 0 0 12
g b2 ./ N/
(v 6-6)

or more briefly

ey * “];‘ {oly + o7 lolg (V 6-7)

where the definitions of the matrices are implied by comparing Equation
V G-6 with Equatfion V G-7. The stresses in terms of the strains and the
temperature increment are expressed as follows:

{U}n . [E]m ‘C}H o AT ‘a}m (V 6-8)

where
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Figure 58, Menbrane Force Resultents,
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Figure 59, Bending Force Resultants,
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1 12 By 5
(T-vy2v21) ”"’12"21’
(€] = vﬁl_E_Z_Z_T F22 0 (Y 6-9)
m ’V‘z\’z] “-v‘évzv
0 0 £y

The streins in the orthotropic material axis svstem (1,2,3) can be expressed
in terms of the strains in the planform coordinate svstem of the structure
(x,y,2) a5 foilows:

p
c”\ cosze sinze %-sin 20 (‘xx\
< sz r\ E 51020 COSZO ';' sin 26 < va > (V G“O)
Y2 -sin 20 sin 20 cos 26 Y
\ J | L XYJ
or more briefly
e}, = (8] {elg (v 6-11)

where the definitions of the matrices are fmplied by comparing Equation

V G-10 with Equation V G-11, The stresses in the planform coordinate system
of the structure (x,v,z) may be expressedy in terms of the stresses in the
orthotropic material axis system (1,2,3) as follows:
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(Y .2 2 N i B
= cos @ sin"e - sin 26 n
é ey sinle cos’e ¢ cin 20 " (v 6-12)
La - < 22 4
1 ] sfn 20 - sin 20 + cos 20 1
¥ 7 7 12
N o — = N
or more briefly
T
{°}s = [R] {°}m (V 6-13)

The small deflection strain-displacement relations expressed in the planform
coordinate system of the structure (x,y,z) are

() Fau ) C % Y
ax ;"2'
X
< ¢ v > -2 ¢ s (V G-14)
wp o« &% v
: o, 2 20
\ Txy ./ \. 3 X/ \. 9% 3y J
or more briefly
fe}g = {ebg - 2 i« (¥ 6-15)

where the definftfons of the colum matrices are imp)‘ed by comparing Equation
V G-14 with Equation V G-15. The bending force resvitants M , "xy and M

y
can be shown to depend upon the displacements in the following manner

M), = - (R)" (01 (RD il - CRDT Mgl (¥ 6-16)

-111-




where r
ol £,y

/N
My ] n—__T-v‘zvﬂ (817 * vypopp) @

Ml '{ My > b M. <[’ ‘(Tf‘;;g‘\%j' (a5 * vpyoyq) 42 >

My J X . =
(V 6-17)
and rr
2t 2 vty 3
] T=vi2%21) ) T=viva1)
e v B [ 2 Ey
0] z T z ey &2 0
| IAE2TOT) | ASTTT)
2
0 0 Iz £y, &
(V 6-18)

and the other terms havo been defined previously, Substituting the expressions
for M v and M contained in Equatton V G-16 into Equation V G-5 gfives

the vertical equ‘]ibriun equation for an arbitrary element of the plate in
terms of transverse displacement w(x,y).
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The transverse displacement w(x,y) can be approximated by a series
expansion of the following form

N M
wixey) = Wixy) = [ A sinTX i O (v 6-20)
n=] m=]

Note that each of the terms in this series expansion satisfies the displace-
ment boundary conditicns exactly. Substituting the approximate representation
for w(x,y) [nemely w(x,y)] into the left hend side of Equation V G-19 will
yield a function R(x,v) which is not strictly zero over the region
0<x<a, O<y<b. The function 2(x,v), frequently called the
residual, reprgsents the distribution of transverse static unbalance due to
the fact that w(x,y) is approximate. The series expansion representing

the approximate solution w(x,v) does rut satisfy the moment boundarv condi-
tions exactly. .The moments corresponding to the anproximate displacement
representation w(x,y) are given by the following expressions which follows
from Equation V G-16 with w(x,y) replaced by w(x,v) .

" =- L_cosze sinle - sin 20 J (0] [R]

%4
%
?

NG
R
vl

|

C re
@
x
@
b«
\

E Lcosze, sinle, - sin 20 | {”T},,, (v 6-21)
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Let ﬁ; and ﬁ; denote the prescribed edge moments on the plate (zero in this

particular case). The virtual worn associated with the static unbalance
due to the fact that w(x,v) is approximate can be written as follows:

]

b ra N b -
W = [ J R(x,y) 6w dxdy [ (M - M ) 6(--) ay

00 0 x=a ;
1
b
+[( M)G()dv
0 x=0 f
a
-[ -M)t()dx
0 v=b
a
+ J (M y M ) 6( ) dx (v 6-23)
0 y=0
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Imposing the requirement that the virtual work done by the static unbalance
be zero for each independent assumed mode yields a system of (NM) simultaneous
equations of the form

e {a,} = {8} (v 6-24)

which when solved for the coefficients Am yield the approximate solution
for the displacement distribution (see Equation V G-20).

4, Stress Myy_g'ls

The membrane force resultants can be related to the displacements in
the following manner .

(Mg = [RT [AD[RD {ebg - (R {F], (v 6-25)
e ([ o1 € )
(N 1 (o + vysa,,) dz
X IT-?{;;‘,T %11 T V12%22

4

ms'ﬁ "y $ b AFqly - 4 (1;%37)’ (agp * vp1on) @ ’

(V 6-26)

- and
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Solving for the neutral surface strains {{}s from Equation V G-25 gives

-] T']
{eg = [RY[AY S [RTD (Ml + {Fgl (V 6-28)
The stress at any location (x,y,z) expressed in the orthotropic material

axis system can now be obtained. Rewriting Equeation V G-8

b

ol = (€, <lely - o7 {o}m} (v 6-29)
substituting for {c} ~ from Equation V 6-1
{ol, = [E], [R] {e]g - oT {a}"} (v 6-30)

substituting for {c]. from Equation V G-15

{0}

)= [E], < RD {elg - #IRD {e)g - oT {al, (v 6-31)

and replacing {¢]_using Equation V G-28 yields

s
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lol,, * €], [[A][RT] g ¢ [A] IFg] - 2(R] klg - AT ‘"’m} (V 6-32)
\

Examining Equation V G-32 ft can be observed that the first term represents
the intluence of the applied membrane loads on the stresses, the second term
represents the influence of the thermal forces {FT'm' the third term

represents the influence of the displacement solutfon, and the last term
mpresents the influence of the temperature distribution throuah the depth.

5. Numerical Fvaluation of Analysis

The thermal analvsis; the disnlacement analysis and the stress analvsis
previouslv described have all been nroarammed in Alaol 60 for use on a Unfvac
1107 computer. A varietv of test cases have been run and comnared with
independent results in the literature. The results of these tesu cases support
the validity of the analvses. It should be noted that these test cases are
for isotronfc plates with temnerature indenendent proper.ies. Further effort
will be required to check out the temnerature dependent features of the
thermal analvsis as well as the orthotropic features of the displacement and
stress analvses.

For a plate with five mesh points throuch the thickness,the total
analysis of twelve minutes real time takes on the averane fifty-six seconds,
or approximatelv a ratio of real time to comuter time of 12:1, Based on
past experience it is estimated that by translatina the analvses programs
fnto Fortran IV compiler lanquane computer times will be reduced bv a factor
of five. Stated diffeventlv, real time to computer time ratfos of 60:1
should be attainable, ’

Clearly the repeated cvcles of analvsis, desian modi fication and
reanalysis, required for the svnthesis activity. will be feasible for this
problem since the analvsis run times are reasonable,

6. Constraints

The side constraints place upper and lower 1imits on the panel thickness
and on the orfentation of the material axes relative to the panel axes.
Behavior constraints include temperature upper limits, displacement (w) upper
14mits and fatlure under combined stress.

The combined stress state (°ll' Tl nlz\ at any point at any time fis

known as a result of the thermal, displacement and stress analvsis. An inter-
action formula of the following form will be emnloved to quard aqainst failure
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An analoqous expression was 2mployed in Section V F-5,

7. Synthesis

With the anulysis completed and the constraints ideniificd the structural
synthesis for the flat rectanqular panel can be undertaken. The objective
will be to find a desfgn that minimizes the total weight of the pane’ while
satisfying the constrzints placed on the panel behavior and design.

Inftially only the chickness (h) and the angle (o) will be treated as
design variables. The synthesis technique to be employed will be a sequential
process in design space. Procedures discussed in Section IX B will be drawn
upon to construct a synthesis technique appropriate to this particular problem,
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H. Design Studies of Rocket Throat Insert
(A.L. Mistretta and F.M. Anthony, Bell Aerosystems)

The rocket throat insert was selected for the particulate composite appiication
based or the considerations given in Section IV B, Initial design studies were con-
ducted to define the relationships among environmental conditions, geometric variables,
and external restraint conditions.

Two different external geometric configurations, ae shown in Figure 60 were
examined. Ore was of uniform wall thickness while the other employed a constant
external diameter. For !nitial analyses, the throat diameter was taken as 2.0 inches
with a maximum wall thickness of 1.0 inch. A convergent angi> of 45° and a diver-
gent angle of 25° were assumed with a blend radius of 2.0 inches as shown. The
effects of external restraint, axial length, wall thickness, and chamber pressure
were investigated for this size, Subsequent analyses examined the influence of throat
diameter,

Heating conditions at the throat were obtained from Figure 4 while the Bartz
equation (26) was used to deterinine heating conditions along the inner surface. A
forward finite difference procedure was used to determine temperature distributions
in the throat inserts. Temperature dependence of material properties was included
as was orientation dependence of thermal conductivity. The influence of the number
of discrete elements used for representing the insert was examined in Referenc: 27.
In the firs! case, the throat inserts were divided into lamina having thicknesses of
0.15 and 0.20 inches and in the second case, the inner most lamina which had been
0.15 inches thick for both configurations was divided into yet thinner lamina, the inner
most of which was 0.05 inch and the other 0.10 inch thick. For the assumed lamina
thicknesses, it was found there was essentially no difference in radial temperature
distribution at the throat for the two insert configurations, but the finer lamina thick-
nesses, however, did indicate a somewhat steeper gradient and was used for subse-
quent analyses. The radial temperature distribution at the minimum throat diameter
2 seconds after engine ignition is shown in Figure 61. "

The transient analyses conducied in Reference 27, assuming two types of
external boundary conditions (perfect insulation and complete freedom to radiate
from the outer surface), show during the first few seconds of engine operation, that
temperature distributions are essentially independent of the thermal boundary con-
ditions along the external surface of the insert.,

The throat temperature as a function of chamber pressure fo: the 2.0 inch
throat diameter insert at the time of the maximum overall temperature gradient and
maximum local temperature gradient is shown in Figure 62, The times at which there
gradients occur are as follows:
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Figure 60. Insert Configurations.
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Max, Local Max. Overall

Chamber Pressure Gradient Gradient
(osia) (sec) (sec)
100 3.5 6.0
200 1.8 6.0
500 0.8 2.0

The temperature distributions used for the thermal stress analyses are at the time
of maximum overall temperature gradient since these gradients induced the largest
thermal stresses.

The resulting temperature distributions ‘rcm the heat transfer analyses served
as input to 2 computer program which determines stresses. The concept of physically
idealizing etructures as assemblies of discrete elements which is discussed in Section
IX C was employed. For analysis of the tiroat insert, the element chosen was the
triangular cross section ring, Element characieristics were based on temperature
dependent linearly elastic, transverse isotropic behavior. The JTA material properties
were obtained from Reference 27 and the room temperature values are listed below.

With Grain Against Grain

Young's Modulus (106 psf) 17 6.1
Shear Modulus (106 psf) ’ 2.9
Poisson's Ratio 0.22 0.079
Coefficient Thermal Expansion (10-6/°F) 2.9 3.2

The number of triangular elements used for structural idealization was investi-
gated in Referen:e 27. It was found that 126 ring-elements were adequate for the
constant outside diameter insert. Coarser representation was adequate for predicting
compressive stresses, but gave conservative results for tensile stresses.

In addition to the analyses for the 2.0 inches throat diameter inserts of constant
outside diameter and constant wall thickness, analyses of the constant outside diameter
insert were conducted to examine the effects of external restraint, axial length, chamber
piessure and throat diameter. The results from these analyses are summarized in
Table VIII. Also included in Tcble V.II is the case of an insert which is assumed to
be isotropic and to have the JTA "with grain' properties.

For the cases which consider transverse isotropic material behavior, maximum
tensile stresses occur when the insert is unrestrained while maximum compressive
stresses occur when the insert is restrained both axially and circumferentiaily. Stress
levels are influenced by the type of restraint with greatcst effect on the axial stress
levels. The primary advantage of restraint is to reduce axial and circumferential ten-
sile stresses.

Shortening the length of the insert has little effect on maximum stress levels
but increases the minimum axial stress level by about 15% and decreases the minimum
circumferential stress level about 25%. When the wall thickness is decrcased for the
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TABLE V1l

SUMMARY OF THROAT INSERT ANALYSI5

Axial Strers - (pe!)

Circumferential (psi)

Conditions Csse Meximum(l)  Minimum Maximum Minimum

500 pels Chamber Pressure 1. Unrestrained?’ 7,500 (T) | -70,000(T)| 28,000 (E) | -300,000 (T)
2.0 Inch Throst Dismeter 20,900 (T)

1.0 Inch Max. Wall 2. Unrestrained 7,600 (T) -90,000 (T) 37,000 (E) -260,000 (T)
21,000 (T)

3. Restrained -6,000 (T) | -120,000 (T) | -10,000 (T) -325,000 (T)

4. Full Hoop Restraint - 2,000 (T) -98,000(T) { -10,000 (T) -320,000 4{T)

5. Hoop Restraint 1,000 (T) | -96,000(T)| -7.000(T) -316,000 (T)

6. Axis! Restraint -6,000 (T) | -140,000 (T) | 20,000 (T) -236,000 (T)

7. lsotropic, Unrestr. 20,000 (T) -195,000 (T) 38,000 (E) -326,000 (T)
20,00C (T)

8. Reduced Length, 6,000 (T) -82,000 (T) 23,000 (T) -220,000 (T)

Unrestrained

0.6 Inch Mex. Well Thickness 9. Reduced Length 9,000 (T) -62,000 (T) 40,000 (E) -1656,000 (1)
Wal}, Unrestrained , 54,000 (T)

200 psia Chamber Pressure 10. Unrestruined 5,200 (T) -31,000 (T) 22,000 (E) -110,200 (T)
2.0 Inch Throat Dismeter 18,000 (T)

1.0 Inch Max. Wal} 11. Restrajned -11,000 (T) -58,000 (T) | -28.000 ‘T) -210,000 (T)

100 psis Chamber Pressure 12, Uprestrained 3,100 (T) -19,000 (T) | 12,000 (E) -617,000 (T)
2.0 Inch Throat Diameter 11,000 (T)

1.0 Iach Mex. Wall 13. Restrained -9,000 (T) -37,000 (T) | -22,000 (T) -130,000 (T)

500 psia Chamber Pressure 14. Unrestrained 6,500 (T) -80,000 (T) 18,000 (E) -266,000 (T)
2.0 inch Throat Digmeter 6,000 (T)

1.0 Inch Conatant Wall 15. Restrsined -5,000 ¢(T) | -110,000 (T) | -11,000 (T) | -2330,000 (T)

-3,000 (E)

500 psia Chamber Pressure 16. Unrestrained 10,000 (T) -52,000 (T) 50,000 (E) -167,000 (T)
6.0 Inch Throat Dismeter 26,000 (T)

1.5 Inch Max. Wsll 17. Restrained -6,000 (T) -120,000 (T) | -10,000 (T) -322,000 (T)

500 psia Chamber Pressure 18. Unrestrained 10,000 (T) -90,000 (T) | 28,070 (E) -205,000 (T)
24.0 Inch Throat Diameter 18,000 (T)

4.0 Inch Max, Wall 19. Unrestrained -3.000\T) -120,000 (T) -5,000 (T) -316,000 (T)

1. The magnitude of the stresses are considered in an algebraic sense, that js -300,000 pet is considered minimum
when compared to - 20,000 psi.

2. This case coarse descrete element used, all other ceses s finer descrete element used.

3. + js tension. - js compression.

4. (T) indicsted throst section, (E) indicated upstream or downstream edges.

*
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reduced length insert, there is an approximately 80% increase in the maximum tensile,
but a substantial reduction in the maximum coxnpression stress.

1t is interesting to note the influence of anisotropy on the calculated thermal
stresses. This can b> done by comparison of Cases 2 and 7 in Table VIII. For the
assumption ot isotropy with "'with grain" properties, axial stresses are almost
tripled while circumferential stresses are changed to a lesser degree. Thus, there
appears to be a decided advantage for the anisotropic material: not only are the
stresses lower with the transversely isotropic material, but the rate of stress decrease
is more rapid than the rate of strength decrease with respect to orientation.

The effect of chamber pressure on the maximum and minimum stresses for the
2.0 inch throat diameter and 1.0 inch maximum wall thickness insert is shown in
Figures 63 and 64, for the unrestrzined and fully restrained conditions, respectively,
The increasing chamber pressure levels subjects the insert to a more severe thermal
environment and, as would be expected, there is a corresponding increase in thermal
stresses. Stresses are increased when the insert is fully restrained, but all of the
stresses are compression rather than tension and compression.

Figures 65 and 66 depict the effect of the insert diameter on the maximum and
minimum stresses for a chamber pressure of 500 psia for the unrestrained and fully
restrained cases. For the fully restrained case, the minimum thermal stresses
decrease for throat diameters up to 5.0 inches, with gradually increasing thermal
stresses for diameters greater than 5.0 fuches, The maximum thermal stresses are
relatively unaffected by changes in tkroat diameter.

Perhaps the major result of the analyses conducted to date is the high stress
levels calculated on the basis of the elastic analysis. The JTA materials, however, do
not have linear stress-strain curves even at room temperzture. Inclusion of non-
linearity is expected to significantly »educe stress levels. The importance of non-
linearity will be nssessed in the immediate future.
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I Testing JL Series Materials l
(F. M. Acthony and D. P. Hanley, Bell Aerosystems)

Testing of particulate composites falls into three categories: (1) tests of the
statistical approach, (2) tests of simple components, and (3) tests of the represen-
tative components. Program plan definitions and the status of work in each of these
areas are discussed in the following sections.

1. Statistical Approach

When attempting to correlate analytical predictions of the statistical aspects of
failure with test data, a large number of data points are required. To keep costs with-
in reason and still provide meaningful data, a simple bend bar test specimen using
JTA will be studied. The purpose of this testing is to evaluate possible analytical
approaches for dealing with stresses which are not parallel or perpendicular to the I
material axes. Statist.~al parameters will be determined from samples cut with and
across grain. Analyticel procedures will then be employed to predict the statisticel
distribution of strength for samples having stress applied at angles to the material
axes. Samples wlil then be test~d in this manner and the test results will be com-
pared with the analytical predictions. Test bars are currentl) being machined for
this study.

2, Simple Components

The purpose of the simple component tests of the JTA material is to verify
analysis procedures before they are used for the optimization of material and geometric
parameters. Both the Case analysis for the infinitely long cylinder and the Bell analysis
for the short cylinder are to be checked. Cylindrical specimens will be used to simu-
late the throat inaert application. Instrumentation will consist of strain gages and
thermocouples on the outside diameter. In addition, temperatures will be measured
within the wall at two radial locations for the long cylinder and at three locations for
the short cylinder. Specimens will be machined from 3-inch diameter by 3-inch long
billets.

Testing will consist of rapidly heating the internal cylinder bores. This heating
will be accomplished by radiation from a resistance heated graphite rod. The long
cylinders and one of the short ones will have constant internal and external dia-
meters while one of the short cylinders will have a constant outside diameter and
a varieble inside diameter. Another short cylinder configuration will have a constant
inside diameter and a sterped outside diameter so as to simulate a heavy integral
ring.

Temperatures and strains will be recorded continuously during the test. The
linear analyses should compare quite well with the data obtained early in each test.
As t- nperatures and strains increase, the material responge should Lccome in-
creasingly nonlinear. The inaccuracy introduced by linear analysis will be defined
quantitatively and these test results will be available for use with the noalinear
analysis capability to be developed later in the program.
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The precise number of tests to be conducted on each sample has .'ot been deter-
mined as ye'.. Four sample configurations will be tested and duplicate r.ns would be
desirable. From another Bell program, it should be possible to assess the maximum
stress which will nct introduce significant damage. If this is high enough, one sample
of each configuration may be made and two or three tests of each will be run. I this
approach is not possible, tests will be run on duplicate samples.

The tests described above constitute a minimum effort on JT material. The
equipment required for the tests is available and experimental studies to demonstrate
its applicability are nearly complete.

3. Representative Components

Fabrication and testing of the particulate composite nozzle throat insert has
been considered, but at the present time, it appears thrt acwal testing of this com-
ponent may not be necessary. If the simple component tests describ~d above ade-
quately verify the regimes of theoretical behavior as expected, further work showd
not be required. A decision on testing the representative insert component, there-

fore,will depend upon the results of the simple component tests.
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SECTION VI

MATERIALS RESEARCH ON CARBON-FIBER,
RESIN-MATRIX COMPOSITES

Realization of the superior properties of high modulus graphite fibers
in resin matrix composites requires strong fiter-resin bonding. Work
sponsored by the Carbon Products Division(28/ has shown that epoxy resin
composites made with carbon fibers have better compressive, flexural, and
shear st-engths than composites made with graphite fibers of either low or
high (THORNEL 25) modulus. Table IX gives typical mechanical properties

TABLE IX
PROPERTIES OF FIBER RESIN RINGS

Type of Yarn in Compcsite
Carbon Graphite T

Composite Property VYB WYB 25
Tensile strength (103 1b/in, 2) 80 65 96
Tensile modulus (10® 1b/in. 2) 3.1 3.2
Compressive strength (10% 1b/in, ?) 120 60 57
Compressive modulus (10® 1b/in, ?) 3.5 3.6 15
Flexural strength (103 1b/in.2) 110 89 69
Bending modulus (10 1b/in. 2) 3.3 3.3 15
Short-beam shear ¥rrength (10 1b/in. 2) 11 3.6 2.3

Fiber content (percent by vdlum'e) 62 70 72

= = — — =

for rings wound with carbon and graphite yarns impragnated with an

ERL 2256/MPDA epoxy-resin system, The lower compressive, flexural,
and shear strengths for the graphite yarn composites suggest that the
graphite fiber-to-resin adhesion is not so good as ti.e carbon fiber-to-resin
adhesion. This hypothesis is supported by fiber characterization studies,
discussed in Section VI A, which show that the carbon fiters have a much
greater surface area and open porosity than the graphitz fibers.

Adhesive bond strength is affected by many factors, the more impor-
tant of which are: the surface condition of the fibers, fiber-resin wetting,
fiber volume fraction, and the strain at the fiber-resin interface after the
resin has polymerized. The present program seeks to improve composite
properties through studies of the first three of these factors. The effect on
surface oroperties of oxidation of the fiber surface is reported in Section
VI B. Theoretical relations between contact angles, wetting rates, and
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adhesion are discussed briefly ii Section VI C, The influence of fiber
surface treatments on contact angle and wicking (as a measure of wetting)
rates is investigated in Sections VI D and E. The procedure used here to
fabricate NOL rings is given in Section VI F, Preliminary studies indicate
the effect on composite properties of varying fiber content (Section V1 G)
and of suiface treatments of the yarn (Section VI ),

A. Characterization of As-Received Fiber Surfa:ecs

Electron micrographs of carbor, graphite, and high modulus graphite
fiber surfaces appear in Figures 67, 68, and 69. The appearance of the

N-9713
Figure 67. Electron Micrograph of As-Received Carbon
Filament Surface. 22,100X,
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N-9714
Figure 68, Electron Micrograph of As-Received Graphite
Filament Surface. 21,000X.

-134-



N-9715
Figure 69. Electron Micrograph of As- Received High Modulus
Graphite Filament Surface. 29,000X,

fiber surfaces is in qualitative accord with the surface property data
presented in Table X, Carbon fibers are highly porous and their surfaces
are rough., The effect of graphitization is to reduce greatly the amount of
porosity open to the surface and to anneal out much of the surface rough-
ness., The high modulus graphite fibers have an even smoother surface
with striations parallel to the axis of the filament, Structural studies
indicate that the crystallites of the high modulus fibers are more highly
osiented than in ordinary graphite fibers.

TABLE X
SURFACE PROPERTIES OF CARBON AND GRAPHITE FIBERS

- — e e e e —

Property Carbon Fiber Graphite Fiber

Surface area (m?/g) 260 3
Open porosity (cm?/g) 0.22 0.017
Surface oxygen (percent) 2 0.1

— e ——— ——

B. Surface Treatments of Graphite Fibers
(R, J. Bobka, Union Carbide)

Among the possible surface treatments which will affect the wetting
properties of graphite fibers are the production of surface-oxygen com-
plexes and roughening of the surface by chemical treatment., Both types
of treatment were investigated,
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1. Nature of Surface Oxygen Complexes

Surface oxygen complexes of variable stoichiometry form on all carbons
exposed to air at room temperature and above. The amount and nature of
the complexes depends upon the activity of the carbon surface, the
concentratio? 3[ oxidizing agent, and the temperature at which the complexes
are formed. {29} The following sequence of reactions is generally applicable
to the oxidation of all carbons:

Complex formation: C + (o) —'C(O)x +CO;, +CO (VI B-1)

Complex decomposition: C(O)x -C +C0O; +CO (VI B-2)

The amount of complex formation is at maximum between 300 to 400°C,
depending upon the activity of the surface. Most of the gaseous product
formed during the production of these "'low temperature'' complexes is CO,.
Above approximately 450°C, "high temperature'' complexes are formed,
and most of the gaseous product is CO. Thermal decomposition of the low
temperature complexes produces an evolved gas rich in CO;; thermal
decomposition of high temperature complexes produces an evolved gas rich
in CO. The stability of thess complexes is variable, and temperatures
higher than 900°C are required to decompose all but the last traces.

The presence of oxygen complexes markedly alters the suiface
properties of all carbons, In the absence of these complexes, carbons are
hydrophobic; in their presence, carbons are hydrophilic. At any point on
the surface where a carbon-oxygen complex exists, one or more molecules
of water will very quickly be adsorbed from air, impeding v.citing by other
compounds and forming gas bubbles in the polymerized resin, At the same
time, oxygen-complexes could promote adhesion by forming hydrogen bonds
with suitable resins, provided the water adsorbed is first removed.

2. Gaseous Oxidation of Graphite Fibers

Graphite fibers were oxidized at 400 to 600°C in oxygen by heating
graphite yarn ina 2 cm?/ min stream of oxygen at a contrclled rate of
temperature rise. After oxidation, a stream of argon was substituted for
oxygen and the temperature raised to approximately 1000°C. The apparatus
permitted measurements of sample weights before and after oxidation or
thermal decompcsition, The results showed that both graphite and high
modulus yarn require temperatures above 400°:~ in order for oxidation to
proceed at a significant rate under these conditions, The monitoring of the
effluent gases during thermal decompoeition of the surface oxygen complexes
showed no CO; or CU below 400°C and only CO above that temperature. The
decomposition was completed by 900°C. The complexes initially formed
were therefore of the high temperature type. Examination of the oxidized
fibers in an optical microscope revealed that approximately 5 percent of the
fibers were greatly degraded and that the rest seemed to have remained
unoxidized.
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3, Chemical Etching of Graphite Fibers

Strong oxidizing solutions of known concentration were employed to
chemically etch graphite fibers, The yarn was wound in a single strand
thickness on an open framework of glass and then weighed. It was then
immersed in the etching solution at controlled temperature for a measured
period of time. The etched yarn was thoroughly rinsed in distilled water,
dried for a half hour at 105°C, and weighed once mqre. Portions of
several of these etched yarns were used for electront. micrographs (Figures
70 to 73) and wetting measurements, The results of these experiments are
presented in Figure 74,

All but one of the treatments listed in Figure 74 resulted in a yarn
weight loss, showing that only relatively mild treatments are necessary to
accomplish some degree of rougheniag. The KMnO, - H;SOy, 60°C, 5 min
treatment was of special interest because it seemed to roughen the fiber
surface without removing carbon, However, examination of the surface
showed many small particles (Figure 70) which added to the weight.
Chemical analysis showed the presence of 0.5 percent Mn on this yarn,

It is probable that the small pa..icles are MnO;, corresponding to a total
MnO;, content of 0.8 percent, This amount of MnQO, is less than the observed
weight gain of about 1, 3 percent,, leaving open the possibility that etching

in this system is accomplished with low carbon loss, More work on this
systém is contemplated.

F L
Ll i
N-9716 N-9717
Figure 70, Electron Micrograph of Figure 71, Electron Micrograph
Graphite Filament Surface Etched of Graphite Filament Surface
in KMnO,-H,SO4 Solution, 12,200X, Etched in Sulfuric Acid, 12,200X,
-137-
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N-9718
Figure 72, Electron Micrograph of Graphite Filament
Surface Etched in Hypochlorous Acid (Bleach).
12,200X.

N-9719
Figure 73, Electron Micrograph of Graphite Filament
Surface Etched in Chromic Acid. 12,200X,
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C. Interrelation of Contact Axgl:. Wetting Rate, and Adhesion
{R. J. Bobka, Union Carbide)

The surface forces which operate at a planar solid-liquid interface
come to an equilibrium which produces a liquid drop with the shape of a
spheroidal segment, as in Figure 75, The contact angle  (see Figure 75)
is related to the solid, liquid, and vapor surface tensions by

Vave “Vaye o8 8 +V,, (VI C-1)

in which V‘v. and VIV. are the surfacc tensions of the solid and liquid,
respectively, in equilibrium with the vapor and ) is the solid-liquid inter-

facial tension,

sv . Vsl '“*
a o4 /\’//
Solid I a —oq

N-9470
Figure 75. Profile of a Liquid Drop on a Solid.

Rigorous thermodynamic derivations of Equation VI C-1 require precise
definitions of the various surface tensions. There is controversy as tc the
applicability of the term Vove in real situations. If one assumes true

equilibrium, the work of adhesion wnadh' the work necessary to remove the

liquid froi: the solid, is given by

w.adh = Voor (1 +cos 8) (Vi C-2)

which shows very simply hfw liquid-solid adhesion is improved by decreased
contac’ angles, Harkins (%) firet pointed out that, when § is nearly zero,
there 112y be a further cont.ibution to w'adh:

w.adh = Vo (l +cos 9) + w° (V1 C-3)

The term n° is the difference between the energy v, of the base solid and

energy v . of the solid in equilibrium with the vapor of the liquid, i.e.,
BY Vv P

!
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w' v -, (VI C-4)

Conservative theoretical calculations of work of adhesion based on Equation
VI C-2 predict far greater adhesive strengths thar those actually realized in
practical systems. The greatest importance of a zero contact angle is that
the liquid can, under its own spreading pressure, penetrate pores, Crevices,
and roughness and minimize the formation of gas bubbles or voids which
become areas of stress concentration when the adhesive 13 polymerized.

Real surfaces are invariably rough t3 some degree. A measure of this
roughness has been derived by Wenzel: (®

' %g%%-' - R(K21) (VI C-5)

where § is the contact angle on a perfectly smooth surface, §' is the contact
angle on the real surface, and R is the '"roughness factor."” In most sitnations
encountered in this study, the true contact angle § is greater than the
~bserved contact angle §°.

D. Contact Angle Studies
(R.”J. Bobka and L. P. Lowell, Union Carbide)

1. Measurements on Bulk Graphite

The sessile drop method for contact angle measurement was applied to
two bulk graphites in an exploratory experiment designed to orient work on
graphite and high modulus fibers. When a very small drop of liquid
(a <0.5 mm, Figure 75) is placed on a solid st rface, the contact angle is
given by the simple relation

tan §/2 =2 h/a (V1 D-1)
where h and a are quantities identified in Figur: 75,

Pyrolytic and grade SA-25 graphites were used to letermine the effect
of oxidation on the contact angles of epoxy resins and witer., Pyrolytic
graphite is highly anisotropic and nonporous. Grade SA-25 is isotropic and
moderately poxrous. , The crystallites in both pyrolytic and SA-25 graphite
are only 200 to 500 A across and have poor three-dimensional order. The
two epoxy resins which were used vary principally in their viscosities.
Contact angle measurements by the sessile drop method were made on the
as-prepared material, :fter oxidation at 600°C for one hour, and after
thermal desorption in argon 2t 1000°C; the results are given in Table XI.
The effects of surface treatments on contact angles with water are very
pronounced, especially in the case of SA-25. Although the 20° contact
angle for ERL 2774 rnay be partly a consequence of its high viscosity,
spontaneous spreading docs not occur under the conditions of the experiment;
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TABLE XI

EFFECT OF SURFAC.” TREATMENTS OF
BULK GRAPHITES ON CONTACT ANGLES

R e s =

Liquid Solid Treatment Contact Angle
) (Degrees)

Water PG-Face Polished 73
Water PG-Face Poiished, Oxidized 64
Water PG-Face Polished, Oxidized, Thermally

Desorbed 83
Wa'er PG-Edge Po'ished 77
Water PG-Edge Polished, Oxidized 35
Water PG-Edge Polished, Oxidized, Thermally

Desorbed 95
Water SA-25 None 112
Water SA-25 Oxidized 0
Water SA-25 Oxidized, Thermally Desorbed 121
ERLA 0400 SA-25 None 0
ERLA 0400 SA-25 Oxidized 0
ERLA 0400 SA-25 Oxidized, Thermally Desorbed T 0
ERL 2774 SA-25 None 28
ERL 2774 SA-25 Oxidized 27
ERL 2774 SA-25 Oxidized, Thermally Desorbed 20

PG - Pyrolytic graphite

SA-25 - An electrographitic, polymorphic graphite

ERLA 0400 - A Union Carbide Corporation epoxy resin, viscosity ~ 40 cps
ERL 2774 - A Union Carbide Corporation epoxy resin, viscosity ~ 12,000 cps

e o —

and the wetting is much poorer than with ERLA 0400. It is expected that the
response of graphite fibers to oxidation will be intermediate between those
of SA-25 and pyrolytic graphite.

“2. Method for Small Filamerts

The direct goriometric measurement of the contact angle between a
filament and a liquid is unreliable when both the filament and the contact
angle are small. An alternative method, based on a solution of the mathe-
matical function which fits the observed profile of the liquid in the vicinity
of a filament (see Figure 76) has been developed and applied to untreated
and treated filaments,
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The theory is based on the Young-Laplace equation
Ap = v(1/R; + 1/R;) (VI D-2)
which relates the pressure drop Ap across a curved liquid-vapor interface

with surface tension v to the principal radii of curvature R; and R,. For
nurla(ce‘a of revolution, as in Figure 76, this equation can be put in the
form (%

dz/dr? N | dz/dr . -
N+ (dz/dr)? T2 [+ @eani T (VI D-3)

in which z is the rise of the liquid at a distance r from the axis of the
filament, The parameter a is defined by

al=v/gap (VI D-4)

where g is the acceleration of gravity and A p is the difference in density of
the liquid and vapor. : L

. N

FILAMENT

LIQUID SURFACE CONTACT ANGLE '

—

y 4
LIQUID LEVEL
AT LARGE
DISTANCES L1
.

N-9323
Figure 76. Profile of a Liquid Surface Near a Filament,

Since a closed-form solution of Equation VI D-3 is not known, various
approximations for its solution have been employed. (33) Recently,
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A, T. Lauria and B, L, Kopfstein of this laboratory developed a program
for solving the equation on a digital computer, The progra.n firss finds the
solution to the differential equation by a 4th-order Runga-Kutta(" method
to give the best fit to the observed values (r,z) of the liquid profile and then
computes the contuct angle ¢ by finding the slope of the solution at the
filament surface,

The experimental problem is to take a photomicrograph of the region
of intersection of a 10 p diameter filament with a liquid, The arrangement
of cell, microscope, and camera is pictured in Figure 77. The photo-

N-9324
Figure 77, Cell, Microscope, and Camera for Measurement of
Contact Angle on Single Filaments,

micrograph must be taken with the optical axis normal to the filament and
in the plane of the liquid surface., Moreover, the filament must be
immersed in a perfectly horizontal portion of the liquid surface, i.e.,
several millimeters from the cell wall, Once the pnotomicrograph is
taken and suitably enlarged, the liquid rise is characterized by (r,z)
values taken along the profile, These values are then used to obtain
computer-calculated values of the contact angle. Figure 78 shows the rise
of epoxy ERLA 0400 on a 98,3 p diameter glass fi.ament, and Figure 79
shows the rise of the same resin on a 10, 7 p diameter graphite filament,

The large filament (98, 3 p) shown in Figure 78 allowed both a
goniometric measurement of contact angle and a computer-calculated
contact angle; good agreement was obtained, There was equally good
agreement between the calculated contact angles on large and small
diameter glass filaments, Care had to be taken to keep the surfaces clean.
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Figure 78, Surface of Epoxy ERLA Figure 79. Surface of Epoxy

0400 Near a 98.3 p Diameter Glass ERLA 0400 Near a 10,7 p

Filament, 102X, Diameter Graphite Filament.
370X.

Once the method was developed, the procedure was applied to the
measurement of contact angles on graphite filaments,

3. Measurements on Graphite Filaments

Contact angle measurements in water and in epoxies ERLA 0400 and
ERL 2774 were made on graphite filaments taken from surface treated
yarn, The results are presented in Table XII, in which the surface
treatments are abbreviated as follows:

As Rec'd,: No treatment,

T. D.: As-received yarn heated to 1000°C at a pressure of
10 "mm Hg,

Ox.: As-received yarn heated in a 2 cm?/ min stream of
oxygen at 509°C for 15 min, ard

Ox, +T,D,: Oxidation fcllowed by thermal desorption.
The interpretation of the contact angle values in Table XII should take into

account the observation that the surfaces of yarns subjected to the indicated
treatments are quite nonuniform. In particular, the oxidized fibers varied
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TABLE XII
CONTACT ANGLE OF SURFACE-TREATED GRAPHITE FILAMENTS

——__-_————_—————‘——“—»w
Eee———— —_—

e F—

Wetting Yarn Treatment”

Liguid As Rec'd. T. D, Ox. Ox. + T.D,
Water ~36 816 (12) 18+13 (17) 3818 (4)
ERLA 0400 1227 (16) 4,.810.2 (5) 4.810.8 (3) 4.3:0.6 (7)
ERL 2774 3218 (4) 7. 412.6 (4) 11+5 (4) 5.420.7 (4)
%

See text for descripticn of treatment. Values of contact angles are measured
in degrees. Numbers in parentheses are numbers of observations. Values
less than 5° are inaccurate due to current limitations in the method.

widely in appearance from one filament to another. It is to be expected
that liquids which poorly wet nonuniform surfaces will exhibit wide varia-
tions in contact angles.

In all cases, the as-received filaments wet more poorly than treated
filaments. Thermal desorption without prior oxidation causes ERLA 9400
to wet the yarns very wel'. With ERL 2774, therr 1al desorjtion of
oxidized yarn produced results in the best wetting. Oxidation had either
a slightly deleterious or negligible effect on wetting by either resin. The
results with water are largely as expected, except that the thermal
desorption of the as-received yarn apparently did not produce an oxygen-
free surface. The results in Table XII suggest the possibility that the
wettabilities of yarns by water and resins may be inversely related, i.e.,
the higher the contact angle with water the lower the contact angle with
epoxy resins.

E. Wickin Rates
!d J. Bobka and L. P. Lowell, Union Carbide)

Tiiermodynamically, wetting is characterized by a finite contact angle
or spreading. Most wetting ope rations, in practice, are dynamic; and the
rate of approach to equilibrium is often the limiting factor in determining
the extent of solid-liquid interaction. It is necessary, therefore, to
understand the factors which govern the rate of penetration of yarns by
resins. A comprehensive theoretical model for resin impregnation into
graphite yarn would be very complex, since it would have to include
mechanical, geometrical, and chemical contributions, We have chosgen to
study relationships between fiber surface properties and resin penetration
into graphite fibers by the measurement of wicking rates. Two
experimental techniques were developed for this purpose.
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1. Mass Pickup Technique

In this technique, the mass pickup by a yarn bundle immersed for a
definite time is measured. The yarn sample was suspended from one
arm of an analytical balance from which the pan had been removed. Weights
were adjustec to give a null reading. A Petri dish filled with liquid and
supported by a jack was placed directly beneath the yarn, The Petri dizh
was raised until the liquid just touched the yarn sample and was kept there
for a standard time interval, after which the Petri dish was lowered to
break the liquid-fiber contact. Fifteen seconds after the break of contact,

a weight measurement was made and recorded. Fifteen seconds more were
permitted to elapse before the liquid level was again brought to the fiber end
and a new cycle of measurements begun. The procedurz was repeated for
10 immersions or until no further weight gain was observed.

The yarn samples used in these experiments were three-inch lengths of
graphite yarns bundled together and tied about 1/4 inch from the ends;
these samples presented 28,800 filament ends to the liquid. Five-second
immersion intervals were used. All measurements were made at room
temperature.

The following simple liquids are ranked in order of decreasing wicking
rates, as given by the mass pickup technique:

l. chloroform 7. Octoil - S

2. methylethylketone (MEK) 8. 50% epoxy - MEK solution
3. acetone 9. epoxy

4. ethyl bromide 10. glycerol

5. N-butyl alcohol 11, water

6. 2-propanol

Examination of the physical properties of these liquids indicates that the
property which controls wicking rates under these circumstances is
viscosity.

2. Surface Velocity Technique

a., Experimental Procedure. A second method for measuring
wicking rates, called the surface velocity technique, has been developed.
The technique is more complex than the mass pickup technique, but it is
more flexible and provides true wicking rates.

A varn strand is placed between the metal prongs in the cell shown in
Figure 80. A single thickness of "Kimwipe' tissue is inserted between the
yarn and one of the prongs. As long as the Kimwipe remains dry, the
electrical resistance across the prongs is of the order of megohms. When
the pad is wetted by liquids the resistivity of which ie much lower than that
of the pad, the resistance across the prongs drops markedly, and the change
may be detected by suitably sensitive electronic in3truments. A diagram cf
the circuit used in the surface velocity technique is given in Figure 80.
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Figure 80. Ccll and Circuit for Wicking Rate Mcasurements
by Surface Velocity Technique.

-148-




\

- ol

Each run is started by adding liquid to the reservoir arm of the c=1l and
immersing the cell in a constant temperature bath. The yarn and Kimwipe
pad are placed between the prongs, and the cell is assembled. The liquid is
brought to the desired level by introducing gas under pressure through one
of the reservoir inlets. A pair of electrical leads at S, which lead to the
recording potentiometer, are vositioned in such a way as to momentarily
complete a low resistance inpul circuit into the recorder exactly at the time
when the stopcock is turned to stop the rise of the liquid level. A brief
excursion of the recurder trace 1s obtained, marking the start of the wicking
time interval. When enough liquid has reached the absorbent pad to wet it,
a deflection of the recorder trace occurs marking the end of the run. The
distance between the yarn-pad juncture and the liquid level is read with a
cathetometer. If the vapor pressure of the liquid is sufficiently high, the
cell can be completely dried under vacuum between runs and the same system
used repeatedly. With other liquids, a new yarn sample must be used for
each run,

b. Experimental Results. The application of the surface velocity
technique to graphite yarn and relatively simple liquid systems produced
results in complete accord with the relative wetting rates obtained by the
mass rickup technique. In addition, the surface velocity technique was
used to measure wicking rates of ERLA 0400 at 50°C on surface-treated
graphite yarns. The yarns which were used in these measurements were
selected from the group which had been etched in strong oxidizing solutions

(Figure 74). ' As a control, one sample was immersed in hot water to i

determine any effects which may be induced mechanically by handling,
thereby establishing a basis for svaluating the effects of surface treatments
on wicking rates. These results, which are shown in Figure 81, demonstrate
that the surface velocity technique distinguishes between the effects of
different surface treatments,

c. Analysis of Wicking Rate Measurements. Equations describing
the flow in capillarief ?ccount for the observed wicking rates quite well,
Washburn's equation 35) for the rate of flow dh/dt at a height h in a capillary
of radius r is

g% - L‘if_)%'_‘? . %%E (VI E-1)

where p, v, and n are the liquid density, surface tension, and viscousity,
respectively, @ is the contact angle, and g is the acceleration of gravity.

Equation VI E-1 arises from the application of Poiseuille's law to flow
in capillaries with uniform, circular cross section. Pee and McLean'®)
used assumptions which are closer to the actual situaticn in a yarn bundie
to derive the equation
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Figure 81, Effect of Surface Treatments of Graphite Yarn on
Wicking Rates Determined by Surface Velocity

Technique.
'Cﬂ-l
a :2€ | r ¢(r)dr - hpg
& - . = = (VI E-2)
8nh ] rz¢(r)drfx-‘¢(r)dr

in which

é(r)dr = fraction of the total number of channels having a radius
between r and r +dr

[
+

and § is a parameter calced the penetration tension which is equal to vcos §
when the only driving pressure is that due to capillary force. This equation

may be written in the form

%&-‘ = %‘% - %Enﬂ (VI E-3)
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where A and B are constants with values which depend on the distribution
function A(r). If all channels have radius r and £ = vcos §, the equation of
Peek and McLean reduces to Washburn's equation.

An attempt to extract a quantitative measure of the effect of surface
treatment on wicking rztes has been made by fitting the observed’data with
the equation '

dh K

d ~ & (VI E-4)

which is obtained from either Equation VI E-1 or Equation VI E-2 by
neglecting the influence of gravity ii: retarding the wicking rate. The
integration of Equation VI E-4 yields 3 |

h? = 2Kt (VI E-5)

for the initial condition that h = 0 at t = 0. The observed wicking rate data
can be fit reasonably well by this equation, particularly at small heights
for which the gravity term is negligible.

A least squares fit of the data of Figure 81 was applied to Equation
VI E-5 to determine values, Ks, of K for each treatment, s. A

dimensionless figure of merit Ts for the treatment s was then defined by

Ts = Ka/K‘H;O (VI E-6)

which compares the wicking rate of yarn after receiving treatment s with
the wicking rate of yarn which has only been heated in water. Table XIII
lists Ta factors for the wicking rates of epoxy ERLA 0400 at 50°C on

graphite yarns with various treatments; the data used is taken from
Figure 81.
TABLE XIII

WICKING RATE T FACTORS FOR
SURFACE TREATMENTS OF GRAPHITE YARN

Treatment s Ts

Washed in 100°C H,0, 15 min 1.00
As Received 1,22
Alcoholic NaOH, 50°C, 5 min 1,54
KMnO, - H,SO,, 60°C, 5 min 1,72
KMnO4 - H,S04, 60°C, 15 min 1,97
Na;CrgO-: - HzSC)‘, IOO'C, 5 min 2. 36
Na,Cr,07 - HSO4, 100°C, 15 min 2.53

-151-




The T factors increase with increasing severity of surface treatment and
provide a convenient numerical comparison of the effects of different
surface treatments. :

Wicking rate measurementr show that the bundle of yarn can be treated
fairly accurately as a system of capillaries. The rate of penetration of
resir.s into these capillaries is governed by the equation of Peek and McLean
(Equation VI E-2), which defines the relative ccntributions of capillary
diameter distribution, resin viscosity, surface tension, and contact angle
to wicking rate. The surface velocity method for determining wicking
rates has provided a simple quantitative measure for determining the effect
of surface treatment on yarn wicking rates.

Contact angle and wicking rate measurements are complementary.
When both are applied to the same fiber-resin system, the fiber and resin
parameters which lead to best overall wetting are well defined. These
parameters can then be balanced against processing constraints such as
resin pot life and fiber strength and the results used to aid in the definition
of the optimum conditions for resin loading.

F. Fabrication of NOL Rings ’
(A. A, Pallozzi, Union Carbide)

The filament-wound ring constitutes an accepted and standardized
method for evaluating unidirectional fiber coriposites. Advantages of this
type of specimen are simplicity and low cost of sample preparation and
fabrication, reproducibility of test results, and relative ease of interpreting
test results.,

The method devised by the Naval Ordnance Laboratory(37) is being used
to prepare rings and measure their properties. A schematic drawing of the
apparatus used to wet-wind rings from carbon and graphite yarn with epoxy
resins is shown in Figure 82. Prior to fabricatinf x)'ing specimens, the
apparatus was modified to meet ASTM standards. %

The method of preparing ring specimens consists of passing the carbon
or graphite yarn through an electric furnace maintained at 900+10°C in a
nitrogen atmosphcre. This treatment removes any volatile constituents
present on the yarn surface. From the furnace, the yarn passes through a
thermostat-controlled resin bath, over and between two grooved rollers
designed to control tension, and onto a rotating split mold. When the yarn
passes through the resin bath, it is under low tension to facilitate resin
infiltration between the filaments. Tension on the resin-coated yarn is
controlled by a magnetic clutch, used as a brake, which varies the drag on
the tension rollers.

Tension on the yarn affects the amount of resin which is squeezea out

on the mandrel during the wet-winding operation; consequently, a limited
degree of control over fiber-resin ratio in the composite is achieved.

-152-




A

B i T PU——

Céanbor Tellen Pulley

il T

T Cengtori

Tension Measur
Scale

Winder N‘% lz
Figure 82, Schematic Diagram of Ring Winding Apparatus.

Immediately after the ring is wound, the ring and mold are removed
from the winding machine and placed on a rotating shaft in an oven to cure
the resin. After the resin is cured, the split mold is disassembled to
remove the ring. Prior to physical testing of the cured ring, peripheral
resin-rich areas are ground away, and the ring is mach.ned to close
dimensional tulerances.

G. Effect of Fiber Content Upon Composite Prope rties
- (A. A. Pallozzi, Union Carbid~}

1. Fabrication of Rinp

A series of filament wound rings were fabricated at three levels of
winding tension in order to determine the effect of winding tension on the
fiber-resin ratio and the effe .. of the fiber-resin ratio on composite
properties. Two different lots of low modulus five-ply graphite yarn were
used in fabricating these rings; from each lot, eight rings were made at

375 g yarn winding tension, eight at 600 g, and eight at 1100 g- The matrix
was epoxy resin ERL-2256 with 19. 2 parts of metaphenylenediamine hardener

per one hundred parts resin.
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Figure 84. Young's Modulus of Resin Rings Versus Fiber Content.
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As shown in Figure 83, the fiber content of the cured rings ranged from
59 percent by volume for 375 g tension to 64 percent for 1100 g tension,
which is a smaller range than was expected. The Kjeldahl method of analysis
fcr amides and amines was used to determine the resin fraction.

2, Composite Properties

The dependence of the Young's modulus of the composite rings on fiber
content is show:: in Figure 84, There is a large and significant difference
in composite moduli which is dependent upon the lot of graphite yarn from
which the composites were made. There was no significant variation of
tensile, flexural, and compressive strength of the composite rings ‘ith
fiber content, nor was there any significant difference in strength of rings
from the two lots of yarn,

In Table X1V, the properties are given of monofilaments from the two
lots of graphite yarn used in these experiments; the two lots of yarn are
TABLE X1V
GRAPHITE MONOFILAMENT PROPERTIES

=

Yarn Lot Elastic Modulus Tensile Strength
Number (10® 1b/in. 2) (102 1b/in. %)
1 7.1 98.6
2 4.6 95,2

similar in tensile strength but substantially different in modulus, In
Table XV, the elastic modulus and tensile strength measured on rings made
from these lots of yarn are compared with predicted values, calculated

TABLE XV
CALCULATED AND MEASURED RESIN COMPOSITE PROPERTIES
Fiber Elastic Modulus Tensile Strenlgth
Content (10 1b/in.2) (10% 1b/in, %)

Volume Yarn Lot No. I  Yarn Lot No, ¢ VYarn Lot No. 1 Yarn Lot No. 2
Percent Calc. Meas. Czlc., Meas. Calc. Meas. Calc. Meas.

59 4.4 4.5 3.0 3.2 63 60 61 63
61 4.6 4.6 3.1 3.3 6c 60 63 60
64 4.8 4.8 3.2 3.4 67 62 65 63

e L _ ]
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from the law of mixtures on the basis of monofilament properties. There is
good agreement between the measured and calculated values of the composite
properties. These resuits lead to the following conclusions: (1) the sampling
and testing procedures used for obtaining both monofilament and composite
properties are providing data representative of the materials being sampled,
and (2) monofilament properties of graphite yarn vary significantly from
lot-to-lot; this variation must be taken into account in studies of cor.posite
properties.

H. Effect of Yarn Surface Treatment Upon Ccmposite Properties
(A. A. Pallozzi, Union Carbide)

One approach to increasing the shear and compressive strengths of
graphite-fiber, resin-matrix composites involves an attempt to improve the
graphite fiber-to-resin adhesion. There are many examples where adhesive
bond strength has improved with increasing surface roughness. Therefore,
an exploratory experiment was performed tc see if etching the graphite yarn
would improve composite properties. Etching of the yarn was accomplished
with a solution of sodium dichromate in sulfuric acid, and the amount of
etching was controlled by varying both solution temperature and the time of
immersion of the yarn in the solution. Surface area measurements were
made on the etched yarn to determine the magnitude of the etching.
Measurements of monofilament strengths indicated that etching for 25
minutes at 100°C (the most severe etching conditions used) did no. decrease
the monofilament strength.

Data for the initial set of etching experiments are given in Table XVI.

TABLE XVI
PROPERTIES OF ETCHED GRAPHITE YARN AND RESIN RINGS

Etching Conditions™ Surface Flexural Compressive
Solution Immersion Area Strength of Strength of
Temp. Time of Yarn Composite Composite
°C min m?/ g 103 1b/in. 2 103 1b/ in. 2
Unetched Yarn --- 4 71 63
50-55 5 4 57 124
10 5 47 134
95-105 5 8 35 105
10 20 27 136
20 12 28 =- -
24 23 28 ——-

*Yarn Lot No. 4
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As the severity of the etching was increased by increasing the solution
temperature or immersion time, the surface area ot the yarn tended to
increase continually and the composite flexural strength tended to decrease
continually. The decrease in flexural strength appears to be in conflict
with the fact that the monofilament strength did not change; this point will
be investigated further. All etching conditions caused the compressive
strength to increase by about a factor of two; it appears that, within this
range, the increase in strength is independent of the severity of the etching
conditions. Short beam shear specimens made with etched yarn broke in
tension at the outside surface instead of in shear. This fact together with
the increase in compressive strength indicates that etching the yarn probably
increases the fiber-resin adhesion and the composite shear strength.

The initial etching experimenuts suggested that less severe etching
conditions might be found which would not seriously decrease the flexural
strength but which would still significantly improve the shear and
compressive strengths. A second set of etching experiments was carried
out with a solution temperature of 50 to 55°C and at immersion times of
0.5, 1, 2, and 5 minutes. Rings were wound from yarn lots numbers 1 and
3. The dependence of compressive and flexural strengths on yarn immersio:
time is shown in Figure 85 for both the first and second set of etching
experiments. Again, alarge increase in compressive strength was obtained,
a result which is almost independent of length of immersion time and of the
yarn lot used in the ring. The flexural strength results are m ire
complicated. For yarn lots number 3 and number 4 etched at 50°C, the
flexural strength decreased only slightly for up to 5 minutes of yarn
immersion. On the other hand, an etca of 0.5 minute caused the flexural
strength of yarn lot riumber 1 to decrease by 40 percent,

Sirailar experiments on the tensile strength of rings wound with etched
yarn of lots numbersland 3 confirmed the flexural strength results. For
lot number 3, a 2-minute etch decreased the tensile strength by only
approximately 10 percent, whereas for lot number 1, both 0.5 and 1 minute
etches decreased the tensile sirength by over 50 percent.

From these 2xperiments, it appears that a suitable light etch may
double the compcsite shear and compressive strengths and not decrease the
tensile and flexural strengths by more than 5 to 10 percent. However, on
some lots of yarn, a very light etch causes the tensile strength to decrease
by 50 percent; thus much more must be learned about characterizing the
yarn and the etching process before reliable results can be consistently
achieved.
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SECTION VII
MICROMECHANICS AND DESIGN DATA STUDIES FOR FIBER COMPOSITES

Improved structural design can be achieved in many ways including
advancements in aptimization techniques, introduction of new materials and
design concepts, end improved methods of structural analysis. Although
the development of new materials and design concepts possess the greatest
payoff, a complete understanding of :aterial behavior and limitations is
a prerequisite to any efficient design. The full potential of both the
material and the design may never be realized if the practi cing engineer is
not provided with reliable design data.

In order to improve the understanding of the behavior and limitations
of carbon fiber conposites, the following piojects were undertaken. In
Section VII A the current status of stiffness predictions for filamentary
composites is discussed, and an approach is outlined for analytically
predicting composite stiffnesses by using computer-simulated random models.
An examination of test methods and possible improvements for the exneri-
mental determiration of design data is described in Section VII B, Studies
of three-dimensional photoelastic models of filamentary composites are
reported in Section VII C. The initial effort has been to determine curing
stresses and fiber end effects. A comparison of predicted unidirectional
propertfes of composites fabricated from various constituents is given in

Section VII D. .Finally, a procedure for determining bidirectional composite
properties from a series of tests on pressure bottles is presented in Section

VII E.

A. Prediction of Stiffness Properties
[Professor Kicher, Case Institute)

1. Introduction

The design of efficient fiber composites requires the availability of
accurate means of analyses which predict such behavioral quantities as
stresses, strains and displacements. The displacements predicted by the
analysis are then compared to the limiting values to determine if the design
adequately perforws its function. The analytically predicied stresses and
strains are used in conjunction with some accepted failure criterion to
determine if the material is sufficient to support the loads. Design situa-
tions for which minimum weight consideration are important generally result
in thin structural elements and must also be analyzed for failure in one or
more modes of buckling,

Typical of light weight structures for aerospace applications are the
class of stiffened shell structures, which are in service przsently. For
these metal shells, buckling can occur in a gross manner or in any one of
the elements of stiffener or skin. While fiber shells will be different in
structural concept buckling considerations shculd also be included °*n any
minimum weigh® design study. Therefore, it is imperative that accurate
analytical tools for buckling failure predictions be available before any
optimization study can proceed. :
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Stiffness properties, which are the basic data for stress, strain, dis-
placement and buckling analyses, therefore arc given a high priority. In the
design of ronventional metal structures the prediction of stiffness properties
s rather straightforward since the material is isotropic. However for fiber
composites the prediction of stiffness properties is more complicated but the
designer can now specify the design of the material n addition to the more
traditional parameters controlling size and configuration. The development
of a ;apability to determine optimum designs must be based on reliable
analyses which in turn m:.;t have as data accurate stiffness properties.

2. Mathematical Models for Stiffness Properties

Empirical representations of stiffnesses for fiber composites based
on experimental data is impractical for all but the simplest cases of
optimum design studies. The inclusion of pertinent param:ters leads to a
prohibitive number of specimens to be tested. The development- of rational
bases for mathematical prediction of these data is the most feasible approach
as has been shown by studies on glass-fiber, epoxy composites. The applica-
tion of these concepts to carbon fiber composites started with a study of
the published theories.

The prediction of the modulus in the direction of the fibers for a
unidirectional composite has been based on the well-known Rule of Mixtures:

where
Ef =  fiber modulus

Em = matrix modulus

Vm = percent matrix by volume
This relationship can be developed from simple strength of materials

concepts(39) based on the assumption of uniform strain, i.e., each constituent
carries a load proportional to its stiffness. It can also be developed from

the more rigorous bounding approach based on enerqy principles(m) assuming a
parallel model as an upper bound. Finally it can be developed in a more

sophisticated mamner and then reduced as a simple approximation“” to a more
exact theory. Other improvements in this relation have becn attempts to account

for misal 1gnuent(42).

The prediction of other elastic constants, such as (1) the major Poisson's
ratio, VLT (2) the transverse modulus, ET' and (3) the shear modulus, GLT' has

not resulted ir such simple relations. In fact, the relative location of the
fibers seems tc play an important role in the predictions. For example,
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Table XVII gives a summary of the transverse modulus ET and the shear modulus
GLT for various mathematical models based on a volume ratio of 40 percent

matrix, a fiber modulus Ef = 10.6x106 psi, and matrix modulus Em = 0.5x106

psi.

TABLE XVII

COMPARISON OF TRANSVERSE AND SHEAR MODUL!
CALCULATED BY DIFFERENT MODELS

Model Er(10%ps1) 6, 1(10° psi)
Netting Analysis(3?) 0.0 to 0.5 0.185
Series of Fiber and Matrix(40) 1.16 0.313
Hexagonal Array(4]) 1.35 0.400
Random(42) Fibers Isolated 1.35 0.400

Fibers Touching 2.20 1.280
Strips of Circular Fibers(43) 1.98 0.480
Periodic Rectangular Array(44) 2.00 1.870
Random Parking! %) 1.65 0.347
Parallel Model of Fiber & Matrix(%0) — 1.750

Omitting the results for netting analysis, the transverse modulus is seen to

vary from l.‘.6x106 to 2.20x106 for the various mathematical models. A photo-
micrograph of the cross section will show that the fibers assume none of the
proposed regular packing models but rather a random distribution. Therefore
the observed spread of the experimental data is probably due to the variations
of manufacturing rather than to the packing of the fibers. Using a truiy
random set of fiber packing models, it is thought that the analytical trans-
verse modulus will have a pronounced mean and a small standard deviation.

3. Experimental Data and Correlation

Attempts to correlate the analytical prediction using the above models
v.ith experimental results have enjoyed moderate success. The best correla-
tion is between the longitudinal modulus E_ and the Rule of Mixtures. The

prediction of FT and GLT does not enjoy the same experimental substantiation.

Several empirical coefficients intended to give a rational basis for modifying
the analvtical curves have been introduced. For example, Tsai has suggested
the use of a factor k to account for misalignment. Adaptaiion of this
coefficient to the Rule of Mixtures would lead to
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EL = Kk [Ef - (Ef - Em) Vm] (VIT A-2)
Efforts to account for the relative locations of fibers have lead to the

following two theories:

Contiquity factor, C(“) - The coefficient C assumes a value of
zero ‘or isolated filaments and unity for contiguous filaments. The
experimental data fits between a band for C =~ 0.0 and C = 0.4,

Mean Fiber spacing, R“S) - To account for the =zndom spacing of
fibers the use of the coefficient R has been suggested, where

D 4
R = =7 Vf = 1.275 Ve (VII A-3)

where

D = filament diameter

S = average fiber spacing

Vf = percent fibers by volume

This approach of smearing a randcm distribution of fibeis by using some
equivalent coefficient appears to give spurious results. Therefore, an
approach using random models and in some way accounting for the location of
the fibers should give more meaningful results.

4. Random Models

A computer program has been developed which generates models with
randomly distributed fibers. Thcre are two input parameters which control
the proximity of fibers and have been used to generate models with packing
densities up to 75 percent by volume of fibers, Figure 86 shows a plot of
‘a typical set of results wher: the packing density of fibers is 54 percent
by volume. This model could then be used to determine a contiguity coeffi-
cient C, the mean fiber spacing R »r finally the elastic constants could
be found directly for this model. Obviously a closed form solution for the
model would be difficult if not impossible. Therefore some numerical
approach will have o be used. If the computer developed model were
analyzed using either a finite difference scheme or a discrete element
matrix method, coefficients representing the gross elastic constants could
ve found.

The computer program was developed to simulate the winding proces:
and is based on the assumption that the handling of fibers in a yam or
roving condition is only a manufacturing device. Once the resin impregnated
composite is cured, association of fibers with various yams or rovings is
impossible. An x-y coordinate system is defined such that the x axis points
along the direction of winding advancement, while the y axis points in the
direction of increasing thickness. The x coordinate of the center of the
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i fiver iust be at least 2R away from i°s left adjacent neighbor but less
than 4R else another fiber could occupy ‘.ne vacant space. In summary then

A P N PR S (VI A-8)
Using a standard corputer routine to generate random numbers, N, between
zero and unity the following can be written

S I (%i:-) (VII A-5)

where C] is a proximity coefficient indicating how close the fiber is placed
to the geodesic. If the process is advancing toc fast for the geodesic, C]

will assume a small value, If the wing advancement is slow compared to the
geodesic C] will be large.

The y coordinate is determinedin a similar manner, once the row of
fibers adjacent to the mandrel is laid down. For this first row, it is
assumed that all the y coordin*tes of the centers are R, Thereafter the
fibers are moded vertically (x' = constant) such that the center of the
nearest fiber below is at a distance greater than 2R but less than 4R,
Again if the fibers were further than 4R apart, the possibility of another
fiber occupying this space arises. In surmary then the distance between
vertically adjacent fibers, L is bounded by

R <L < &R (VIT A-6)

Again using a standard computer routine to generate random nunbers, "2'
between zero and unity, the following can be written

U= R+ N, (C}') (VII A-7)

The parameter (:2 is a proximity coefficient indicating the winding tension.
If the winding tension is high the value of (:2 will be high, Typical running

times for the generation of each mode]l has been approximately 15 seconds.
Voids in the packing could be introduced by using an additional random number
generator to determine the presence or absence of a particular fiber. In
addition voids could be introduced by allowing the fibers to be laid tm

at a distance greater than 4R from its neighbors. However, strict con:rol
over the void content would not be possible using this latter scheme.

In addition to the random location of fibers, these same jdeas could
be applied at random distribution of fiber diameters, for, say, glass fibers
which may vary as follows

-164-

-



R, < R < R (VI A-8)

L

The cross section of a carbon fiber cannot be assianed 2 single radius
to identify its shape. However if for each carbon fiber cross section a
minimum and maximum radius (see Figure 87) were assigned usina a random
number generator, then the location of fiber centers could be determined.
The constraint on the location of the fiber center would be more complicated
and would look like the following: (See Figure 88)

. i -
L R P (VIT A-9)
min max
and
= : -1
e R q N (VII A-10)
max min —

where now the x coordinate must satisfy both constraints. Similar expressions
con be developed for the distance between vertically adjacent fibers for the
solution of the y coordinate. The total zrea occupied by that fiber must be

between N Rmm2 and 1 Rmaxz' therefore the fiber area Ai could be expressed
as

2 2 2
Ay = 1 Rurin +1 N3 (P\Mx - Rmin ) (VvII A-1)

These models will be used to determine thr effects of packing on the elastic
constants, particularly £, and GLT‘ Methods of matrix structural analysis
using two and three dimn!ional finite elemenis readily lend themselves
to such calculation. There is also a possibility of developing specializad
finite elements that contain a reinforcing element. A study of chese
techniques is currently underway for this purpose and will also be used for
mi crostress analysis to numerically study the failure mechanisms of fiber
composites. Estimates of the mean and the standard deviation of the elastic
constants will be made. Relatively low values for the standard deviation
will indicate that the scatter in the experimental data is not cue to the
fact that the real composite assumes drastically different packing arrange-
ments. This then could lead to the identification of a mathematically
representable standars model which best represents the composites.
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Figure 87. Hypotheticai {ross Section of a Carbon Fiber.

A min

Flgure 88. Location of Fiber Centers for Carbon Composites.
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B. Test Methods for Design Data
[Professors Toble and Kicher and Mr. F. Campbell, Case Institute)

A study of existing test methods for filamentary composites was ‘aitiated
by examining the split D test, which is a standard test for determining
tensile properties of unidirectional composites. It has been shown through
experimental data that the stresses in the NOL ring vary radially due tc the
bending at the split and circumferentially due to both bending and friction.

A photoelastic investigation will attempt to determine the effects of
stress concentrations in the NOL ring at the split separating the two halves
of the test fixture, and the distribution of stress in the circumferential
stress distribution will also be studied.

In order to carry-out this photoelastic study on the split D test fur
NOL rings, a special fixture had to be built. Fique 89 shows the split D
fixture with a photoelastic ring in place. This fixture, which was not
designed for testing fiber composite rings, allows a maximum of a-ea for
photoelastic observation in the polariscope. Figure Y0 shows the loading
frame used in the polariccope with the photoelastic NOL ring in place on
the speciat split D fixture. Finally Figure 91 shows the NOL ring in the
polariscope. The observed varfations in the NOL ring are the isochromatics,
lines of constant di fference between principal stiessos. The results
obtained thus far are limited but indicate that the mathod of fabrication
used has produced a photoelastic test specimen with an irreqular inside
surface. Thece irreqularities show up as surfuce stress concentrations
in the polariscope. An improved method of fabricating test specimens will
have to be developed before the experirmental study can proceed.

At the same time, the development of a new test fixture for determining
the tensile data on unidivectional rings has continued. The qoals specified
for the design are as folluws:

(1) uniformly distributed stresses,
(2) accessible for visual observation, and
(3) loaded in anv Universal Testing Machine.

The basic concept of a proposed design which achieves these goals is to
load the ring with an internal contact pressure produce? through the Poisson's
expansion of a longitudinally compressed rubber insert. Figure 92 shows the
parts of a tesi fixture which is based on this concept. In the lower portion
of the tigure sre the rubter insert, a carbon NOL ring and two constraining
rings used to insure uniform loading on the specimen. Figure 93 shows the
assembled test fixture in the foreground and the load fixture (inverted) in
the background. Finally, Figure 94 shows the assembled fixture with the
loading head in place This fixture is the placed in a universal testing
machine and 103ided in compression. Oue to the Poisson's expansion of the
rubber, the NOL ring is loaded in tension. CExperimental results are not
yet available for discussion or evaluation.
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C. Three Dimensional Photoelastic Model of Fﬂamentaq Co;posite
rofesscr Wright and Mr., U. tzenhof, Case Institu

The object of this research is to develop a technique for accurately
determining the stresses caused by loads applied to filamentary composite
systems. This study will be done using three-dimensional photoelastic
models, since all effects of loading and geometry may not be present in
two-dimensional models. Unfortunately, three-dirensional models also
have their shortcomings, the most important of which are the apparent
stresses introduced by tne stress freezing cycle into the two-component
system. This problem is the major subject of this report.

Tha research program includes several types of models to be tested
and analyzed. These models will be compared and their resnlts correlated.
Two dimensional models will be used to determine the general stress
distributions. Three-dimensional models of similar configurations will
then be analyzed to give the exact stress distribution fer a given case.

1. Test Method

The test method used is the technique of stress freezing. This
utilizes an epoxy material (Hysol 4290 in this case) which, when loaded,
heated to 270°F, and cooled <iowly, retainc part of the strains induced
by the applied 1oad. This heating, unfortunately, causes differential
expansion between the aluminum fiber and the epoxy matrix, The induced
strains show up as fringe patterns which must be dele: J From loada:d
models so that actual stresses may be calculaced.

Other difficulties involved with the photoelastic models are
(1) the mottling of the material (the wavy 1ines in the photographs of
{sochromatic patterns ), which can be eliminated by using a higher
quality material and (2) cast-in strains, which can be removcd by anneal-
ing the material for several houvs at 270-280°F,

The two-and three-dimensional models under consideration are:
(1) unloaded single fiber model {Figure 95), (2) loaded single fiber
modei (Figure 96), and (3) loaded and unloaded rultiple fiber models.
A1l of the above studies will be completed using fibers of various shapes,

The loading fixture for the three-dimensional models is shown in “
Figure 97. The loading set-up including the model is shown in Figure 98. °
The structure surrounding the model is the thermostatically controlled
oven. The loading fixture assures pure tensile loading through a ball
joint shown in Figure 97. The tensile load, P, will be about 150 1bs.

2. Mathematical Analysis

The method of analysis used is quite simple. The equilibrium equation
in three-dimensions for Cartesian coordinates is
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o T a
.5.’.(.& s N, X2, (Vi1 c-1)

where F, the body forces, are zero in this case. This equaticn is modified for
use in phetoelastic analysis to

Ao At At
X X .. - =
i Y iy Y 0 (VIT ¢-2)
or
At av
.. Xy X2 .
bo, (A . ‘T3 ) ax (Vi1 Cc-3)

The shear stresses v are easily calculated from the fringe number and the {so-
clinic angles at the point in question. A starting point is selected where
both of the stresses are known, say at a corner where both stresses (cx and oy)

are zero, The data are then taken at a set of points leading to the point in
question. The actual calculations will be done on the Univac 1107 computer,

Slices were taken from the unloaded three-dimensional model, 2nd photo-
graphs were made of the photoelasiic patterns. The position of the slices is
shown in Figure 99,

Slice No. 1 1s shown in Figures 100 and 101, ' In Figure 100, the aluminum
fiber is still in position. In Figure 101, it has been removed from the matrix.
It can be seen in Figure 101 that before the aluminum rod was removeg, the
maximum number of fringes was about eleven. After removal of the inclusion,
the number of isochromatic fringes dropped to about eight. With a photoelastic
constant o” 1.35 psi-in/fringe, the value of the maximum shear stress with
fiber included was

Thax " OT X ¥ X 1.35 = 32.2 psi
With the fiber removed, the maximem shear was

8
hax " U X 7 X 135 = 23.4 pst
The ripples along the fiber were caused by uneven bonding. The dotted line
{s the zero order fringe. Mottling effects can be seen along the edge of

the slice.
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Slices No. 2 and No. 3 are quite similar. Figures 102 and 103 sho ' the
0° and 45° isoclinics respectively from both slices. The svmmetry of the
fsoclinic patterns shows that the expected symmetry of a symmetrical model
under. symmetrical loading actually exists, The disturbances present in these
photoelastic patterns are caused by the mottling effect and do not influence
the stresses in the undisturbed portions of the slices. The fsochromatic
patterns are also ;somewhat similar as shown in Figures 104 through 107.

Fiqure 104 shows the isochromatic pattemn in Slice No. 2 after the
fiber was removed. However, edge effect stresses were present. To
elinminate these, the model was dried at 150°F for several days. The
result is shown in Figure 105. One of the fringes has disappeared, and
the resultant shear stress was

Ty U-{,H X % < 1.35 = 2.68 psi

Figure 106 shows the isochromatic pattern resulting when Slice No. 3
with the fiber present was photographed. Figure 107 shows the same view
with the aluminum fiber removed. The maximum shear stress present here was

Toax 0-.1]-31 X %’ x 1,35 = 5,0 psi

The irregularities present in this supposedly radially symmetric
system were caused by the non-uniform thickness of the epoxy glue used
to join the aluminum fiber to the epoxy matrix. The thicker sections of
the ,lue softened and absorbed part of the temperature-induced strains.

At this time, results are just beginning to be obtained and they
represent only a small portion of the planned study. Many more nodels
remain to be constructed, tested and analyzed, From the results obtained
thus far it can be concluded that in general the temperature-induced
stresses along the length of the fiber are quite low; however, at the
ends, the stresses are about an order of magnitude greater.
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D. Theoretical Comparison of Unidircctional Composites
(D.P. Haniey. Bell Aerosystems)

Theoretical estimates were made of the principal mechanical properties of
varioug unidirectional fiber reinforced comnposites. The objectives of making these
calculations were three-fold: (1) to generate data on the performance expected of the
newer classes of composite materials, (2) to utilize the approximate data in prelimin-
ary design of the representative component, and (3) to determire the magnitude of
variability in composite properties as a function of the constituents and distribution
within the composite.

Table XVII summarizes approximate performance comparisons irom this
study for six composite materials: glass/resin, boron/resin, and carbon/resin,
aluminum, titanium, and nickel matrices. The equations used apply to uniaxial tensile
loading and are based on Ekvall's model (45).

Table XIX presents in more detail the influence of fiber/matrix composition
and content on composite tensile properties, Table XX gives the input properties of
component materials upon which Tables XVIII and XIX were based.

The tremendous potential of the carbon fiber and carbon composites using low
density matrices is clearly evident in Figure 108, This figure shows the superposition
of data from Tables XIX and XX on recent data from Texaco which compared the
specific strength and moduli of conventional structural materials (steel, Al, Ti, Mg)
with boron, beryllium, and E-glass. Interestingly, it is seen in Figure 108 that a linear
relation betweeno /p and E/p is observed for many of the filament materials and
composites. This fact may be of use in later synthesis work to assist automated mate-
rial selection studies. Significant conclusions at this time based upon the unidirectional
composite performance estimates are:

(1) The strengths of the carbon/metal matrix composites will be about the same
as present day glass/resin composites and greater than those expected of
boron/resin composites.

(2) By far the lowest density structural composite of those considered will be
the carbon/resin combination.

(3) The principal composite moduli with carbon or boron and either resin or
metal matrices will be increased 5 to 6.5 times that of current glass/resin
composites. (The carbon/nickel composite, having the highest modulus, is
also the most dense). -

(4} Use of carbon or boron fibers with resins will yield composites which have
4.5 times the anisotropy of current glass/resin systems. Using metal
matrices and the high-modulus fibers, the anisotropy of the composites
will only be 20 to 30 percent of that of the curren!, glass/resif systems,

(5) Modulus/density ratios will be increased by a factor of 7.5 with the use of
carbon fibers in place of glass. Increases up to 30 percent will correspond-
ingly be achieved in composite strength/weight ratios.

(6) Plastic deformation in metal matrices surrounding carbon fibers will be
encountered under tensile loads applied in the direction of the fibers. Under
transverse teusile loads, the matrix strain magnification effect with carbon

b
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TABLE XVIII

APPROXIMATE THEORETICAL COMPARISONS
OF UNIAXIAL COMPOSITES

Strength Density
Carbon/Ti } 270.000 ol Carbon/resin 0.049 Ib/ln.:’
Glass/resin Carbon/Al 0.065
Carbon/Al Glass/resin 0.076
Carbon/Ni } it Boron/resin 0.077
Carhon/resin 230,000 Carbon/Ti ¢.089
Boron/resin 195,000 Carbon /Nl 0.116

Anigotropy Ratio

Longitudinal Modulus (EL/ET) Shear Modulus
Carbon/Ni 52 x 105 psi Carbon/resin Carbon/Ni 18.2 x 10o psi
Carbon/Al 47 Boron/resin } Carbon/Tt  12.7
Carbon/Ti 46 Glass/resin 6.2 Carbon/Al 10.4
Carbon/resin 40 Carbon/Al 1.8 Carbon/resin
Boron/resin 39 Carbon/Ti 1.5 .,  Glass/resin >0.6
Glass/resin 8 Carbon/Ni 1.1 " ‘Boron/resin

Modulus/Density Strength/Density
Carbon/resin 820 x 10° in. Carbon/resin 4.7 x10% in.
Carbon/Al 720 Carbon/Al 4.0
Carbon/Tt 520 Glass/resin 3.6
Boron/resin 510 Carbor/T1 3.0
Carbon/Ni 450 Boron/resin 2.5
Glass/resin 110 Carbon/N{ 2.3
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and/or boron resin composites will be greater than with glass/resin; with
metal matrices and carbon or boron fibers, the effect will be less.

E. Procedure for Determining Bidirectional Composite Properties
(D.P. Hanley, Bell Aerosystems)

Approximately midway through this reporting period the performance estimates
as described above were obtained for the uniaxial behavior of unidirectional fiber
reinforced composites. In working toward an extension of this work to predict the
biaxial performance behavior of bidirectional composites, a new approach was
developed for determination of engineering design properties.*

The novel feature of the approach is to measure the ratio of longitudinal/hoop
strains in pressurized cylinders wound at three different helix angles as described
later and to use these ratios to solve an elementary system of simultaneous equations
for the composite material design moduli. The basic unidirectional properties of the
laminate may then be deduced. This is particularly significant since the unidirectional
properties are difficult to obtain reliably and accurately through direct experin enta-
tion. L:deed there are difficulties as well in the theoretical prediction of unidirectional
properties** which may be circumvented with the new approach.

The theoretical busis for the tests is outlined below; advantages of the concept and
projected results are described in the subsequent sections.

The well-known orthotropic strain-strecs relationships for a symmetrically wound
fiber-reinforced cylinder are

f = 1] 1
17 81 91 T 5 %

€ = g o + 8 0'2

2 12 22 (VII E-1)

=8

1]
Y1 = ST 12

¥ The author acknowledges the contributions of J.H Nourse in the field of composite
materials mechanics. Inparticular, Mr. Nourse first suggested (in July 1964) the
concept upon which this work is based. At that time, he was a Consultantto ‘the
‘Hercules Powder Company, Allegany Ballistics Laboratory under U.S. Navy Subcon-
tract No. 311, NOrd 16640 and the author was contract technical monitor. '

** Gf the four independent .constants required to characterize the orthotropy of a uni-
directional laminate (Ey,, Eq, Gy, and# g,) only E1, and ¥ 1+ may be calculated
with reasonable agreement (on :the order .of 1 0-20%) between the various theories
-and experiment. Large discrepancies (factors of 2 10.3) exist between the -various
theories ‘in predicting E and Gy,q. Unfortunately, most .experimental data are
scattered over this rarge and the designer ig pretty much then left "'up in the air".
To complicate design problems further, no theories have yetbeen .advanced -to
;predict composite properties ‘with noncircular fibers such as «carbon. :
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where the 1 and 2 dircctions correspond to the hoop and longitudinal directions and the
bidirectional compliances are related to the moduli by
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Consider now the four principal material constants (C33, Cy9, Cag and Cgg, the
generalized restrained unidirectional moduli) in the ‘transformation relstions
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A simple torsion test on a hoop wound cylinder (@ = 90°) yields directly the constant
Ceg (= Tl 2 /Y 19) as the last above 2quatior verifies. Substituting the three previous
equations in the strain ratio relation yields

DC11 + EC12 + FC22 +G

n = (VII E-T)
HC11 + IC12 + JC22 +K
where the constants are given by -
D = sin4a -2 cosza sinza
E =2 [ cosza sinza = (cos4a + sin4a )]
F = cos4a = Zcosza sinza
G =12C csza inza—K ( T E-8)
] 66 °°° @ B - ? |
H =2 cos4a 3 cosza sinza
4
I =4 cosza sinza - (cos @ + sin4a)
J =2 sin4a = cosza sinza _-J

Now, if the measurements are made of the strain ratios (nl, ng, ng) from three
cylinders wound each at a different helix angle (@ 1, @ 5, @ 3), the remaining three
principal material constants (C11, C19, @nd Cgg) are given by the solution of three
simultaneous equations upon substitution of the respective values in the above strain
ratio equation,

Having determined the Cj;j's as outlined, the basic unidirectional material
properties may be determined from

2

o - 11 %2 G2 o A
L Cyo R ]
LT C '
) 22 ‘
- , o
= C11 €22~ C12 c g WwES
T C,, , o ae
L C
11 ]
Grr = Cee

In that the " law of mixtures" has been adequately substantiated in the prediction
of longitudinal composite properties, this fact used in connection with the ‘pressurized
cylinder test enables the fiber t_modu}us and Poissoi's ratio to be determined without
actually performing tensile and torsion tests on the fiber,i.e.,
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This should be an interesting method of determining average "delivered fiber modulus"
since gage length effects, grip yielding and delicate fiber tensile testing procedures
are eliminated. In the case of noncircular fibers, this also seems a useful approach to
determining an effective Poisson's ratio. It is assumed in both of the above equations
that the matrix material has generally well characterized engineering properties
(modulus and Poisson's ratio) in contrast to fibers being newly developed.

Although recognizing cost to be a somewhat greater factor in the proposed test
compared to conventional ""coupon' and plate testing, advantages to be gained are:

(1) More nearly homogeneous stress fields are obtained with minimized dis-
continuities and less complicated boundary conditions than are encountered
with flat specimens. .

(2) The test specimen is representative of the form and fabrication processes

*  of filament wound structural configurations which is often not the case with
flat specimens. Requirements for specimen machining are also eliminated.

(3) The test yields directly engineering (tensile) design properties independent .
of internal micromechanics. The test can also be adapted to determining
com pressive proper.ies by conducting external pressurization tests.

(4) By virtue of the relatively simple theoretical problem formulation, the test
should provide data more suitable for stztistical analysis than is permitted
with many of the current mathematical models.

(5) The biaxial test is sensitive to the onset of the matrix yielding or crazing
and appears putentially capable of treating the nonlinear regime and
nonconservative behavior.

Calculations have been made to determine the engineering "reasonableness'’ of
the approach suggested. Intuitively, ne might expect, for a given composite material,
that at certair winding angles, the strains likely to be encountered would be quite
small, This fact, along with inaccuracies in measuring small strains, could thus give
rise to relatively large errors in the strain ratio p and thereby seriously affect the
determination of material constants.

To examine the above possibilities, normalized strains were calculated for

pressurized cylinders wound (hypothetically) at angles fron® zero to 90°. A graphite
fiber/resin system was assumed with the following properties.
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60 x 106 psi

=
u

f
E = 05x 106
m
Vf = 0.25
v = 0,38
m
R = 30 percent, V_ = 34.2 percent
m m

Using Ekvall's model, which accounts for matrix constraint, (in the intercst of
simplified computaiion), the following constants were determined:

6 6
EL = 39.8 x10 psi Cll = 40,0 x10 psi
E. - 2.33x10° C. = 0.69x10°
T T 49X 12 S
G = 052x10° c_ = 2.3¢x10°
LT = 22 '
3
v .o = 0295 Cgg = 0-52X10
v, = 00173

Strains for the cylinders are showr in Figure ;09. These curves are recognized to be
approximate by virtue of the model used, but they illustrate the peculiar behavior of
orthotropic composites; viz., for certain winding angles in pressurized cylinders there
can be a negative axial strain accompanied by a positive hoop strain, The data also
explain, in part, why engineers are often distrustful of experimental strain measure-
ments, for example, variations of + several degrees in winding angle can account for
significant discrepancies in strain magnitude and sign.

Note that the ""balanced" design winding angle ( @ = 56°) based on orthotropic
analysis (€ y = € 5) is quite close to the ideal netting analysis (97 =2 0 5) balanced
angle of 54.75°. For glass/resin composites, the former analysis predicte values in
excess of 60°, Thus, the higher modulus fibers tend to improve agreement with the
netting prediction because they more nearly satisfy the fundamental assumption of
inextensibility used in netting analysis. An obvious limitation of the latter analytical
technique is, however, that strains can not be calculated.

In the theory pertaining to Figure 109, it was explicitly assumed that the com-
posite exhibits linear elastic behavior. With fiber reinforced/resin composites, how-
ever, crazing or yielding may be encountered, which implies that theory is good only
up to the ""knee' in the composite stress-strain curve. It is suggested now that by
conducting experiments and recording data at various levels up to ultimate burst
pressure, the Cjj engineering ""constaxts' may be determined for any condition in the
composite without regard for, the internal mechanism of degradation. Thus, the
"elestic' constants Cij and Cjj could be specified as functions of the level of loading.

This approach appears promising with regard to eventuslly predicting nonconservative
™~

™~

--]8?-

N sl L A il . ol B R TR R R T —————



IBuy Surpmim Jo 0PI
- SIPPUIIAD 9jIsedmo) uisay/Iaqld 231qdead punoa) W SUTEXS 18913330941 601 axnBig

1 €0
,,,,,, NIVULS TYNIONLIONOT
- Nd..
SEep 0= %
{4 10
(SAVAM
(dOOHTIV .06 =®)
- TIONV ONIONIM. = G _u 0
170 |
(15d /, 0D
i A
20 Jw: oz<|%|
PUREY \ SNIVYLS
\ 4 ¢ Q3IZ1ITVWYON
\
4 90
.._,.,E_.E:n\}f "
.......__. -
4 ¢

-190-

ko




- —

material behavior. With pressure cycling tests from zero to various levels of pres-
surization and unloading, it is believed possible e ohtain functional expressions of
the constants for engineering design use.

Figure 110 shows that appreciable differences may exist in the C{j moduli
depending upon the degree of matrix "effectiveness'" in the composite. For the curves
labeled "matrix effective' it is assumed that linear orthotropic behavior applies
whereas for the curves labeled "matrix ineffective' it is considered that there is ne
transverse reinforcement, i.c., ET = VLT = VTL = 0. The proposed method of deter-
mining gross engineering naterial properties may thus be able to provide a quantitative
measure of the degree of crazing or nonlinearity in a wound structure by comparing
experimental data with the two mathematically ideal extremes of matrix behavior:
effective and completely ineffective.
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SECTION VIII

MATERIALS RESEARCH ON CARBON-FIBER,
METAL-MATRIX COMPOSITES

Carbon-fiber, metal-matrix composites have a wide range of potential
applications, as shown by Table Il in Section IV. The technology of metal-
matrix composites is far behind that of resin-matrix composites; thus, the
initial studies of carbon-fiber, metal-matrix composites riust be on basic
questions of wettin"g«a,gld infiltration techniques. The literature relevant to
carbon-fiber, metal —m‘é‘brigs composites is reviewed in Section VII A,
Preliminary experiments on*pressure infiltration and wettability are
discussed in Section VIII B. Because of the urgent need for a light-weight,
stiff material, the major emphasis of the work to date has been on aluminum
rnatrix composites with several types of coated carbon fibers; this work is
reported in Section VIII C. Although aluminum matrix composites have
been made, their properties were not exceptional due tc the formation of
intermetallics or poor fiber-metal adhesion, Studies of nickel matrix
composites are given in Section VIII D. Carbon fibers can be electroclad
with nickel by several techniques; and nickel matrix ccinposites, prepared
by hot pressing the coated fibers, have shown good fiber distribution and
densities less than 3.5 g/cm?® In Section VI E, work on lower-modulus
matrix composites using tin and a cupro-nickel alloy is described.

A, Literature Review
(R, V, Sara, Union Carbide)

Although considerable effcrt is being expended at the present time on
the development of useful filament-based composites, the general emphasis
has been on oxide whiskers, glass fibers, metal wires, and the metalloids
such as boron and silicon carbide. An attempt at reinfor(cislg metals with
carbon fibers was made by Armour Research Foundation\%) and by
investigators at the Battelle Memorial Institute. ¥’ In their studies with
Al, Al-4 percent Cu, and 50 percent Cu-50 percent Ni alloys, Armour
observed that the ultimate tensile strengths fell considerably short of
expectations, These results were partially attributed to difficulty in
obtaining high-density composites with good fiber distribution, Battelle
attempted to fabricate a nickel composite by electrocladding and hot
pressing, but the nickel coatings spalled during the thermal treatment.

Since the early efforts by the Armour Research Foundation, the
necessary conditions for optimizing the mechanical properties in composites
have been established more clearly. These considerations should include
factors such as minimum fiber damage during fabrication, uniform
distribution and orientation in the matrix, fiber length greater than that
giving a critical fiber length-to-diameter ratio, fiber modulus of elasticity
greater than that of the matrix, and maximum fiber-matrjx bonding without
excessive reaction at the interface. According to Sutton, *® mechanical
properties are optimized to a greater degree if the matrix metal is molten
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during fabrication and particularly if the liquid phase readily wets the fiber
surfaces. The degree of wetting, bonding, and chemical reaction between
fiber and metal can be controlled to a certain extent through use of a suitable
coupling agent,

Applying these considerations to carbon filaments, one learns from the
available phase diagrams that a number of interesting composite systems
are handicapped by features such as intermediate compounds or high carbon
solubility. Specifically, the ductile metals aluminum, titanium, and nickel
bhave considerable appeal as matrix components for a variety of reasons;
but each is thermodynamically unstable in the presence of carbon. One
would expect that attempts to infiltrate these metals into carbon filament
networks would result in conversion of tae fibers to either Al,C; or TiC or
that they would dissolve in nickel. A number of metals exist which are
compatible with carbon (e.g., copper or silver); but, for reasons of cost,
refractoriness, oxidation resistance, density, etc., none has the immediate

appeal of aluminum, titanium, and nickel.

If molten metal is to be infiltrated effectively into a network of .carbon
filaments, a near-zero contact angle between the two components is
desirable, Published studies on the wettability of graphite by various metals
are relatively scarce. The most iox;:prehensive effort on this problem
appears in the Russian literature. '*? The Russian results concur with
experience gained at this laboratory and also with isolated reported data on
metal-to-carbon adhesion, %9} These studies indicate thet usually the
metals which do not form compounds with carbon do not we. a carbon
surface. Conversely, the elements which are compound formers are
observed to be adherent to grapbite, In particular, when transition elements
which are compound formers with carbon are alloyed with elements such as
copper, tin, and silver, the contact angle decreases sharply.

The above generalizations indicate that the opportunity exists for wetting
carbon fibers with aluminum and titanjum but not with nickel. Experience
has shown that aluminum and titanium readily wet graphite only when therxe
is the formation of Al4Cj; and TiC, re spectively. Carbon filaments subjected
to infiltration by these metals would undoubtedly be damaged as a result of
theve reactions. On the other hand, nickel is known not to wet graphite
extensively and conceivably would dissolve the fibers. A possible method
for alleviating the difficulties just cited would be the use of a coupling agent
between the carbon fiber and metal matrix. Sonsequently, a considerable
portion of the work described in succeeding sections was devoted to cladding
fibers with a material which is readily wetting and nonreactive with the
matrix metal. This approach was applied principally to aluminum studies.

The possibility of using hot pressing as 2 fabricating technique has also
been investigated. This approach is worthy of consideration because the
fibers are electrically conductive and, consequently, are capable of being
electroclad with>a variety of metals. This srethod has particular appeal for
the more refractory metals, where one could envision considerable
difficulty in isolating @ coupling agent which is not only chemically compatible
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with the fiber but also stable in the presence of a high melting metal. Such
is the case for nickel: a coupling material is not known at present which
fulfills the requirements for infiltrating this high melting metal.

B. Preliminary Experiments
(R. V. Sara, Union Carbide)

Several screening-type stu:ies were conducted to study the chemical
reactivity and wettability of caroon fibers relative to several metal matrices.
Essentially, these experiments consisted of pressure infiltrating aluminum
into a fiber network and also of qualitatively assessing the degree of wetting
by supporting the as-received fibers in pure molten nickel, copper, and
copper with varying ziloy ingredients.

In the absence of Al4C; formation, aluminum does not wet graphite; and,
without wetting. the infiltration of aluminum into an oriented graphite fiber
network requi‘rfs significant external pressures to offset the capillary
forces. Sutton'® ) has calculated that a pressure of approximately 25 1b/in, 2
is requires “o force molten nickel into the capillaries formed by 50 volume
percent of 8 micron diameter sapphire fibers. The capillary diameters,
volume fraction of fibers, and wettability of the sapphire-nickel system are
similar to the conditions of the carbon-aluminum system; therefore, similar
infiltration pressures are to be expected.

Aluminum

4 Perforated Graphite
Capsule with 50%
Fibers

1 Graphite Insert

AN Graphite Mold
N
o N-9450

Figure 111, Mold Configuration for Pressure Infiltration
of Aluminum around Graphite Filaments,

AN
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N-9693
Figure 112, Pressure Infiltrated Aluminum around Plies of
Graphite Yarn, 50X,

The feasibility of generating a composite by pressure infiltration was
evaluated by charging a graphite .capsule with 50 volume percent fibers and
positioning the .capsule in a graphite mold as shown in Figure 111, The
mold was inductively heated in vacuum to 750°C before force was applied
to the graphite piston, Two experiments were conducted in this manner
with pressures .of 360 ad 1080 1b/in.? applied to the aluminum and main-
tained through the cooling cycle. Figure 112 indicates the degree of
infiltration achieved at 360 1b/in.? The aluminum metal was ferced into
spaces 20 to 30 p wide formed at the ply junctures. The islands (plies)
containing approximately 720 filaments were not infiltrated. At the ‘higher
pressure, results were even less satisfactory, for the filaments were
forced even closer together leaving no demarcation zone between the plies.

These results indicate that the calculated infiltration pressures are low.
Before this approach can be evaluated as a method for ‘Preparing a
composite, an experimeatal arrangement is nesded capable of confining the
molten aluminum more effectively than the timple piston mold shown in
Figure ill., Improvements in the contact angle and surface tension of the
metal would contribute to the success of this approach.
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Copper is known not to wet graphite, but additions to this metal have
markedly changed the contact angle. A simple experimental arrangement
was devised to screen alloying additions which might be considered in
future infiltration experiments. Fibers supported in Cu and Cu alloys
containing 1.4 and 2. 75 weight percent Ti, Ir, Rh, TiSi (high silicon
eutectic composition), and CaSi were heated to 1350°C in vacuum for five
minutes. The noble metal additives had little effect on the wetting of the
fibers at this temperature, but the others did. Bonding between the metal
and the graphite components exposed to the melt was evident for add.tions of
Ti, TiSi, and CaSi; unfortunately, the fibers went into solution.

Both Ti and Si are often used as additives for coupling metals to graphite.
The function of these elements evidently is to f.rm a carbide interface
which is wetted more readily by the metal. The screening studies described
above indicate that extremely small quantities of either Ti or Si (< 1.0
weight percent) would have to be considered in future studies to avoid the
damaging effects of carbide formation or sclution of the fibers. An unknown
at this point is the extent of reaction or carbide formation which could be
tolerated on the fibe r surfacc before property degradation commen<es.

A similar experiment was performed with pure nickel as the candidete
matrix component. The metal was heated in vacuum just to the point of
melting and then chilled rapidly by quickly shutting off the heater power.
Metallographic studies of the nickel revealed complete solution of the fibers
and subsequent precipitation as spheroidal graphite.

These preliminary experiments indicated that a coupling agent would be
necessary for pressure infiltratior of aluminum around networks of carbon
filaments. Also, for a nickel matrix, a less drastic fabrication technique
-wouild have 1o be used than that of direct infiltration.

C. Aluminum Matrix Studies.
(R. V. Sara, Union Carbide)

Most of the effort connected with incorporating graphite iiberf" into an
aluminum matrix ‘was concerned ‘with cladding the fibers with a cgupling
agent which is wet more readily by the aluminum than are the fibers.
Particular attention was given to the interfacial region between fhe coupling
agent and aluminum, since aluminides are inberently brittle, l¢ading to the
weakening of the composite structure. Emphasis was placed an ‘metallic

*  coupling agents, since these are subject to -e'lectrodeposition,/which is a
% . more effective cladding process for the conductive fibers that are other
techniques such as vapor deposition. 7’“

(s3)

The first coupling agent evaluated was TiC because literature data
inferred that TiC is compatible with and wetted by aluminum, a rare
| characteristic for most materials, The TiC coaiings were prepared by
exposing the carbon fibers tc a H;-TiCly gaseous mixture at a temperature
of 1000°C. The fibers were separated and cemented on a "C'" form to
assure uniform deposition. Metallographic studies revealed that complete
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coverage (Figure 113) could be achieved after exposing the fibers to
H,-TiCl, for 60 minutes. The carbide coating depicted in Figure 113 is
approximately 0.2 p in thickness. The X-ray diffraction studies of the TiC
lattice parameter indicate a C/Ti atom ratio of 0. 55, a value which denotes
a very carbon-deficient lattice.

‘N-8008

Figure 113, TiC-Coated Fibers. 2000X. Enlarged
100 Percent for Reproduction,

Strength and modulus of elasticity values determined for a series of
carbon fibers exposed for varying time to TiCly vapors are shown in
Table XXI. The "as-received' fibers provided the highest tensile strength.
After pretreatmeut exposure to hydrogen at 1000°C for 30 minutes,
(common to all specimens) but with no exposure to TiCl, atmosphere, the
fiber strength decreases approximately 20 percent. This change is
believed due to further pyrolysis. Complete carbide coverage reduced
the tensile strength by a factor of four, although the cross-sectional area
remained unchanged. This be(h'jwior is si(m}lar to that which takes place
when filaments such as boron‘**) or glass 55) are weakened because of
surface reactions. The de~rease in strength is thought to be due to
notch effects.

-198-



TABLE XXI

EFFECT OF TiC ON CARBON FIBER
MECHANICAL PROPERTIES

Exposure Time Tensile Strength Modulus of Elasticity
min 1b/in, ? 10° 1b/in. 2 -
As Received 124,000 5.9 '
0 102, 300 5.1
15 45,800 8.5
30 42,100 7.2
60 29,400 6.4

—— —

The infiltration procedure was to maintain a vacuum of 10™° to .'C_b
torr until the desired temperature was attained, after which argon was
back-filled into the vessel until nearly atmospheric pressure {25 inches Hg)
was reached. The TiC-coated fibers to be infiltrated were contained in a
quartz tube which could be immersed into the molten aluminuin (99. 9
percent purity) at the desired time. A vacuum line to the quartz tube
contained a calibrated Nupro metering valve which provided precision
control and reproducibility of the aluminum infiltration rate.

Infiltration attempts with the TiC-coated fibers at temperatures below
1250°C resulted in .extensive channeling of the aluminum, a result -which is
indicative of poor wetting bet'veen the melt and fiber coating. Therefore,
a series of experiments was conducted to determine the spreading
‘behavior of aluminum on TiC. A TiC coating was formed on a highly
polished substrate of high density graphite by the same process employed
for the fibers. Pellets of high purity aluminum were heated in.contact
with this depositto 1000°, 1150°, 1390°, and 1410°C ‘in .an argon
atmosphere. An experiment was also conducted at 1000°C in vacuum. 1In
argon, the contact angle below 1250°C is substantially greater than 90
degrees, with wetting taking place at the higher temperatures. In vacuum,
a contaci angle smaller than 90 degrees iis encountered at temperatures as
low as 1000°C. The -inability to infiltrate aluminum into the TiC-coated
fibers below 1250°C is explained by the absence of wetting at these
temperatures in an argon atmosphere. These results concur with those
reported by Russian 'investiga‘tors,(“) who noted a contact angle of 115
degrees between aluminum and TiC at 700°C in an atmosphere of argon.
‘The highly stable oxide film which forms on aluminum has a profound
effect on the -wettin%,.,riapabilities of this metal. This fact was recognized
by Wall and Milner'®") who observed spreading to occur orly after the
aluminum oxide film had been mechanically punctured or degraded by
chemical or vacuum methods.
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At infiltration temperatures above 1250°C, channeling of the aluminum

was not encountered. The cross section of a composite formed by
infiltration above 1250°C is shown in Figure 114, The periphery of each
fiber was observed to undergo hydrolysis, a condition which probably
resulted from solution or decomposition of the TiC barrier material and
subsequent formation of Al,C;. This behavior was also evident in the
specimens used for contact angle measurements and particularly in those
cases where wetting was encountered,

N-8613
Figure 114, TiC-Coated Fibers Infilirated with Aluminum,
2000X, Enlarged 100 Percent for Reproduction,

The reactivity of the monocarbides with aluminum is further
exemplified by the results shown in Figure 115, The substrate in this
instance is NbC. The presence of Al4C; was again suggested by the
extensive hydrolysis which had cccurrcd in the large reaction zone
depicted in Figure 115,

The studies conducted on several monocarbides for ultimate use as
coupling agents between the carbon fiber and aluminum matrix indicate
that their potentialities are limited both because wettability is not
enhanced to the degree indicated in the literature and also because their
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ﬁ-' via . :l;--yi‘ . N-8614
Figure 115, ' NbC-Al Reaction Zone after Two Minutes at 1009°C
in Vacuum: A. NbC, B. Reaction Zone, C. Al,

250X,

chemical reactivity with aluminum results in the formation of Al,C;. A
possible exception to the latter generalization is TaC: it has been
reported(sa) that TaC can be synthesized from the elements in an aiuminum
matrix,

A study was made of the contact angle and reaction of aluminum with
a number of metals and with TiB, and TiSi,. The metals included Ti, Cr,
Mo, Ta, Nb, W, Ni, Cu, and Ag. The evaluation was made after the
substrate and piece of aluminum were heated at 1000°C in vacuum for
several minutes, Either complete spreading or essentially zerc contact
angles was observed for Ti, Nb, Ta, and TiB,. For *he remaining
substrates, the contact angle was approximately 3C degrees. No
metallographic evidence could be obtained which suggested that reaction
bad occurred between TiB, and Al, For TiSi,, although the results are
less certain, they indicate that tlis material is significantly more stable
. in the presence of aluminum than are the metals.

The metal substrates were eroded by aluminum to varying degrees and,
in a relative manner, signified which metal, when applied to the fibers as
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N-8615
Figure 116. Ta-Al Reaction Zone after Two Minutes at 1000°C
in Vacuum: A. Ta, B. Al. 250X,

Figure 117, Ti-Al Reaction Zone after Two Minutes at 1000°C
in Vacuum: A, Ti, 250X.
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a coating, would function best as an infiltration aid. Ideally, the metal
coating should not react with the niolten aluminum, since a brittle inter-
metallic phase could adversely affect the strength of the composite,
Extensive solubility of the coupling metal in the matrix is undesirable,
since a high solubility would dissolve the coating. In view of these
considerations, tantalum appears superior to the other metal coating
candidates considered in this study. The photomicrograph in Figure 116
reveals that a narrow and coherent reaction zone exists between tantalum
and aluminum. The photomicrograph in Figure 117 for titanium, which
is typical of the other metals, shows the extensive reaction which
prevailed, resulting in depletion of about 0, 003 inch of titanium substrate.
The feature which distinguishes tantalum from most of the remaining
metals studied 1n this program is the apparent absence of an AlsM type
phase, one example of which is shown dispersed throughout the aluminum
in Figure 117,

Exploratory studies with tantalum as a coupling agent were axtended to
include aluminum intiltration around networks of 0, 005-iuch diameter
tantalum wires. The objective of this study was to determine the infiltration
conditions required for a negligible reaction zou.e at the aluminum-tantalum
interface. At a bath temperature of 1000°C, aluminum is readily infiltrated
into the wire netwcrk without need for precautionary wire cleaning
procedures, After fifteen seconds at temperature, the thickness of the
reaction zone is about two microns (see Figure 118), For infiltration at
temperatures near the melting point of aluminum (~700°C), vacuum
cleaning of the tantalum wires at 1500°C was necessary. Wires infiltrated
at the very low temperature did not exhibit a reaction zone (see Figure 119).

N-8617
Figure 118, Reaction Zone Around Ta Wires Infiltrated with
Aluminum at 1000°C: A. Ta wires, B. Al. 2000X,
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N-8618

Ta Wires Infiltrated with Alnminum at 700°C:

Figure 119,
A, Ta Wires, B, Al, 2000X,

N-9317

Figure 120. Tantalum-Coated Fibers Infiltrated with Aluminum,
2000 X, Enlarged 100 Percent for Renroduction,
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Carbon fibers were coated with tantalum by a fused salt process.
Although the process is capable of yielding a high-purity deposit, repeated
attempts to achieve a uniform coating on all the fibers were without success.
The poor wetting between the molten salt bath and the carbon fibers resulted
in the cladding of only the peripheral fibers of the yarn with tantalum.
MNevertheless, infiltration studies on these poorly plated fibers confirmed
results achieved with the wires. Figure 120 reveals the absence of reaction
at the aluminum-tantalum interface. These results imply that tantalumn has
great potential as a coupling agent by virtue of its ciemicai compatibility
with both fiber and metal matrix under infiltration conditions. Preparations
are currently being mude for the deposition of thin tantalurn films by
sputtering techniques. This technique is superior to that used in the
thermal decomposition of the halides in tkat there is less possibility of
carbide formation and, possibly, the tantalum-graphite bond strength may
be greater,

Nickel, copper, and silver were investigated as coupling agents because
they can be casily electrodeposited. Attention was given to determining
minimum infiltration times and temperatures in order to reduce the amcount
of reaction zone.

Nickel, in particular, received attention, since this metal functioned
well in the aluminum infiltration experiments reported by Sutton;(5?
procedures were developed during this program for electrodepositing
reasonably uniform coatings from a NiSO4-H3;BO; bath on all the filaments
within a multiply yarn. Nickel also has the advantage of lower density
compared to tantalum and silver.

Nickel coatings were deposited on the fibers to a thickness of one to
two microns; the fiber diameter is about eight microns. Initial infiltration
studies were conducted using the quartz tube and vacuum procedure
described previously. Vacuum drawing of the molien metal into a tube
containing the oriented fibers often resulted in channeling. The molten
metal, more often than not, would seek the easiest path available
(capillaries with the largest diameters), thereby leaving many of the fibers
untouched by the metal. A method was devised which produced test
specimens superior to those achieved by the vacuum drawing procedure. In
principle, the technique consists of submerging a sealed, outgassed, and
evacuated graphite capsule containing the oriented fibers below the molten
metal surface. The previously evacuated vessel enveloping the molten
metal system is back-filled with inert gas to approximately one atmosphere,
thereby forcing liquid metal through a number of 3mall holes in the graphite
capsule. This method eliminates the channeling of aluminum within the
capsule which prevailed in earlier studies and permits exercising greater
control of the infiltration time.

j

With this modified infiltration method, very satisfactory specimens
were achieved in terms of density and fiber distribution, as shown in
Figure 121. However, it was not possible to avoid AlsNi formation, as
evidenced by the photomicrograph in Figure 122, even though particular
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consideration was given ‘o the absolute minimum in melt temperature and
infiltration time (six seconds). Pure aluminum and the alloys 4043 and
2011 were considered s part of this study, but each provided the same end
product. It is possible that Sutton also encountered Al3Ni formation, but
his sputtered nickel coatings evidently provided less opportunity for migra-
tion of the intermetallic phase into the matrix than that depicted in

Figure 122.

Typical results for an aluminum composite containing about 40 volume
percent fibers were: density, 2.7 g/ cm?; modulus of elasticity, 20 x 10°
1b/in. 2; and tensile strength, 26,500 1b/in.? Tke fibers are characterized
by a modulus of 34.5 x 10° 1b/in. 2 and 1 tensile strength of 200,000 lb/in. ?
1t is difficult to compare composite values with theoretical values because
of contributions from Al;Ni.

Silver was studied briefly as an infiltration aid for aluminum
principally because the phase diagram depicts an extensive solubility range
of silver in aluminum (around 38 atomic percent) at the solidus temperature.
This phase diagram contfiguration provides an opportunity for creating an
intermetallic-free matrix. Another favor.b'e aspect is that the Ag;Al,
phase occurs at a relatively high Ag concentration, a situation which favors
a smaller volume of intermetallic in the aluminum if reaction should occur.
The obvious obstacle in this system is dewetting if the silver coating should
dissolve too rapidly in the aluminum.

An aqueous silver cyanide bath was used to deposit a thin coating .of
silver on the fibers. First attempts at deposition resulted in the coating of
only approximately 75 percent of the fibers; and, after infiltration with
aluminum, approximately this same fraction of the fibers was incorporated
in the matrix. The photomicrograph in Figure 123 does not reveal the
prior existence of silver around the fibers because of the alloying of the
silver with the matrix. The small areas of gray phase in the photemicro-
graph are AgsAl,. A second experiment conducted with more uniformly
coated fibers was altered to include a one-minute equilibration period at
the infiltration temperature. This equilibration period was an attempt to
homogenize the alloy and deplete the matrix of AgsAl,. These objectives
were achieved, but most of the fibers were dewetted and regrouped as
clusters of uninfiltrated fibers. -

Copper wai also studied as a coupling agent. However, the copper-
aluminum systera does not possess a solubility range as wide as that of
silver. .This phase diagram difference for the two systems is also reflected
in the extent of intermetallic formation observed in infiltrated specimens.
Aluminum infiltrated around copper-coated fibers ::¢csulted in the formation
of considerable quantities of Al,Cu, a behavicr very similar to that for
nickel -coated fibers.

-207-




} N-9318
Figure 123. Silver-Coated Fibers Infiltrated with Aluminum,
20002,
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D. Nickel Matrix Studies
(R. V. Sara and R. Didchenko, Union Garbide)

Early in this program, an electroless method was developed for
depositing nickel around multifilament strands of carbon yarn on a
continuous basis. Initial attempts to obtain a suitable deposit by straight-
forward electroless plating failed; but when the fiber was made cathodic
in a2 standard electroless nickel bath, a sufficiently uniform deposit of
nickel could be obtained. The thickness of the deposit could be regulated
to some extent by varying the current and the rate at which the fiber was
passing through the solution. The nickel-coated fibers were formed into
test specimens measuring 10 cm long, 6 mm wide, and 3 to 4 mm thick
by hot pressing at 750°C and 2000 1b/in,? A number of specimens showed
areas of delamination where the nickel deposit was very thin around the
fibe -5 (approximately one micron or less).

For comparative purposes, additional test bars were prepared from
the pure matrix material under similar sintering conditions. The density
of these test bars was 6.8 g/cm?; the composite density was 3,5t0 4.5
g/cm3, Tensile strength measurements were made at Toom temperature

and 650°C, and the results are given in Table XXII. The best composite




TABLE X¥XII i

TENSILE STRENGTH OF CARBON-FIBER,
NICKEL-MATRIX COMPOSITES

Material Tensile Strength (1b/in. 2)
25°C 650°C

Unreinforced Electroless Nickel 15,000 4,000 .

Reinforced with Carbon Fibers 34,900 >18,500

samples broke at the grips in the high temperature test. The actual tensile
strength is, therefore, higher than the reported value. These preliminar-y
results indicate a significant fiber strengthening effect, particularly at
650°C. Since fiber densities were not measured, the fiber stress at
fraciure is not known,

The electroless nickel is actually a nickel-phosphorus alloy (our
deposits contain around 5 percent phosphorus), the mechanical properties
of which are not so good as those of pure nickel. Therefore, in subsequent
work, an electrolytic process based on nickel sulfate-boric acid was used.

Carbon fibers with an average modulus of elasticity of 34.% x 10° 1b/in.?
and tensile strength of 200,000 1b/in.? were electruclad with varying
thicknesses of nickel and hot pressed in vacuum at 900°C for ore hour under
various applied loads. The bar specimens measured one inch long, one-
eighth inch wide, and approximately one-sixteenth inch thick. Five
specimens were prepared for brief studies of such aspects as {iber loading,
forming pressure, and, in one instance, fibers having a greater fiber '
modulus and tensile strength, The results of these studies are summarized
in Table XXiII. The moduli were determined from sonic measurements,

TABLE XXNUI

PHYSICAL AND MECHANICAL PROPERTIES
OF CARBON-FIBER, NICKEL-MATRIX COMPOSITES ‘-

] Forming _Apparent Young's Shear Tensile Volume
3 Sample Pressure DensitX Modulus Modulus  Strength Percent
1b/in. 2 glem®  10%1b/in.2  10°1b/in,? _1b/in.?  Fibers
A 2250 3.47 21.6 -_—— 40,500 61,1
B 2250 4,15 25,3 3.20 49,700 48.0
C 4500 4,84 28.6 4,01 48,800 55.%
D 6750 4.81 28.8 4,07 47,300 55.5 1
E 2250 3. 48 33.8 2.80 43,300 --- }
i
!
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and the tensile strengths were obtained from dogbone -shaped specimens
having a one-centimeter gauge length. The ends of the dogbone were
cemented with epoxy into fixtures to facilitate gripping on the Instron
snstrument. The fiber-loading figures noted above are based on the rumber
of fiters charged into the mold, their crocs-sectional area, and the formed
specimen cross-sectional area. The fiber-loading values will be

| corroborated by means of chemical analytical results. The chemical analysis
will also provide a means for establishing more precisely the composite
theoretical density.

The fibers used in preparing samples A and E were electroplated in the
same manner. The fibers used in samples B, C, and D were also plated
similarly but with a larger cross-sectional area of nickel than in A and E.

Specimens A and E, prepared and tested first in this series, provided
moduli and strengths much lower than the rule-of-mixtures values, For
example, specimen A should have had a Young's modulus of 32 x 10° 1b/in, 2
and a strength of about 150,000 1b/in,?; specimen E (made from fibers
having a ‘modalus of 53.4 x 10° 1b/in.2 and a tensile strength of 330,000 Jb(in. 2)
should have been characterized by a modulus of approximately 44 x 10%1b/in.?
and strength of 230,000 1b/in.?2 Microstructures revealed porosity at the
junctures of the coated fibers and prompted a study of the influence of forming
pressure on density and mechanical properties. When the pressure was
doubled to 4500 'lb/jn.z, the porosity problem was solved, but the modulus
and strength were still below theoretical values. An even higher forming
pressure produced no density or microstructural change and did not '
significantly affect the mechanical properties.

A study was made of the fibers to detect if property degradation was

taking place.as a cféfx;_sa’équence of the plating operation. In particular, fiters
~ plated with nickel:y e stripped of the coating with diluted HCl1l. These

fibers did provic ej.’-‘:hlp_vver property values: modulus of 2E. 6 x 10° 1b/in.? and
strength of 178,'000.1b/in.2 The cause for these changes has not been
established conclusively, but the sulfate ion in the plating solution is suspect
in that it will form interlaminar compounds with graphite. With this lower
modulus valuz for the fibers, the theoretical value of the modylus is very
nearly achieved in the high density composite (specimens C and D), but the
revised (lower) thecretical strength is not achieved. The low composite
strength may be due, in part, to the fact that ‘the fiber modulus is less than
that of the matrix. The microstructure for sample D, showing fiver
orientation normal tc the applied forming pressure, is depicted in Figure 124.
This figure indicates that some fiber breakage has occurred, but the aspect
ratios are still quite large. Furthermore, the nickel was effectively forced
between the bro <en ends of the fibers and nullified potential void areas.
Figure 125 shows a cross-sectional view of composite D which indicates
very little fiber-fiber contact and verifies the high degree of densification
discussed previously. No reaction was evident in microstructures at the
nickel-fiber interface, but this result does not preclude the pos sibility of
carbon diffusion occurring which might degrade one or both constituents ir
the composite.

e
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Figure 124, Horizontal Secticn of Carbon-Fiber,
Nickel-Matrix Composite. 250X,
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Figure 125, Cross Section of Carbon-Fiber,
Nickel-Matrix Composite. 250X,
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This study will be extended on this composite system to include
variables such as forrning pressures and temperatures, fiber loading,
fiber modulus, chemical compatibility, and bonding. - A knowledge of the
effect of these variables is essential for optimizing .j:,l'r,pmcomposite properties.

E. Other Metal Matrix Studies
(R. V. Sara, Union Carbide)

Studies on two comporite systeme with low-modulus matrices were
initiated primarily to assess the strengthening which might be realized if
a more favorable relationship existed between the fiber and matrix mocduli,
The first of these composites included tin, which has a modulus of 7,75 x
10® 1b/in, 2 and a tensile strength of approximately 4000 1b/in,?2 The nickel
coated fiber n<twork after infiltration with tin vras practically pore free,
The density was &, 52 g/cm3, and the fiber lcading was approximately
33, 5 volume percent, A cross-sectionzi iew of this infiltrated composite
is shown in Figure 126, Measurements revealed that tin was strengthened
by a factor of twelve (47,400 1b/in,?), and the modulus was increased
twofold to 16,2 x 10° 1b/in,? The measured modulus corresponds to the
theoretical value, whereas only 75 percent of the theoretical strength was
realized,

__._.'. : i
A m"’f‘u'
. ¥ .:‘I.I..‘Ii'*"'
.,_t;»-.-: "'.&i
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Figure 126, Cross Section of Carbon-Fiber,
Tin-Matrix Composite. 150X,
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_ N-9697
Figure 127, Nickel-Copper Coatings on: A, Peripheral Carbon Fiber,
B. Inner Fibers. 2000X. Enlarged 100 Percent for
Reproduction.,

'n the other composite considered in this phase study, the nickel-matrix
modulus was decreased by alloying with copper (E = 18 x 10° 1b/in. 2). The
cupro-nickel matrix was formed by first electrocladding the fibers with
nickel and then with copper. The low throwing power of the copper suifate
tath resulted in heavier plating on the peripheral fibexs (Figure 127a) and
lers on fibers deeper within the yarn (Figure 127b), [he plated fibers
were compacted in a manner paralleling that used for Sample B in Table
XXIII. Even though the copper was not deposited uniformly, the total mass
of metal deposited was comparable with Sample B, The fabricated Ni-Cu
composite showed slight delamination tendencies which did not prevail in
composites B, C, or D. This delamination is due to sparse concentrations
of metal in certain regions of the composite. A density of 4,60 g/cm? was
determined for the specimen. Microstructures revealed that alloying was
complete and densification was good in regions containing a Fle metal,
The modulus of elasticity and tensile strength were 26.9 x 10° 1b/in, % and
55,800 1b/in, 2, respectively, These measurements cannot be compared
with theoretical values because of variation in the alloy composition, but
the strength is the highest realized to date for a carbon-fiber composite.
The fracture for this specimen is shown in Figure 128, The splintered
appearance is probably due to the occurrence of areas which possess very
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poor shear strengths due to metal deficiency. 7The fracture patte

rn was less

irregular for the pure nickel composites which had less porosity and better

metal distribution (see Figure 129), a pattern which is similar to

that of

Sample D in Table XXIII, Itis expected that higher copper-nickel composite
strengths will be obtained by decreasing the porosity and improving the

metal distribution,

Figure 128, Fracture Pattern for Carbon-Fiber,
Cupro-Nickel-Matrix Tensile
Specimen,
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n N-9699
Figure 129, Fracture Pattern for Carbon-Fiber,
Nickel-Matrix Tensile Specimen,

o
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SECTION IX
ADVANCED ANALYSIS AND SYNTHESIS STUDIES

The effective use of composite materials in high performance struc-
tural systems depends upon realistic behavior prediction and efficient
design procedures. Analyses and criteria to be used in guardina aqainst
failure of composite material structures are complicated bv the anisotropic
and nonlinear material properties exhibited by these materials. In many
applications the gecmetric configurations involved will be complex struc-
tural arrangements with irregular mechanical and thermal loadings and with
severe discontinuities. The studies reported in this section are directed
toward obtaining improved methods for structural analysis and automated
optimum design.

In Section IX A the use of an incremental complementary energy
formulation as a means of dealing with nonlinear multiaxial stress analysis
problems is discussed. In Section IX B the selection and generation of
modern optimization capabilities is reported. The inherent complexity of
the analyses and failure criteria on which synthesis of composite material
structural systems must rest emphasizes the importance of having available
efficient optimization procedures which make effective use of information
available fromi previous design cycles. In Section IX C the extension of
discrete element methods of structural analysis to include anisotropv is
presented. Finite element methoas of structural analysis are known to be
particularly useful in dealing with complex and irregular structural
arrangements fabricated from essentially isotropic materiais, and this
feature is expected to carry over 0 anisotropic materials. The scope of
the finite element formulations reported is such that material and
geometric nonlinearities can be treated in the future using iterative
computational procedures. In Section IX D the extension to anisotropic
material of a rather general transient temperature distribution amalysis
capability is reported. This thermal analysis program will be applicable
to both particulate and fibrous composite systems, provided the material
‘can be considered quasi-homogeneous. A1l of the studies reported in
"‘Section IX can be expected to -contribute to the overall goal of being
able to raticnally design an optimum structure 'and material simultaneously.

A. Nonlinear Multiaxial Stress Analysis .
(Profassor Schmt and Mr. E. Rybicki, Case Institute) ~

Multiaxial stress analysis including material nonlinearity is & diffi-
cult problem of growing importance. Mendelson (Reference 60) has studied
various plane stress problems for isotropic strain hardening materials.
The plan of attack in this study calls for first trying out an incremental-
complementary energy approach on some of the isotropic problems studied hy
Mendelson and then extending this work to orthotropic nonlinear materials
subject to multiaxial stress distributions.
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The incremental complementary enerqgy approach will be described in
terms of a plane stress problem. The change in the complementary energy
density A ug between stress distribution state 0-1 (°x0-1’ Oyn-1* %xyn-1

and stress distribution state Q("xf)’ Oyne °xy0) can be expressed as
follows

7x0 °yn Txyn

Auc‘-'- exdox"' eydoy+ vy dt (1X A-1)

Oxn-1 9yn-1 TxyN-1

Stress distribution state (0-1) is associated with load level 0-1 and it is
assumed to be known. Stress distribution state 0 is associated with load
level Q 2rrived at by incrementing upward from load level {0-1). The stress
distribution state 0 is unknown and is to be determined. The stress-strain
temperature relations are assumed to be of the form

!

o o -1
€y * -E- -V % +aaT + ) Ac;((q)P +Ar:xP (I1X A-2)
a=1
= % = (a)? P
ey=-¥--v—g+aAT+ ZAeyq' +Aey {1x A-3)
q=1
T Q-] P
ey —ét + 7 8 ‘12) + Avxyp (1X A-4)
9=1

In Equations IX A-2 and IX A-3 the first two terms are the elastic strain, the
third term is the thermal strain, the fourth term is the accumulated plastic
strain .components from the first 0-1 load increments, and the fifth term
represents the incremental plastic strain component. In Equation IX A-4 the
first term is the elastic shear strain, the second term the accumulated plastic
shear strain components from the first 0-1 load increments, and the third term
represents the incremental plastic shear strain component. The incremental
plastic strain components are assumed to be given by the Prandti-Reuss relations

-217-




s

i e e

P
- 1 Ae
Acx (Ux - Uy) -_(;_— (Ix A-5)
-
= ] Le !
Aey (oy ¥ ox) = (1X A-6)
-
P . be It
Ayxy 3 ‘txy = (IX A-7)

where AEP js the incremental equivalent plastic strain and the equivalent
stress 5 is defined as follows

- 2 2 2 12
| - %
g = (ox oy 9y oy + 31.°)

xy (1X A-8)

The basic assumption of the incremental strain theory is that the equivalent

stress T and the equivalent strain & are related in the same manner as
the yniaxial stress-strain curve of the material. Note that the initial
tangent modulus and the equivalent plastic strain E‘p uniquely define a value

of the equivalent stress o . Thus the equivalent stress o can be expanded
in a Taylor series about the (n-1) stress state, that is

€ 0

neglecting higher order terms and solving for set/o  yields

- s -
k.. 01 ) (Le) (IX A-10)
o c dog 0N-1

For & 1ipear strain hardening material {see Figure 130)

¢ = (7 - 5 ]g L=y (1x A-11)
and
-P
de 1 (1-m 2
- F (< (IX A-12)
o

from which it foilows that
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Figure 130. Linear Strain Hardening.
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bE o
—l . [%(l;qu)] [ - ;.’l:l] (1X A-13)
o o

- n
= % K(E) (1x A-14)
and it can be shown that
ey - n g,
—L2 -2y pn-= (1X A-15)
N1 o
o o

It 1s important to establish that th2 behavior between stress state
(0-1) and stress state 0 is conservative. This behavior is conservative
if there is no net change in the complementary eneray as 2 result of going
from stress state N-1 to stress state N and then back to stress state 0-1.
Stated in equation form the behavior stress state N-1 and stress stale 0
is conservative if

°o ’0-1
d u. + d-uc = d'ut = 0 (1X A-16)

%91 %
whzre

d v =€, d %y + cy d Uy + Yoy d Txy {1X A-17)
Let

F = €y i + €y j o+ Vi k (IX A-18)
and denoted

dR = d %y i + d °y j + d Txy k (1X A-19)

Then substituting Equations IX A-18 and IX A-19 into Eq. IX A-17 and Equation
IX A-17 into Eq. IX A-16 gives
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< Figure 131. Ramburg Osgood Strain Hardening.
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du_ = FdR = 0 (1X A-20)
But by Stokes Theorem it follows that

F+df = (v xF) « ndS (Ix A-21)

i and from Equation IX A-21 it follows that Equations IX A-20 and IX A-16
will be satisfied if vx F = 0, and this requirement

r— ey
| i hj k
T 9 9 9
v x F = -— = 0 (IX A-22)
ch ch thy
’;x Ey ‘ny

yields the following conditions

vy 2ty

] °y ] TXY

] Yx ] ex

-a-—«-"'- = 3 ) (1X A-23)
°x Txy ‘

] °y 9 °x
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It can be shown that the stress-strain relations represented by Equations
IX A-1, IX A-2, and IX A-4 satisfy the conservative behavior conditions
Equation IX A-23 therefore the incremental complementary energy density
A u. (see Equation IX A-1) is independent of the path taken to arrive at

stress state () from stress state N-1. This is true for both the linear
strain hardening case or the Ramberg-Osgood type of strain hardening
material,

The incremental complementary energy density can be expressed as
function of the unknown stress state 0 by substituting Equaticn IX A-2,
IX A-3, and IX A-4 into Equation IX A-1. For the case of linear strain
hardening the result is

1 2 2 2
c = T [on + Oyr = 2v 90 Oyn + 2(1+v) Tyt

Au

4 e

2 2 - x 2
" 9g-1 "~ 90 + 2v Ogn-1 Cyn-1 " 2(1+v) Tyy0-1 ]

0-1 . Q-1 |
+ (] 8l (g - o0q) + (1 2i) (ayg - 0y)

9=1 : | 0=1 | ‘

0-1
+ ( I AY&;)P) (TXYQ = Txy0_1)

o=1
+ (um0 (oxq + oyo) - (uAT)Q_1 (ax0_1‘+ oyn_1) (IX A-28)
+ %—;-'E ('5'0 - 3'0_.')2

The method of soiution being explored using this incremental complemen-
tary energy apnroach can now be outlined. Let the structure be subdivided
into K regions or zones of volume Vk. Then the total incremental complemen-

tary energy A T, may be expressed as follows

.,
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an, = 7 [ pu, dv]- (Tx+VY)ds, (1X A-25)

where the second term on the right hand side of Equation IX A-25 introduces
the influence of prescribed displacement boundary conditions (u, v) over
the S2 portion of the boundary. In each reqion Vk the stress function

w(k)(x.y) can be represented by the products of one dimensional Hermite
interpolation formulas (Reference 61). Note that the stresses depend
upon the stress function ¢ in the following manner:

N

2 2

- . = a L = - a ‘b -
o . s oy ;:!- A Ty TETE (IX A-26)

i (%)
<

Using second order Hermite interpolation formulas (hyperosculatory) the
approximate representation for the stress function in the k th region can
be expanded in the form of a series which will involve a total of thirty-
six unknowns. Executing the integration over the volume

give the contribution of *he k th reqion to the incremental complementary
energy and summing over the K reqions aives the incremental complementary
enerqy for the entire svstem. At the boundaries between the regions
stresses are matched exactly thus reducing the number of independent
unknowns. At external boundaries prescribed stress boundary conditions
can be assigned by specifying the values of appropriate unknowns, The
basic unknowns in this formulation mav be viewed as participation coeffi-

cients in the series approximations for the w(k)(x.y). Minimization of the
incremental complementary energy with respect to the independent participa-
tion coefficients will yield a solution for the stress state ). It is
expected that the unconstrained minimization techniques reported in

Section IX B-2 can be effectivelv applied to this class of nonlirzar stress
analysis problems,
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B. Selectiun and Generation of Synthesis Procedures
[Frofessor Fox and Mrs. Pankush, tase Institute)
1. Introduction

In order to carry out the various optimization tasks throughout the
project it is necessary to have a selection of synthesis techniques
available. This portion of the work has two major goals: first to develop
a solid base of experience with methods available in the recent 1itera-
ture and with possibilities for new methods in relation to the specific
optimization problems involved in this project, and second to generate
an actual operational capability in terms of computer programming that
can be used for part of the synthesis work, These techniques, in varying
degrees, can be generalized and developed into a modularized set of [
computer routines to be used as necessary for optimization problems. By
and large, the methods which will be described in this section are available
in the literature as mathematical programming methods for nonlinear
programming problems.

Many design problems can be stated in the following form:

->
Find the vector, D, of design variables such that a func-

->
tion F(D),called the objective function, is minimized (or
maximized) subject to a system of constrainis on the design
variables as follows:

gj(D) < 0 §3=1,2, eeusm (IX B-1)

->
where the constraint functions gj(D) represent the design restrictions

such as stress limitations, temperature limitations, an upper or lower i
tourd on a design variable itself and so on. Generally speaking, in

most real design problems the gj(B) are very complicated functions and

in fact in the usual sense are not really functions at all but the result

of a complicated analysis of some engineering design. They are, however,

functions in the sense that there are rules for determining their value
->

given the argument D, When the problem is stated in this way it is implicit
that an ana]yijs must be executed in order to determine the values of the

functions gj(D).

Another way of stating the same prcblem which is valid for many

engineering situations is as follows. Define a vector f which is the
concatenation of the vector of design variables and a vector of behavior
variables, that is

hd > <
x = (D. Y) = (D]. Dz, eee g Dn. Y]. Yz. see gy Yk) (Ix B-Z)
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where the Yi are behavior quantities such as stress, displacement, tempera-.
ture, etc, The problem can now be stated 25 follows:

-+ >
Find the X such that the function F(X) is minimized and such that
the following constraints are satisfied:

qj(i) 0 §= 1,2, caeqm (1X B-3)

iA

1,2, 0oy N (1X B-4)

zp(x) 0 P

>
where the functions gj(x) are as before and the new equality
constraints represent the analysis of the engineering design.

>
The system of equations zp(x) = 0 may be, in a linear structural
analysis problem, the following matrix equation

> > >
L(x) = KY - P =0 (1X B-5)

in which K, the stiffness gatrix, is a function of the design variables,

>

D, and the displacements, Y, are the behavior variables. Thus the two
modes of statement of the synthesis problem differ in that in the first
instance the analysis is assumed to be performed as a subsidiary function
to solving the design problem and the problem statement contains only
inequality constraints. In the second instance the analysis is zn integral
part of the design problem and is performed at the same time values for
the design variables are sought which optimize the design. Thus this
latter statement of*the design problem contains equality constraints in

the form of the zp(x) = 0. The first form of problem statement is perhaps

the more natural to engineering, however it has been discovered that the
latter form often has advantages which make it useful in certain applica-
tions.

A rough means of categorizing the available methods for solving these
problem is to break them down into two general categories: the unconstrained
methods and the constraired methods. Either of the methods is applicable
in theory to both formulations of the synthesis problem. In the constrained
methods both the equality and inequality constraints are handled directly
by considering them as inviolable limits on the design variables. In the
unconstrained methods a new function is formulated which incorporates
contributions from both the objective function and from penalties represent-
ing increases in the function value proportional in some way to the viola-
tions of the constraints. These functions are then minimized and their
minima tend successively to the solution of the constrained minimization
problem, A brief description of two unconstrained formulations is presented
later in this section.
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2. Unconstrained Minimization Algorithms

Central to the unconstrained methods are algorithms for finding the
minimum of a function of many variables without considering constrainis.
General ly spea_kjng, all of the practical methods are iterative. Consider

a function ¢(X) which is to be minimized. An iteration process can
proceed as fol lows

-+ -+
Ot - 3@ % sa (IX B-6)

in which the q+1th iterate i determined from the ath jterate by the

addition of a scclar multiple cf a vector s The various schemes for
unconstrained minimization differ essentially in the ways in which the

-
directions S7 are generated and by ways in which the scalar multiples
a. are determined. A simple relaxation scheme, for example, is one in

vwhich the gq are successively

ﬂ

S' = (1,0,0, ..., 0)
$ = (0,1,0,0,...,0),
$ - (0,0,1,0,....0),
: (1X 8-7)
? - (0,0, ...,0,1)
™. 1,0,0,....9)

A method of this type is also often called a univariate method. Even with
the simple relaxation method there are still a wide variety of possibilities
for the o For example, the % may be taken to be a smal! predetermined

quantity which is kept constant until its use no longer produces decreases
in ¢ or it may be changed on an ad hoc basis as the iteration process
progresses. Perhaps the most common rationale for modern methods is to

* :
choose % such that ¢(xq +a 'S’q) is minimized. We will denote the a which

-+ |

minimizes the 4,()(q +a §q) as a*. This latter method of choosing the a
is ordinarily the most efficient method and is in every case the method
chosen for work on this project.
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An efficient improvement of the simple univariate methods has been developed
by Powell (Reference 62). This method has been programned and a description
of the algorithm_ follows.

Select for an initial set of directions the univariate directions, i.e.
the elements of the qth direction, §q. are

q=]9 20 cesg N (Ix 8'8)
i = ]’ 2’ Olb’n

Q.
S5 Sqi

as in Equatiors IX B-7. Denoting the starting point for an jteration sequence

as ¥ compute ;2. e, .., ™

-+ -+ -+

X9 = X34 gv 9 Q=1,2, covy (IX B-9)
Then compute the direction vector from .il to Y"ﬂ and denote it as §n+l

-+ -+
sl .t (1X B-10)
and compute the n+2th iterate as

U AL N Lt (1X B-11)

Finally revise the direction set by

>

->
91 . <9 9=2,3, ccop N¥ (IX B-12)

and repeat the steps given by Equations IX B-9 through IX B-12. This last
-
step (Equation IX B-12), discards the current direction S] and places

> -+

S"ﬂ = X"” - P into the set. The advantage of this is that this latter
vector contains better iniformation on the direction of decreasing function
value than do the univariate directions. In Reference 62 a more sophisti-
cated method is given for selecting thc vector to be discarded. This method
has also been programmed as part.of this work.

A surprising feature of the Pcwell method is the fict that is is quadra-

tically convergent. This means that if the function ¢(X) is a quadratic
function in the variables the method will converge in n steps, where n is the
number of variables involved. Of course most of the functiors arisiw., from
synthesis problers are of higher order than quadratic; however, the property
of quadratic convergence is extremely advantajeous becaust as the minimum

of the problem is approached the function becomes more nearly approximatable
by a quadratic and the method accelerates to the wminimum. The programmed
versions of these methods have been tested on a variety of functions and these
theoretical conclusions have in fact been verified. Powell's method has the
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advantave that it does not require any information of the function at any
fteration other than the function value at particular points tested. This

is an advantage in the sense that other information, in particular first
partial derivatives with respect to the X0 need not be determined. However,

in terms of length of computations and number of iteratfons required to
obtain a minimum, Powell's method is less efficient than the higher order
methods which do involve partial derivatives of the function.

The simplest of the higher order methods was originated with Cauchy
(Reference 63) and is calied the gradient method or steepest descent method.

This technique involves an iteration in which the SU is merely the negative
of the gradient of the function ¢, V¢. This method in itself is not very
efficient but forms the conceptual basis for a large class of relatively
new methods which are extremely efficient in terms of their convergence
rates. The methods of this category are often referred to as Conjugate
Direction Methods and are also quadratically cunvergent. They have an
additional advantage over Powell's method in that they are more stible
against round-off error as the iteration process proceeds. In many cases
the computationzl effort involved in computing the derivatives is made up
for by the reduced nuwber of iterations required. Two methods of this
category have been programmed under this preject.

The first of these was developed by Fletcher and Reeves (Refecrence
64 and operates in the following way. Select a starting vector

X and set S] = - V¢ (x }. Denote V¢(xq) as Gq and iterate as follows

> 2+ 2
compute B, = (69 /(69°1) (IX B-13)
> >
and A (Ix B-14)
> >
and X x84 ¢ (IX B-15)

It can be proven rigorously that this method,apart from rounding errors,is
guaranteed to locate the minimum of any quadratic function of n variables in
at most n iterations, The proof is involved and for the purposes of this
description is should suffice to note that each direction used in the itera-
tion process contains a contribution from every previous direction. The
proportion of each of the preceeding directions which is contained in this
"carry over direction" is dependent upon the ratio of the square of the
lengths of the gradients of the function at each of the points in the itera-
tion. Thus, the direction in a sense accumulates information about the form
of the function as the iteration process proceeds. This method has beea
tested on several non-quadratic functions and its efficiency has been found
to be quite high. Occasionally however since the accumilated information
in the direction vector is subject to round-off error, it is necessary to

clear this information out periodically and begin to accumulate new information.
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Various criterfa are used in determining the point in the iteration proces:

-
vhen the Sq'] in Equation IX B-14 must be set equal to zero. For problems
with many variables it is generally necessary to reset this vector to zero
after n iterations For extremely large problems, for example on the order
of 300 to 600 variables, it may be necessary to resei ‘the accumulated
direction vector to 0 in as few as n/2 iterations.

Probably the most powerful of the gradient type methods is that
developed by Davidon (Reference 65) and further explained by Fletcher and
Powell (Reference 66). This methud operates as follows:

Select a starting point ;] and choose any positive definite
symmetric matrix H] and compute

AL B IR & (1X B-16)
where
- -+
9 = Hy 64 {1X B-17)
2q 2qT Hyo ML
and H =H ., + S g B Lk (1x B-18)
y yU U Hey Y
where
-+ -+ % >
v B G L BRRPAPS o ~ (1X B-19)
= -+ -+
and y3 = 6% - ¢! (1X B-20)

3. One Dimensional Minimization

As was mentioned earlier, in all of these methods the technique of deter-

= -+,
mining « is to choose it in such a way that the ¢ (Xq +a Sq) for that parti-
cular iteration is minimized. There are several al ternative ways of doing
this. First of all, the function may be assumed to be quadratic in the

>

direction s9, Tnis in general is a fairly good assumption and becomes betteyr
and better as the minimum of the function is approached, as is evident from
examining a Taylor series expansion of a function about the minimum. With

this assumption the function value tested at three distinct points can be

used to generate the coefficients of the quadratic and the minimum of the
quadratic may be determined and used as an approximation to the minimum of

the actual function. Thus, if it is assumed that
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->
o(X® + a9 = a+ba+cal (1X B-21)

and the three values of ¢, 010 o0 and o3 corresponding to say a = 0, 1/2,
and 1 are available thu:n

A= H
WEEE L (1X B-22)
a + b + c = o
From which
a = &
b =36, + 44, - 95 (1X B-23)

c = 2¢] - 4¢2 + 203

The valze of a* is estimated by setting

L - -
%; Q(XQ + aSq) = b+2ca = 0

which yields b
a* = - 2‘6 (IX 8-24)

or

P i Sl
4(0] - E?é - ‘3)

A butter fit can be obtained in many cases by assuming that the function is
-
cubic in the directiun S% and evaluating the function and its derivative in

-
the direction ST with respect to a at two points and using this inforwation
to generate the coefficients of a cubic. As with the quadratic the minimum
of the cubic is tuken as an approximation to the minimum of the actual
function,
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Thus the assumption

-+
Q(Xq +a gq) =a+ba ¢ Caz + da3 (1X B=26)

is made and the four quantities U ¢]‘, ¢, and ¢2' are evaluated where

-+, -+
6 = o(x? +a SN (1x B-27)
-+ -+
= q q e
6 = (X7 +a, ST (1X B-28)
-+ -+
o' = ST ve (0 4 oy $%) = G2 (1x B-29)
a=a]
-+ -+,
0 STve (X +0,89 = g2 (IX B-30)
(!302
This information can be used to evaluate a, b, c and d from
3
a + b a] + [ o Q]z + d G] = 0]
2 t e, ¢t Cal + de = H (1X B-31)
@2 %2 %2 2
2 _ '
b + 2C G] + 3d G] = ¢]
2 _ '
b + 2¢ ay + 3d a = ¢
from which
¢, + W=z
a = %y - ( 1 ) (a] - 02) (1X B-32)
¢]. - 02. + 2v
where
4 - %
b4 = (-—-———.—) + 0 ! - ¢ C (Ix 8-33)
a - % 2 1
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and
2 1/2
w = (Z ! ¢2. ¢'|') (Ix 8'34)

Both the quadratic and cubic estmat'lon schemes have been pregrammed in a
modular form and either can be used in conjunction with any of the four
previously described minimization routines. Both of these methods may
at a particular step in the iteration process produce poor estimates of
the location of the minimum of the function, This situatioi. can be
detected by testing the dot product between the gradignt of the function,
V¢, at the estimated minimum poini and the direction S9. If the point

is the minimum of the function then the dot product should i»a equal to
zero, and its deviation from zero can be used as a test or criterion

for goodness of fit.

4. Unconstrained Formulations

At this point a brief description of two formulations for converting
the constrained minimization problems stated above into unconstrained
minimization proeblems is appropriate. Methods of this clas; ame often
called penalty function formulations for reasons which will become obvious,

A powerful method for handling problems of the first form (inequality
constraints only) was developed by Carroll (Reference 67) and further
expanded by Fiacco and McCormick (Reference 68). In this formulation a
new function ¢ is created as follows

m
oX) = F(X) -r I 1/g:(X) (IX £-35)
J=1

where r is an arbitrary positive constant. If the function ¢ is minimized
for a particular choice of the paraneter' r, startmg the iterative process

from a point X] for which gJ(X ) <0, then the Xmm(r) will also satisfy
gj(xmn(r) ) <0. The smaller r is, the closer i n(r) can approach the
solu't':|1on° F(X) + min such that g (X) <0. The "penalty function”

-rt l/gj serves to insure that the constraints will be satisfied as

the minimum of F is sought. The smaller r is chosen the less the "penalty"
interferes with the true minimun of F; on the other hand small values of r
produce functions, ¢, which are diff1cult to minimize hence a_sequential

reduction process is used. Starting with a feasible point, X!

(i.e. gj(ﬂ) < 0), and a large value of r, denoted s o is minimized.

-233-

»




wmssat o R RN E

The resulting point imin('l) is then used as the starting point for a minimiza-
-
tion of with r = r, <. The process is repeated until F[ min(")] can no

longer be reduced. There are refinements of the ':2thod which estimate even
better stzrting points than this and these have proved to be quite useful,

This attack on the optimization problem is more a formulation than it
is an algorithm and as such very little can be done in the way of producing
programming before the fact. Huwever several simple example problems have
been solved in order to estzblish a base of experience with the method.
Generally this testing has shown the formulation to be viable however,
if 1t is necessary to go into the lower ranges on r, the most powerful of
the minimizers (Fletcher-Powell) is required.

A formulation which is applicable to the second form of optimization
problem was developed by Schmit and Fox (References 69,70). This method
makes use of the bracket function as a penalty function. The bracket
function is defined as

t t 3_0
<t > = : (IX 8-36)
0 t<o ;
A function is constructed as
g 9 +> 2 " + +
o) = I [, + ] <gj(X)>2 + F(X) - Fpl  (1XB-37)
p=1 i=1

where FG is a goal for the objective function. If the minimum of 4 is zero
-
then the point "m“’s) corresponds to a design and its correct analysis which

satisfies the inequality constraints and has a value of the objective function
less than or equal to FG. Optimization is accomplished by successively

lowering the value of F. until a choice is made for which ’[-imin(FG)] f 0.
In this way the optimm is ultimately bracketed by two successive choices of
FG' The method is described in depth in References 69 and 70.

As with the Fiacco-McCormick formulation it is not practical to attempt
to preprogram the draw-down method described abovz. Needless to say a base
of experience has been established for this formulation during its development.
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5. Constrained Methods

A class of constrained or direct methods which is being implemented
is known as methods of feasible directions (Reference 71). The programming
for these algorithms is well along but not complete at this writing.

The concept invelved in these methods when applied to the first form
of problem statement is that the iterative procedure

> > .
G U C IR (1X B-38)

must produce an .iqﬂ for which gj('fqﬂ) < 0. ‘his places restrictions
directly upon the choice 3% and a. 1If at X° the functions g,(X") <0 for
all j, then $9 can be taken as -G and a taken either as the value a* if
no gj (;mf?;]) > 0 or otherwise the v21ue nearest to a* that does not cause
viola*ions. This usually causes gj(x“”) = 0 for some set of values of j
denoted as a set Jc. The constraints whose indices are in Jc are t2rmed

bound or active constraints., When,a point in the iteration is encountered
for which some qj =0 then S = - G will not generally be a direction in

which further redesign can be made.

A direction called a useable-feasiblc direction is one for which

S - aj <0 jed (Ix B-39)
S8 <0 (IX B-20)

where ;:] =9, (x%).

The direction is one in which, locally, the function F can be reduced without
violating the constraints. A method of feasible directicas is actually any
method for locating such a direction.

A formulation which is useful for obtaining a "good" useable-feasible
direction is: :

Find an ; and a scalar o such that

(1) S-qy + 8,020 Jed (1X B-41)
(1) S<6 + a <0 (1% 3-42)
(iii) a normalization requirement is satisfied

example |§| < 1 (1X B-43)
and o + MAX
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where ej are arbitrary positive constants.
a "best" useable-feas )le direction; if o
local optimum.

Omax > 0 corresponds to

-
= q
X 0 then the point X" is a

The above "direction finding problem" is itself an inequality con-
strained optimization problem but it is considerably simpler than the
_source problem and may even be a linear programming problem depending
upon the choice of Reauirement iii.
The basic logic and programming for this method are being developed
but the central section of coding involving the computation of gj and 33.

which are the heart of the problem technically, depend upun the specific
problem and must be developed on an ad hoc basis.
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C. Discrete Element Structural Analysis Methods
(Dr. R. Mallett, E. Helle, Dr. R.H. Gallagher, Bell Aerosystems)

The high stiffness, high strength and low density of advanced composite materials
make them attractive for a variety of structural applications. The geometric configura-
tions of interest vary widely depending upon the application. Most involve complex
structural arrangements, and boundary conditions, nonuniform loadings, and gross
discontinuities. Furthermore, many composite material systems exhibit brittle be-
havior which requires a high degree of accuracy in the prediction of siresses, parti-
cularly in localized regions of high stress concentration. It is obvious that classical
analytical solutions cannot adenuately cope with the diversity of structural configura-
tions and types of loading involved. Therefore, it is necessary to employ an analysis
method which has great flexihility of application with respect to configurational forms,
loading, and boundary conditions. The discrete element matrix method satisfies these
requirements and, therefore, was chosen for the structural analysis of representative
components,

At the outset of the program a very strong general structural analysis capability
based on the discrete element technique, existed for isotropic materials. The present
research program has been directed toward extension of this existing analysis capa-
bility to accommeodate anisot ronic materials. It is important to note that the attractive-
ness of composites as structiral materials stems, in large part, fiom the controllable
variability of their anisotropy, stiffness, and strength. The same considerations also
represent major sources of increased complexity introduced into design problems by
the use of composite materials. The use of high stiffness composites serves to ampli-
fy the significance of geometric nonlinearity in the thin-she!'l problem class; important
applications also exist in which high stress levels induce significant material non-
linearity. The scope of the formulation developed is such that these material and
geometric nonlinearities can be treated using iterative computational procedures.

The importance of the requirenients discussed above is emphasized by a descrip-
tion of the particulate representative component analysis problem. The component is
kxsically a short thick axisymmetric structure. Various geometric configurations such
as "~ one shown in Figure 132 were examined. All candidate configurations were
izregulai with respect to any coordinate system. Environmental conditions were
represented by nonuniform pressure and thermal loadings. Attention was focused on
design: of uniform material type. However, significant variations in jroperties due
to temperature effectc were included. Further comnplexity was introduced by the need
for analyzing several different sets ci boundary conditions.

The description of the throat insert design problem, together with the com-
plexities of the fiber reinforced shell design problem, clearly indicates that practical
analysis requirements transcend specific problem oriented formulations. Thus
development of analysis methods coatributes to the overall program objectives in a
number of ways. Most importantly, the analysis capabilities play a major roie in the
design of comy. .gite components for structural applications. Completed portions of
the analysis capability have already been employed in this connection during the
design studies of the JTA representative (see Section V H). As a second benefit,
development and application of the analysis capability serves to point out areas of
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structural mcchanics which merit consideration in university course work and
research. It is pertinen! to note that this widespread trend in the aerospace idustry
toward general purpose discrete element structural analysis capabilities, which Be’i
has pioneercd, have been recently reflected in university curricula. Ultimately, in
the scope of the present program, analysis capability will find important application
in defining material property goals for composite materials dcvelopment.

1. Principles of Discrete flement Systems

The discrete element approach to structural analysis may be consistently
developed within the framework of continuum mechanics variational methods. Therein,
discretization of a continuum can be designed to facilitate construction of admissible
displacement functions. The physical model so constructed may be equivalently viewed
as an assemblage of discrete structural elements connected such that interelement
continuity is maintained. It is this latter view point which permits broad generality of
the method. Development of the concept has enabled the systematic analysis of large
complex structures viewed as assemblies of elementary components. Relation of the
method to continuum mechanics allows the use of well-known convergence criteria in
interpreting predicted behavior,

To illustrate the principles of the discrete element method, a representative
problem solved at Bell using the general purpose program for structures of isotropic
materials is briefly described. Figure 123 presents a physical model employed for
an Apollo heat shield analysis. The thickness of the shell is variable due to scalloping
and the shell configuration is irregular., Both rigid and elastic supports are provided.
A varying distribution of pressure is applied over only a portion of the surface. These
variations are accounted for in the discretc element idealization since the structure
description is referenced to individual elements. The shell shape and element grid-
work illustrate the applicability of triangular and quadralateral thin shell elements o
arbitrary shape. It is particularly important to note the distribution of grid points
which pro 1e refinemen! of the representation in regions of complex behavior. Varia-
tions in materials, geometry, loading, and boundary conditions are all considered in
defining the grid patterns. Experience in defining gridworks enables a reduction in
the scicction of degrees of freedom without a corresponding loss of accuracy, thereby
pcrmitting economics in computer setup and run-time.

2. Theory
A complete mathematical representation of a discrete element is, within the

scope of the research program, taken to consist of algebraic expressions for the
following matrices:

»

(a) Stiffness [K] (d) Therr{gal Load {FT}
(b) Incremental (tiffness [N] {/ (e) Preshtraln Load {Fe} , and

(c) Pressure l.oad {FP} (f) Stress [S] , {s}
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These matrices arise in the stationary conditions of the elemerit potential energy
except for the stress matrices which stem directly from the clement stress-displace-
ment relations,

The potential energy functional mathematical model of a discrete element is
discretized into a finite number of degrees of freedom herein through the assumption
of displacement function mode shapes. Thz selection of these displacement functions
warrants careful consideration since they serve as-a basis for all eslement response
characteristics. Displacement functions must be complete up to the cider of trunca-
tion, embody all rigid body modes, and provide for intzrelement continuity in order to
allow valid use of esfablished convergence criteria,

The assumed displacement functions for an element ’may be written symbolically

IU‘ﬂ -[s0)] {8} (IX C-1)

The coefiicients { ﬂ} in the assumed modes are referred to as "field coordinate'
displacement degrees of freedom. These field coordinates afford considerable
simplification in the development of algebraic expressions for the energy functions;
however, in order to apply physical boundary conditions to an element it is convenient
to transform to element boundary or grid point degrees of freedom:

(£} [5] { 4} ooz

Having constructed the displacement mode shapes and selected the grid point
degrees of freedom, the derivation of the element matrices is pursued by forming
the element potential energy.

as

The element potential energy is defined as

ro-tle O] [E]{<O}-TO] € )] [e]{a}

(IX C-3)
e ] [5] {e, 0} -w
where the notation employed is as follows:
T( ) is the temperature relative to ambient temperature
{a} is the thermal coefficients of expansion
{ € ( )} is the strain
{‘i ( )} | is the prestrain, and
[E] is the coefficient magrlx in the generalized Hooke's law, l.e.,

oot f2] {{0} - {0} -mO{}}
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Introducing the assumed displacement functions into the lincar strain-displace-

ment relations for an clemem yields the strains expressed in terms of the field coordinates

{e( )} [n( )] {B} (IX C-1)

Substitution of this relation into the potential energy function and expanding
the external work yields '

LA™ ]v(l? lBJ[D( )] T[e] [D( )] {B}
-1()| 8] [D()]T[E]{a} (IX C-5)
18] [pol" [l e, ) e
[ B[] T{pc} rar

Carrying out the indicated integration and introducing the previously described
transformation from field coordinate displacement degrees of freedom to selected
grid point displacement degrees of freedom the final form of the linear potential
energy is obtained,

e ol 16 £} - Lo {rd- Lo (5 - L} {r,} e

where the element matrices are

I [T Bl g e oxen
{r_[} }fv T ( )[I‘Bq]T [D( )]T F]{a} dv (IX C-8)
() el O]l O e
{pp} ./R :rB q]T [B(R)] T{p( )} dR (IX C-10)

One additional element matrix that is not shown above the incremental stiffness
matrix [N] which is needed ir nonlinear problems, has not as yot been defined in
meaningful symbolic matrix notation.

The element stress matrices are suppleme'ntary matrices which stem directly
from the governing stress-displacement relation.

{r 0} [E][D(’] [rgo){o}- [ {<:00) (IX C-11)
- T( )[E] {a}

Particularization of this relation to specific points yields the stress matr.ces, i.e.,

(e} [s){a}-{e}
The variational viewpoint taken thus far is carried forward into the assembly of
the individual element representations to form the mathematical model of the total

structure. The structure mathematical model is constructed simply by effecting a
nonconformable sum of element matrices to connect adjacent elements. Structure
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compatibility requirements are thereby satisfied in the assembly process. Equilibrium
is established by solving the resulting governing matrix equation for the displacement
unknowns. Stresses are then determined from the dispiacement solution.

It is important to note that the mathematical description developed for a structure
is referenced to the individual discrete elements. It is this separation of the mathe-
matical description from the structure mathematical model formed by assembly that
accounts for the broad applicability of discrete element analysis capabilities. Appli-
cability is limited only by the suitability of the discrete elements available for the
structural idealization.

3. Analysis Capabilities

Development of analysis methods was directed toward extending Bell's general
purpose capability to deal with anisotropic materials and advanced structures. A
linear analysis capability for thick-walled axisymmetric structures has been accom-
plished through the introduction of the set of orthotropic ring discrete elements shown
in Figure 134,

This set of axisymmetric discrete elements includes plane strain ring and core
elements. Linear radial displacement assumed modes were employed for these one
dimensional models, Cylindrically orthotropic material properties were considered.
A linearly varying radial temperature profile over the elements was assumed in order
to provide piecewise approximation of actual thermal loading. Stress matrices were
included which yield predictions of stress at element midpoints.

These plane strain elements are suitable for the analysis of long thick-walled or
solid axisymmetric structures without significant axial variations in geometry and
applied loading. In addition, these plane strain elements are useful for- conducting
efficient preliminary analyses of more general cases.

A triangular cross-section ring and a corresponding core element were included
to enable realistic idealization of thick-walled and solid axisymmetric structures with
significant axial variations. As in the case of the plane strain elements, linear displace-
ment functions were assumed. Stiffness, thermal load, and stress matrices were pro-
vided in this element representation.

The triangular cross-section element is very versatile. The arbitrary cross-
section shape enables precise idealization of any axisymmetric thick-walled configura-
tion. As an example, this element alone was sufficient for the refined analyses conducted
in the design of the particulate composite throat irsert component discussed in Section
V H. A typical configuration and gridwork employed in this design process is illustrated
in Figure 135. The component was subjected to the pressure and thermal loads given in
Figure 61. Predicted stress behavior is presented in Figures 136 through 138. Two
general characteristics of these stress results merit comment. First, predicted stress
intensities are extremely high at the throat center inside face of the nozzle and decrease
rapidly in both radial and axial directions. The unreasonably high predicted stresses
suggest that it may be essential to include nonlinear material behavior in the analysis.
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PLANE STRAIN RING

Discrete Elements for Analysis of Thick

Figure 134,
Axisymmetric Structures.
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Seconds After Ignition, Nor Uniform Wall Thickness.
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Sceondly, it is important to note the tensile stress state iluced along the outer face
of the inscrt, This is potentially a design constraint since the tensile strength of the
material is a Traction of the compressive strength, Additional applications of the
triangula; cross-section ring elements are given in Seetion V H,

Three orthotropic thin-shell discrete clements are being developed to extend
the analysis capability to deal with fiber reinforced composite structural components,
The first of these thin-shell elements, shown in Figure 139, is an axisymmetric
toroidal ring element. This ring element will allow smoothly continucus idealization
of thin axisyiametric structures with axial variations in loading. An osculatory
membrane displacement func tion and a hyperosculatory transverse displacement
funetion have been employed. The excess number of degrees of freedom associated
with these displacement mode assumptions will provide economy of the total number
of degreces of freedom in strueturc idealizations and also serve to minimize stress
interpretation problems. Stiffness, pressure load, thermal load, prestrain load, and
stress matrices were formulated for this element representation, It is anticipated
that this element will be employed in extending material selection synthezis roncepts
to accommodate discrete element analysis techniques. Orthotropic triangular and
quadrilatcral thin shell discrete elements have been selected to enable effeetive
polygonal idealization of arbitrary fiber reinforced composite thin-shell structures.
The representation formulated for this set of elements includes stiffness, ineremental
stiffness, pressure load, prestraiv load, thermal load, and stress matrices.

The discrete elements just described were seclected for use in this program buased
on a considerable background of experience in struetural aralysis and design in equiva-
lent applications using isotropie materials. These orthotropic discrete element represen-
tations together with the linear structural analysis eomputational procedure form a
sound basis for evaluating the structura’ performance of eomposite materials., Having
established this basis, the next step will be to generalize the eompuiational proecedures
to deal with composite struetures characterized by significant material and geometrie
nonlinearity.

A further important projected effort will be devoted to structural synthesis. It
is anticipated that weight optimizations will be eonducted for large scale structures
with fixed material specifications. Best materials ean tiien be suggested based on an
interpretation of several fixed material optimizations, A secondary conceptual g: mic-
tural synthesis developmental effort is planned to incorporate material selection aesign
variables within the automated portion of the design eycle. The nature of this effort
will be guided by the results of the feasibility studies conducted at Case.

D. Thermal Analysis Methods
(M. Janis, Bell Aerosystens)

The study of anisotropic effects on heat transfer dates back to 1832 when Duhamel
(72) first Zeveloped a mathematical theory on heat conduetion in erystals. The modern
treatment is due to Stokes (73) and morc recently Wooster (74). However, despite a
long history of analytic trcatment the absolute prineiple thermal eonductivities are
today still unknown for most noncubic erystals. Uufortunately, the development of
polverystalline and filamentary composite materials has compounded the difficulties
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involved in the analytical prediction of thermal properties for these classes of mate-
rials. Thus it would seem reasonable that increased effort shouid be directed toward
development of analytic and/or experinental techniques "or the determination of the
required properties. It should be noted, however, that simplified models have been
employed (75, 76) recently to predict the thermal properties of some classes of fiber
reinforced composite materials.

1. Theory

Most of the general theory of conduction in anisotropic media applies equally
well to the c¢onduction of heat and of electricity. Experiment has shown that in an
isotropic conductor the flow, whether of heat or electricity, across a urnit area ina
unit time is proportional to the gradient of temperature or potential in the direction
of the flow.

For an isotropic material the above relation between heat flow and potential
may be expressed,

. dé 4
q = ka;— (IX D-1)

where q is the amount of heat crossing unit area A perpendicular to the direction of
flow in unit time, k is a constant known as the conductivity, d 6/dr is the temperature
gradient; q and d 8 /dr are vector quantities which can be resolved into components
parallel to the three mutually perpendicular axes

.. d8 . "
qi—ka;i-(l—l,2,3) (IX D-2)

Extension of these relations to anisotropic materiais is given by

. 48 .. ... r
qi B kij de (1)1—1)2’ d) (D(Ds)

which equation assumes that each component of the flow is a linear function of the
potential gradient components, Thus in the general case of anisotropy there are nine
conductivity constants,
B s

From the form of the equations it is seen the kijj's are the components of a
second order tensor and the individual values depend on the orientation of the reference
axes relative to the principle material axes. The number of constants required to
define the thermal conductivity for an isotropic material is, of cocarse, one since
ki1 = koo = kgg and all other terms are zero. For a transversly isotropic material,
there are two constants and for an orthotropic material three constants are required,
i.e., ki1, koo, and kgg. If the principle axes of the material are not orthogonal, then
it is required to specify six constants (symmetrical array) to define the thermal con-
ductivity of a given material. However, since a heat transfer computation routine has
been developed to consider general anisotropy, the difficulties are associated only with
defining the therinal conductivity for input to the general solution.
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2. Couputation Technique

Many numerical techniques have been developed over the years which may e
employed to compute the transient heat transfer through complex structural systems.
However, the method most familiar to Bell Aerosystems is that of Dusinberre (77)
whicn has been found easier to apply than many of the other techniques.

The method consists of dividing the space and time domains into discrete
intervals and approximating the dependent variabie, i.e., temperature, at a given
location in terms of the temperatures at other locations. This is done using the first
few terms of a Taylor series expansion, as given below,

2

2 d°T
- AL i -
Ty, t+ At 'Ti,t+Atdt 2 2 (D)

Experience has indicated that the second order term may be neglected unless
extreme accuracy is required near the initiation of integration. The first order
term is obtained Ly solving the energy balance, i.e.,

dT o A
= - Ky T (1,7 T)
dt mL‘P ij r‘ "1
ILy=1 L
N
4 4
+Z AF (T - T (IX D-5)
ji=1

4 .
-0 €
Bs e T +ag.

on the basis of the current temperatures. It should be noted that all material
properties are considered temperature dependent; the nomenclature in the above
equation not previously defined is as follows:

m = mass
C = gpecific heat

k:; = mean conductivity between two arbitrary i, j pointe
Ai i = cross sectional area between i, j points

rij = path length between i, j points

Aj Fij = radiation interchange between i, j points

Stefan-Boltzman material constant
A Si = external surface area of element
surface emissivity

q
i

—te
fl

The thermal conductivity in the above equation refers to a specific direction and
is obtained by matrix multiplication of ihe conductivity tensor by the unit vector along
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the directed iine from the ith (o the jth location in the physical system. The term
'.‘B.C. represents a varicty of time or temperaturc dependen! boundary conditions
which may be imposcd if rcquired.

The structure tempers . ures at the start of each interval are defined by those at
the close of the preceding interval and the soluticn subsequently progresses from
i{\itial coniitions to completion.

The computation technique dcscribed above was incorporated into a computer
program for conducting transient heat transfer analyscs of anisotropic media. The
program is written in Fortran IV for an IBM 7090 digital computer and solutions may
be obtained for as many as 450 locations in a three-dimensional physical system.

The program accounts for internal conduction and radiation intcrchange (limited to
2000 interchange factors), as wel! as radiative dissipation to the environment, and a
variety of time or temperature dependent boundary conditions. Thc initial tempera-
ture distribution may be completely arbitrary and the thcrmal properties, i.e.,
thermal capacity and emittance, are assumed temperature dependent, The thermal
conductivity is assumed depencent on both temperature and direction. The program

is very efficient and solves the transient tcmperatures for a relatively detailed
discrete element idealization of a rocket nozzle throat insert (Figure 140) in approx-
imately 26 x real time. The solution for a similar rocket nozzle throat insert obtained
with Bell's general thermal analyzer program, which does not handle the more general
thermal anisotrophy as developed under the current program, on an IBM 7090 com~-
puter ran 27.6€ X real time,

The data print-out includes the input which save core space as well as transicnt
temperature and heat flows at specified locations in the system. If desired, thc out-
put temperature data may be recorded on tape for automatic plotting.

3. Results

As a check of the new thermal analysis prograr-, its results were compared with
results from a previously available program which approximately represcnis trans-
versely isotropic materials. The JTA throat insert was studied to determine the effect
of anisotropy on the temperature transients incurred subsequent to ignition. The insert
configuration and the idealization employed in the thermal analysis are shown in ‘Figure
140. Because of the steep temperature gradient expected at the gas-solid interface, a
nonuniform finely divided grid was employed.

Element thermal characteristics were based on tempcraturc dependent material
behavior. JTA composite material properties from the literature were used and
thermal loading conditions were as defined in Section IV B.

The thermal studies were conducted on the basis of n perfectly insulated external
surface. (During the first few seconds of operation, the temperature distributions arc
essentially independent of the external boundary condition). Transient temperatures
were determined during the first two seconds of op=ration and typical results are
shown in Figure 141. The radial temperature distribution at the minimum throat
diameter and the axial temperature distributions at various depths from the inner
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‘Figure 141. Transient Temperature of Throat Insert.
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surface at two seconds after engine ignition are shown in Figures 142 and 143,
respectively. Isotherms in the insert two seconds after ignition are shown in

Figure 144,

Superimposed on Figures 141 and 142 are results for an isotropic insert
having "with grain'' properties. It is evident that significant differences in the
transient temperatures result from the influence of material anisotropy.

It is of interest to compare the results of the new computer program with
those obtained during a previous investigation of JTA throat inserts as reported in
i Section V H. The solutions differ only in the technique used to account for direc-
tional dependence of the thermal conductivity, i.e., the previous study made use of
the analogy between thermal conductivity and resistance to approximate the direc-
tional dependence whereas anisctropy is exactly accounted for in the study reported
3 herein through the use of the thermal conductivity as a tensor,

A comparison of the temperatures at the end of a 2 second firing at specified

locations in the insert is presented in Table XXTV. The maximum absolute devia-

i tion is approximately 1.6% and occurs a. the downstream extremity of the insert.

! It should be noted, however, that the cloae agreement shown is b ieved fortuitous
and is thought to be related to the choice of material; i.e., JTA compogite exhibits

! an almost constant ratio of principal conductivities over a large range of tempera- :
ture and is transversly isotropic as well thus, allowing the uncoupling of the heat \
flow equations. For other classes of composites, the new computer program allows
an improved representation of thermal anisotropy.

\-

TABLE XXIV

- ! COMPARISON OF PREDICTED INSERT TEMPERATURES
AFTER FIRING 2 SECONDS

! Temperatures
‘ Element Location This Study Section VH Deviation
o [+] ]
F F F
1 1711.3 1679.1 -32.2
‘ 6 2759.7 2766.2 + 6.5
10 1767.1 1731.3 -35.8
49 148.37 ' 150.89 + 2.52
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SECTION X

FIBER COMPOSITE AIRFRAME COMPONLEMT

A representative fuselage section was selected for study as the first representative
component to uiilize the carbon-fiber. resin-matrix composite material. Preliminary
design studics (Seciion X A) indicate significant weight advantages for the carbon com-
posite material and suggest a structural configuration consisting of stringers and rings
to stabilize the fusclage skin. Preliminary approaches were defined with respect to
attachment design concepts (Section X B) and structural testing (Section X C).

A. Fuselage Preliminary Design Studies
(D. P. Hanley, A. Krivetsky, and J. Witmer, Bell Aerosystems)

For purposcs of preliminary study, the nominal dimensions and proportions of the
fuselage section as shown in Figure 2 were established as Dy - 24 inches, Dg = 22 inches
and L = 48 inches. An examination of the load-geometry parameters (M is the applied
moment and d is the shell diameter) for aerospace vehicles indicates that the structural
loading index (M/d3) 1 3, lies generally in the range between 1.5 and 5.0, where the
upper limit is somewhat on the high side

With an assumed value of 4.0 for the structural loading index and the geometry
of the fuselage section established in Figure 3, the maximum section bending moment
can then be calculated. The bendiig moment may then be transformed into an equivaleat
axial loading (i.e. producing the same maximum stress in the section) by utilizing the
expression:

N=4M/md

The advantage of converting moment into an equivalent axial loading is due to the
fact that more information is available on compression panels with various types of re-
inforcement than is available for cquivalent cylinders in bending. The panel data pro-
vide the overall instability criteria necessary for minimum weight investigations. These
considerations apply primarily to isotropic materials of construction.

In gencral, analytical studies of structural efficiency and/or minimum weight are
based on idealized structures. Such siudies do not consider limitations &' :n as mini-
mum practical thicknesses, distances between stiffening element - that are dictated by
fabrication methods, and discontinuities in the structure that may arise from load con-
centrations and/or mechanical fastenings between sections of an entire structure.

Recognizing these ideaiizations and using the above described design approach,
preliminary minimum weight estimates of the fuselage structure for several materials
and several types of shell construction were estimated as presented in Figure 145. The
conical configiration in these calculativns was approximated for simplicity in the anal-
ysis as a circular cylinder (24 inch diameter by 48 inch long). With an M/d3)1/3 = 4.0,

the corresponding axial compression loading it 1955 1b/in. which value is seen to be
well bracketed by the range of data shown in Figure 3 for many aerospace applicntions.
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Titanium

p =0.163 lb/m.3
E =16x 106 psi

Ring Stiffened Sheli Weight = 1.33 psf
Ring Spacing = 12 in. T =0.057 in.
Stringer - Ring Shell Weight = 0.61 psf
Ring Spacing = 2.9 in. T = 0.026 in.

Fiberglass Composite

Ring Stiffened Shell Weight = 1.20 psf
p =0.08 lb/in.3 _ T =0.104 in.
. 6 . _ 6
EL = 8.0 x 10 psi GLT =0.48 x 16 psi

6
) =105 i = 0.2
LT 1.3x 10 psi VLT 8

Graphite/Resin Composite

Ring Stiffened Shell Weight = 0.86 psf
p = 0.05 Ib/in. T =0.119 in.
6 6
= " psi = 0.52 x 10 i
EL 40 x 10" psi GLT 0.52 x ps

2 6 - u.2
Ep =1.5x10 psi V.= .29

Circular Cylinder - 24 in. Dia. x 48 in. Long

Loading = 1955 1b/in. (M/dd)1/3= 4.0 (Room Temperature)

Figure 145. Preliminary Minimum Weight Concepts of Circular Cylinders.
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Using titanium at room temperature as an example material, the skin-stringer-
ring shell shows an appreciable weight advantage (0.61 psf) over a ring-stiffened shell
(1.33 psf), but it also illustrates the relatively thin gages that must be used to achieve
lightweight design with a conventional material and monolitric construction.

Following a similar approach(79) for a ring-stiffened shell, the graphite fiber/
resin composite material shows a decided advantage (0.86 psf) over the ficerglass
(1.20 psf); the difference between titaniam (1.33 psf) and fiberglass (1.20 psf) can be
considered small.

Since the titanium skin-stringer-ring configuration indicated a considerable

weight saving over a plain ring-stiffened shell, it can be assumed that similar stiffen-

“~—_ing advantages would result with the use of a graphite fiber/resin material in the skin-
sti'i'nger_-ring configuration. Derivations of the required structural efficiencies to prove
this will indeed be complex because of the orthotropic material characteristics. An
estimate of 0.4 to 0.5 psf would appear reasonable though for the idealized graphite
fiber ring-stringer-shell composite, which would renrresent a 20 to 30% weight saving
over the idealized titanium shell.

—

Although the preliminary minimum weight design approaches show considerable
promise for the graphite fiber/resin composite, further analytical effort is required

to define the structural design. The need for an improved specification of the elastic
constants used in the anlysis is recognized.

Further study is also being made in the following areas: comparative perfor-
mance evaluations of idealized isotropic and orthotropic shells of various designs
(ring, stringer, ring-stringer stiffened, and sandwich constructions) as functions of
locd:ag intensity, structure size, dnd material properties; ring/stringer intersections;
methods of joining the stiffeners and skin; minimum practical skin thicknesses; and
provisions for attachments and/or test adapters. !

Since the preliminary design work conducted to date has only considered an
axial loading equivalent to a typical bending moment intensity, additional work is
also required to define analysis procedures and minimum weight design concepts
for orthotropic shells subjected to combined loads.

B. Attachment Design Concepts
(D. P. Hanley, Bell Aerosystems)

Final design of the representative fuselage component will require considera-
tion of macro-discontinuity stress problems related to attachments, ring/ stiffener/
shell intersections, and other areas as described in Section X A.

Work was therefore initiated during this period to determine ultimately the
impact of attachment hardware weight penalties on overall structure performance.

The more immediate goals of this program phase have been: (1) to identify

problems associated with various design approaches and (2) to apply some of the
more creative design approaches in a practical manner to the fuselage component.

-262-




A review and general organization of design problems associated with attachments
and gross discontinuities in fiber reinforced composite structures has been accomplished.
Design problem areas were categorized as follows: (1) stress concentrations due to
penetrations (holes, cut-outs, etc.) in plates and shells; (2) discontinuity stresses
associated with shell junctures; (3) methods of reinforcing plates and shells; and (4)
methods of attaching thin-w-1led finite-length shell elements {such as filament wound
hollow beams, cylinders, etc.) to one another, to conventional shell elen:ents, or to test-
ing fixtures. Modes of failure considered for these applications were primarily strength
and instability. Very little work has been reported on fatigue failure modes.

Within the above categorization of problem arzas ard based on a review of sighifi-
cant work in the field, the following general observationc were made:

(1) Much of the previous work in the field features ponderous and imprecise
methods of analysis which are based on gross simplifications of material
behavior, structure geometry, and loading conditions.

(2) There are available methods of predicting stress concentration effects
around penetrations in homegeneous orthotropic media. These are
useful in qualitatively establiching the reinforcement required to loca'ly
strengthen the composite.

(3) Analysis of locally reinforced regions (around holes, juncturss, etc.) in
composite structures is at best very approximate because the nature of
inter-and intralaminar shear stress behavior is not well defined. This
area in particular is deserving of attention because of potentially signi-
ficani weight savings in structures = (in certain applications on the order
of 30% of the total structure weight may be due to reinforcements).

(4) Several major obstacles which have hindered determination of gross
discontinuity stresses in structures have been: (a) the lack of adequate
data characterizing orthotropic materials (directional moduli, strengths,
etc.) and (b) the tremendous amount of calculation required to analyze
composite structures. These are being rapidly overcome with increasing
attention in the field to both materials and computer-based clesign methods.

(5) Considerably more information is available on design concepts for
attachments of and to composite siructures than is available on their
performance and relative comparisons.

Considering the above points, the present research is being directed toward
designing and analyzing a single structure which involves (to a progressively more
realistic degree) major elements in each of the identified problem areas. Because
of the analytical complexities involved, it is anticipated that this can only be done
within the scope of this effort in an approXximate manner. In this respect the idealized
fuselage component represents many of the elements of discontinuity stress pro-
blems in advanced structures--ring/stringer/shell intersections, attachments, and
concern for penetrations -- and will, therefore, serve to generate specific but
broadly applicable design techniques.
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C. Structuial Testing of Fiber Composite Components
(D. P. Hanley and J. Witmer, Bell Aeroaystems)

Testing activity on fiber composite components at Bell is expected to consist
of: (1) tests of @imple components and (2) tests of the representative components.
To date, only tentative test plans have been formulated.

With respect to simple components, tentative specifications were formulated
for a filament wound cylinder test program to measure directly the four plane stress
orthotropic elastic constants as discussed in Section VIIE. Specimen design, materials,
geometry, fabrication, inspection, assembly, testing, and data analysis parameters
were identified. Some consideration has also been given t{o the testing of a limited
number of stiffened panels but plans have not been completed.

Tests of the representative fuselage component have been qualitatively defined
to simulate bending, torsion, and heating environments. A series of tests are planned
to apply bending and torsion separately and in combination in order to obtain stress
distribution data with which to compare theoretical predictions. Loading will be
established to avoid damage to the component once crazing thresholds, etc. are
defined from the simple component tests. Limited tests will be conducted to
measure thermal stresses. The fuselage section will then be lo‘a%(: to failure
uader simulated design conditions which will most likely incluCe axombination
of bending, torsion, and heating. T
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