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ABSTRACT 

Both resin and metal matrix composites with high modulus carbon fiber« 
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. 
Various 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 te"t concepts have been formulated for urn- 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 representative 
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, analyses of a hollow cylinder and a flat plate, and the design of a 
rocket throat insert are reported. 

iii 
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bECTION I 

INTRODUCTION 

The present program it 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 fcr 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 Ae rosy stems 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 students.    In brief, the major objectives 
are (1) to develop high modulus carbon flbe ; 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 «9uld perform more efficiently if made from a 
lighter and stiffer mate Hal tnan 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 m^derately-to-strongly anisotropic in their physical 
properties, show nonlinear and nonconservative stress-strain behavior to 
varying degrees, and exhibit brittle failure.    The efficient utilisation 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 noniinearity, and, to 
the extent possible, with nonconscivatism.    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 fracture 
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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Ic   ntify DOD applications toward which the program eftoits should be 
directed.    Components which 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 (an i sot ropy, 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 materisi 
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 component which, in terms of a defined objective, 
efficiently performs a sei 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 extension 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 
synthesiy 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 mite rials supplier 
would be integrated into one overall process.    A fifth major objective of 
this program is to develc-) workable methods for carrying out this Integrated 
Approach to Applied M?terials Research. 

In the following three paragraphs, the general areas jf responsibility 
of each member of the Association are defined.    The •■»verall technical 
program and the war ir which the activities of the three members of the 
Association are coupled together are discussed in Section II A.    The overall 
program can be divided into six parts, and a brief description of each part 
is outlined in Section II B.    In Section III,  a general summary ic 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. 
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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 Carbide consists of: 
(1) materials research, a basic research 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 oi 
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, 
a basic research program to det:rmine experimentally adequate failure 
criteria for anisotropic materials under multiaxial stress states and to find 
ways of representing the failure surface which can be used by the designer 
in practical calculations. 

The primary objective of the work at Case Institute of Technology is 
to advance the ba-ic structural mechanics technology required for rational 
design with composite materials.    Composite materials offer the structural 
design engineer the prospect of being able ultimately to c irry on 
simultaneously the design of the structural configuration and material.    To 
bring this about will require fundamental advances in structur»! »ynthesis 
as well as a substantially improved uilerstanding of the behavior of 
composite materials.    The objectives of the research program at Case are: 
(1 / the quantitative formulation and efficient solution of the structural 
synthesis problem, including material variables, for elementary, but 
representative, components fabricated from composite materials; 
(2) experimental stress analysis studies and theoretical investigations in 
micromechar.ics with the objectivs of improving the measurement and 
calculation of stiffnets properties and faflure mode criteria for composite 
mute rials; 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 prototype design level, the 
advanced analytical procedures and improved understanding of material 
behavior which will result from the research; and to establish application- 
related property specifications for materials research activities.    To 
attain these objectives, the following seven-part t   chniral program is to be 
performed:   (1) application selection, the objective of which is to define 
representative configurations and environmental conditions which reflect 
OOD 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 oi and methods for the application of analytical tools, which are 
needed to cope with the anisotropic, anelastic,  and nonconservative 
material property behavior arid the multiaxial stress distributions 
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*ntic'.p«ted In ttructural conliguraf.oni attociated with the use of the 
iubject materimli; (4) definition of objective function, which it required for 
the at «element of performance of she :omponentt of interest in light of 
achieving their detign objectivet; (5) ttmctural tynthetit, which involvet 
the application of ttmctural tynthetit techniquet at the practical level to 
define the mott detirable material compotitiont within a particular clatt of 
compotitet; (6) ttudy of creative detign conceptt. which are certain to be 
nacettary for a material clatt which it at complex at compotitet; and 
(7) tatting, which it necettary to verify the value of analytit proceduret 
uaed to detign compotite material« and the componentt which utilize them. 



SECTION II 

PROGRAM  PLAN 

In a project involving «eparate organizations, an attempt is usually 
made to divide the work so that each organisation has separate and well- 
defined jobs.   In the present casei 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 groups and (2) 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 
activities at one organisation 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 
interrelateoness 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 
communication 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 r :> 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) 
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influences the materials research and fabrication techniques.    The inter- 
relations among activities are depicted in Figure 1 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 structural components (Block 
Bell 45).    The physics) properties 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,t 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 outpvfs 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 guidance in 
evolving semiempincal methods for predicting stiffness and strength data. 
The long-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 reliable 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 approximate analytical representations for the physical 
properties of composites ^s 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 representations for physical properties.    The fact 
that analytic-1 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 bacic 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 extending 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 at i-quired in Loth Block Case 20 and 
Block Bell 40.    Experimental verification of some of thest  structural 
analysis studies will be undertaken:   this vork is indicated by the lines 
joining Block Case 20 and Block Bell 40 to 'he component testing activity 
(Block Bell 45).    The selection ^.nd evaluation of modern algorithms for 
efficient structural synthesis is represented )y 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 emphasired that initially the structural 
synthesis studies for simple components will be carried out for specific 
composite materials.   Several specific materials within a class can be 
selected and employed.    For each discrete material, 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 
procesaing variables).    Minimizing the material evaluation function, subject 
to constraints on the range of values that the independent variables can 
assume, 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 materixl 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   • »nables 
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 variables 
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 
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representative components (Block Bell 42) will also provide insight wV ich 
can be used to guide the fabrication of nev/ composite materials within k 
class.    The application of the materials evaluation function or the 
incorporation of material variable?, into large-scsle structural synthesis 
capabilities for actual representative components is thought to represent a 
potentially attaiitable goal. r 

B.    Technical Approach 

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

I.    Particulate Composite Studies (See Section V for results of the first 

It was decided to carry through all aspects of the Integrated Approach 
to Applied Materials Research at an early stage rf the program in order to 
gain experience in how to introduce material variables into the synthesis 
procedure and to establish a working relatior ship betwren the materials 
laboratory and the structural designer.    Because high modulus carbon fiber 
composites were not available in sufficient quantities at the start of the 
program, the first pass had to be made with another class  of materials; in 
addition, the calculations had to be based on the best curreuMy available 
analysis procedures, failure mode criteria, and structural synthesis 
algorithms      These disadvantages are more than offset by the fart that 
much of the experience gained and many of the techniq les developed 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 ZrB2 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 commercial product JTA, which is currently being used for 
rocket nozzle inserts and is being evaluated by the Air Force for additional 
'«opli cations. 

Ihe JT-series materials are being produced and their physical 
properties measured by Union Carbide.    At Case Institute, two structural 
synthesis problems are being investigated with the objective of determining 
the optimum material for each application (a thick-walled cylinder and a 
fiat 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 
material,  is being carried out at Bell Ae rosy stems.    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 supported 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 thr start of this program, carbon-fiber,  resin-matrix 
composites had been fabricated by the same methods used for glass fiber 
composites.    Therefore, the objective of this worl , which is being conducted 
at I nion 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 
component* will include samples for the reliable design data studies, simple 
components for testing analysis procedures, and the more complicated 
component representative of a fuselage section. 

3. Microa.jchanics and Design Data Studieb for Fiber Composites 
(See Section VII for results of the first year. ) 

The best use of fiber composite materials has been hampered in the 
past by lack of reliable measurements or, preferably, calculations of 
composite material physical properties.    Micromechanics stucies at Case 
Institute will attempt 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 for results of the first 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 use.    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. 

I 
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5,    Advanced Analytii and Synthesis Studieg (See Section IX for results 
of the first year.) 

The paniculate 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 
stn-cture« will be studied.    Synthesis studies at Case seek to establish the 
BftOva efficient synthesis algorithms which will be required in order to 
include the material variables within the synthesis process.    Later, work 
at Bell Aetosystems will 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 z\ Bell is 
to generalise their heat transfer and discrete element structural analysis 
programs to include orthotropic material properties.    Later,  stress-strain 
nonlinearity wili be introduced into the discrete element structural analysis. 

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- 
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. 
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SECTION   III 

SUMMARY 

A.    Application Sele-tion 

A variety of aerospace -application area« tor high performance compos- 
ite materials has been reviewed in order to focus the program effortii on 
DOD requirements.    Atmospheric, space, and support systems and 
propulsion devices were considered.    Application requirements vere first 
related to the type of matrix which would be required and then i«   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 aircraft» 
missiles, and aluncK vehicles.    The greatest potential of particulate co   .posites 
appears to be in propuliicn 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 rnd 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 exiiit.    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 differently under tensile and compressive stresses.    A 
statistical concept has been formulated which predicts the strength 
variability of an anisotropic material subjected to triaxial stresses.    The 
concept includes consideration of the effects of compressive and shear 
stress« s. as well ae tensile stresses, on the probability of failure of the 
component.    A multiaxial stress testing machine for thin-walled, hollow 
cylinders has been ccn. tructed, 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 been 
formulated    programmed, and subjected to numerical verification studies. 
The transient temperature analyses take into account temperature depend- 
ent thermal properties.    The stress and displacement analyses consider the 
orthotropic character of the material and the temperature dependence of 
the mechanical properties. 
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Design «tudiet for a rocket nozzle insert have been made.    The high 
•tress 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. 

i C.    Matertals Research on Carbon-Fiber,  Resin-Matrix Composites 

Preliminary experimental evaluation of epoxy resin composites made 
with carbon and graphite yarn 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 01. 
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 treatments 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 yp.rn has been 
found to be approximately double that of rings made from unetched yarn. 
This increase in strength 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 found 
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 has been developed; future work on models 
with random packing should yield more realistic predictions of mechanical 
properties.    A study of test methods for the experimental determination 
of mechanical properties has been initiated.    The magnitjde of bending 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 
t«     . and a new ring test is being developed. 

The first investigations of a photoelastic study of the internal stress 
behavior wiihin fiber reinforced composites have been on stresses due to 
curing and uniaxial loading and on stress concentrations at the ends of a 
fiber.    Curing stresses along the fiber have been found to be small, but 
•tresses 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 
composites 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 two matrices (tin and cupro-nickel)    where a more favorable 
relationship exists between the fiber and matrix moduli.   Since aluminum 
does mt ordinarily wet pure graphite, the infiltration of aluminum into an 
c-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 infiltration 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 infatration conditions.    Successfully infiltrated specimens 
were achieved with other coupling agenta (Nl, Cu, and Ag), but the composite 
propertied were adversely influenced by intermetallic phases.    Carbon fibers 
can be electrociad 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 f - 29 x 10* lb/in.2) for these composites are consistent with the rule 
of mixtures value, but the tensile strengths (~ 50,000 lb/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 lb/in. 2) 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 Isotropie Prandtl- 
Reuss type of material has been considered because of the existence of 
independent Jesuits that will provide test cases for numerical verification. 
Extension of this study to include orthotropic material characteristics is 
thought to be possible.    The selection and 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 problems directly, and the generation of modular computer 
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procedures based on these algorithms is being pursued.    The powerful 
discrete element methods of structural analysis have been extended to 
accommodate anisotropic materials.    A linear analysis capability for thick- 
walled axisymmetric structures has been generated by introducing a set of 
orthotropic ring discrete elements.    Three orthotropic thin-shell discrete 
elements have been formulated and are being developed to extend the dis- 
crete element analysis capability to fiber-reinforced composite structural 
components.    A general three-dimensional transient temperature analysis 
capability has been extended to include anisotropic thermal characteristics. 

G.    Fiber Composite Airframe Component 

Preliminary minimum weight estimates have been made of the fuselage 
structure 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 about 30 
percent lighter than a titanium structure.    Plans have been prepared for 
studies of attachments and for component testing. 

I 
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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 stiffness, and greater resisUnce to chemical or radia- 
tion damage and of lowev cost.  Carbon composite materials offer great potential for 
meeting these objectives, but the numerous possibilities for 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) Emphasize 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 emphasis 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, (he material producer and the potential 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 alrframe and propulsion system components 
along with mission applications, g'jometrlc configurations, environmental conditions 
and loadings.   The results vere generally disappoiniiiig 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 
compost« materials, the Information on missions and system requirements formed 
an excellent basis for assessing the future 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 condfiions 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 I 

SYSTEMS CONSIDERED FOR COMPOSITE MATERIAL APPUCATIONS 

ATMOSM^ICOffDATIONS 

yimwc mum 
10NC tNOURANa CMIMICM 
lONCtNOUMAHaNUCUAR 

MICH MIITUM 10NC RMCt CUMICM 
HIGH MHIU« 10NC CNOUtANCI-WCKAR 
1ACTICAI V'S(0l MCMU« CH(MICM 

• cHimi vtHicus 

HIGH M t HUM 
IWAlfltUM 

• WOSf GUM Vf HICUS 

STMKGIC 
lACtlCAl 

• MTOl WiltAl VtHICUS 

• TACTICAL M!SSIUS 

GROUKO LAUNCH -Nil MISSUI 
SFACtlAUMCHANTI-MISSIU 

UNOf (WAHR MISSIU 

• STRATtGIC MISSIUS 

MOIIIE ICBM 
SIORA8U ICBM 
SPA« lAlÄCWO ICBM 
W-CNTHY SVSTIMS 

SPACE OPfRATIONS SUPPORT OPERATIONS 

LAUNCH SVSUM5 BASEEOUIPMINT 

• [ARTMLMJNCH HUMAN PROTECTIM 
ENCLOSURE 

MCOVTRABLC BOOSTtR LAUNCH FACILITItS 
RTCOVtRABLL BOOSTtR • DOCKING DEVICES 

SINGH STAGt TO ORBIT EURNISHINGS AND 
ATTACHMENTS 

• SPACE LAUNCH OTHER 

(ARTN ORBIT LAUNCH 
LUNAR LAUNCH 

TRANSPORT VEHICLES ft 

PLAMtARV ■ MARS 
PLANETARY ■ INUS 

LOGISTICS 

SPACE SITE VtHICUS 

SPACECRAM SURFACE VEHICUS 
OTHER 

• NEAR SPACE OPERATKMS 

EARTH SATELLinS 
UfE SUPPORT AND 

SPACE SI AT ION 
LUHAR VEHICU 

ENVIRONMENTAL CONTROL 

INDIVIDUAL 
• INTERPLANETARY VtHICUS BASE 

OTHER 
MARS 
MERCURY POWEI GENERATION 

VENUS SOLAR 
JUPITtR NUCLEAR 

• SHUTTLE IMANEUVIRAÜUI 
EUEL CELLS 

ENTRY SYSTEMS 
MISSION DEVICES 

EXPERIMENTAL TEST 
• LET REENTRY EOUIPMENT 

INSPECTION EOUIPMENT 
EARTH ORBITAL SURVEILLANCE EOUIPMENT 
LUNAR RETURN RfCONNAISSANCE ft 

ASTRONOMICAL 
• DRAG ENTRY EOUIPMENT 

WEAPONRY 
MILITARY WEAPONS ft riCOYS WAR MANAGEMENT CON- 
MILITARY. MANKO TRIBUTION EQUIPMENT 
RESEARCH 

IANOING lYSTEMS 
WORK DEVICES 

OPERATION SUPPORT 
• EARTH UN».::« MATERIAL HANDLING 

SPECIAL EACILITIES ft 
TANGENT;Al TOOLS 
VERVICM VEHICLE ASSEMBLY 

EOUIPMENT 
• SP/CE LANDING 

EARTH RENDEZVOUS 
LUNAR RENDEZVOUS 
LUNAR VERTICAL LANDING 
PLANETAKY VERTICAL LANDING 
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TABLE II 

PROPULSION DEVICES 

Turbojet 

Subsonic 
Supersonic 
Earth launch 
Lift Entry 

Turborocket 

Supersonic 
Hypersonic 
Tactical Mlnalle 
Lift Entry 

Ramjet * Turboramjet 

Subsonic 
Supersonic 
Hypersonic 
Earth Launch 

Liquid Rocket 

Strategic Missile 
Earth Launch 
Near Space 
Interplanetary 
Shuttle (Maneuverablc) 
Lift Entry 

Solid Rocket 

Tactical Missile 
Strategic Missile 
Earth Launch 
Space Launch 
Near Space 
Interplanetary 
Shuttle (Maneuverablc) 
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TABLE m 

EXPECTED UTILIZATION OF COMPOSITE MATERIALS 

Application Area 

Atmospheric Operations 

Subsonic Aircraft 
Supersonic Aircraft 
Hypersonic Aircraft 
Missiles 

Tactical 
Strategic 

Space Operation8 
Launch Systems 

Earth 
Space 

Spacecraft 
Entry Systems 

Lift 
Drag 

Propulsion Devices 

Turbojet 
Turborocket 
Ramjet and Turboramjet 
Liquid Rocket 
Solid Rocket 

Matrix Material 
Resin 

x 
X 

X 

X 

X 

X 

X 

X 

Mrtal 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Ceramic 

x x " 
XX 

x " 
x XX 

x xx 
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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 composite materials in t w immediate future.   Resin matrices are 
expected to be adeqiute in many applications.   Note, however, that as metal matrix 
systems become available the number of applications for composite materials should 
increase. 

Environmental conditions correspondirg to each application area were reviewed 
in detail but are not incluoed here because of security requirements.   Initial alrframe 
applications for fiber reinforced composites will involve nominal load factorn, rela- 
tively modest heating, but rather severe acoustic excitation.  Some missile and launch 
vehicle applications will involve very high load factors am1 significant heating, but 
operational lives will be very short.  In contrast, the lives of aircraft componentä should 
range from hundreds to thousands of hours.  Initial applications for particutate com- 
posites of the JT type will undoubtedly be in the rocket propulsion area. 

Based upon the review of potential uses for composite materials, it is con- 
sidered appropriate to select an aircraft or ml»»«lle application for initial study of 
the fiber reinforced composite (Section IVA), and a rocket engine application for the 
pai tlculnte 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. Wltire»", Bell Aerosystems) 

The first fiber reinforced component to be st idled during this program will em- 
ploy a resin binder since tuch composite material systems will be used most exten- 
sively in the near future.  Components of subsonic and supersonic aircraft and missiles 
and of launch vehicle systems would constitute the major usage for many of these 
structural applications where ablation is not important.   Both fuselage and wing type 
configurations are of imoredt 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 comr>onent.  Additional factors in the 
fuselage selection include: 

(1) Existing filament winding techniques can be used 
(2) The configuration i.; generally applicable to aircraft, missile, and launch 

vehicle interstage structures 
(3) Complexities such as penetrations and attachments can be introduced at a 

later date, if desired. 

The geometric configuration tentatively established is a slightly tapered, ring 
and stringer stiffened shell as shown conceptually in Figure 2.   Preliminary analyses 
indicate minimum weight will be achieved with this type of construction as discussed 
under Section X A. 
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Typical ranges of loading intensities for various airenft and laurch vehicles are 
shown in Figure 3.  These data havt been assembled from a review of tne literature 
and many of Bell's structural system-.   Included are V/STOL aircraft, supersonic 
fighters , cruise vehicles, hypersonic boost-glide vehicles, large transport applica- 
tions, and solid and liquid propelled boost vehicles.  The load intenMty 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 typical values of this parameter for the various fuselage and launch vehicle 
data.  Selecting then the central area cf greatest overlap from Figure 3 as being the 
most representative loading conditions, axial and shear loading intensities of 2000 and 
200 lb/in. respectively were chosen with an (M/dS)1'3 = 4.0 for initial design studies 
of the fuselage section, 

B.      Paiticulate Composite Application 
(F.M. Anthony, D.P. Hanley, and J. Wltmer, Bell Aerosystems) 

The JT particulate composite material family possesses characteristics which 
include high thermal conductivity, low thermal expansion, moderate modulus of 
elasticity values, good strength retention at elevated temperatures, and good oxidation 
resistance up to temperatures of 3500° F.  When such characteristics are considered 
in the light of potential application areas for composite materials, the mob* 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 wi ich generate steep transient temperature gradients 
and high thermal stresses, the magnitude of which depend upon the particular geometry 
and environmental conditions involved. 

1 

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, heath ^ intensity 
was calculated as a function of throat diameter and chamber pressure for a single 
propellant combination.  The propellant combination was assumed to be N2O4/5O 
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 chamber 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- 
imately 5 inches. 

While it is not considered to be economically desirable to test large inserts during 
the present program, insert proportions were chosen so tnat the selected environmental 
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condltlong will five t«mpeiaftiie and strMB levels which are representative of a range 
of size«.   Rejults of design studies which define representative temperature ?..vi stress 
levels are precented in Sections DC C and D.  Two geometric configuration« were 
considered, as shown In Figure 5, along with vsristlons in diameter, wall thickness, 
length, external restraicta, and chamber pressure   Temperoture disti ihutions were 
determined using a computer program which was available prior to the initiation of 
the present effort, and which include i temperature dependence of materta! properties 
but permitted consideration only of transversely Isotropie materials-, this program 
under the present effort has been extended to account for generaW? d thermal 
anisotropy.   Discrete element matrix methods described in Section DC C were used 
for the calculation of thermal stresses.  Structural idealization was accomplished by 
means of a trlaupjlar ring element whose behavior characteristics were based ou 
temperature dependent, linearly elastic, transversely Isotropie behavior. 
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SECTION V 

PARTICULATE  COMPOSITE STUDIES 

The JT-serieb 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 
■imultaneous design of structural geometry and material.    In this instance 
(JT-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 composition, 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 porosity such that the component 
performs the functional purposes adequately, while at the same time progress 
toward an optimum 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 
dciign 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 properties of the improved candidate material can 
then be obtained; and, as before, the optimum design of the geometric 
proportions determined.    It is 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.    Subsequently, it should be possible to treat the geometric 
proportions,  composition,  and porosity simultaneously within the structural 
synthesis procedure.    When this goal Is accomplished, the quant-'Tied 
approach to the simultaneous design of structural geometry and material 
will have been clearly demonstrated. 

Il 'Section V A, the fabrlcitlon of JT-serles materials with various 
compositions and porosities Is described, and In Section V B the 
experimental determination of thermal and mechanical mate-lal properties 
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ia 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 oubject to multiaxial 
stress conditions is reported in Section V E.    In parallel with the quest for 
a rational and/or semiempirical multfaxial stress failure theory (as 
represented by Sections V C, D, and E), effort has been directed toward 
formulating two structural synthesis problems 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 idealised.    Tht. 
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, teat 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 described in Sections V F,  G. 
and H. 

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

1.    Description of JT-Series Materials 

The JT-sWes materials are graphite-base refractory composites 
similar to the commercial material with the grade designation JTA produced 
by the Carbon Products Divisisn (JTA is one member of the series).    On a 
weight basis,  grade JTA is composed of 48. 1 percent C, 42.4 percent 
ZrBj. and 9. 5 percent Si.    There is a minimum density limit for grade JTA 
of 3.0 g/cm1.    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 ZrBl to 9. 5 parts of Si.    Let 

c = mass fraction of metallic additive 
in the fabricate." product and 

p ■ density; 
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grade JTA m»y, then, be specified by composition c =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 manufacturing conditions are kept as close as 
possible te those for grade JTA.«"   Therefore, to a good approximation. 
each member of the JT »eries 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 physical properties of the JT- 
series materials may be considered to be iiinctions of only two material 
variables, c and p. 

2.    Material Symmetry, Coordinate Orientation, and Billet Notation 

All of the JT-series materials are molded in cylindrical billets.    This 
process yields material with the symmetry characveristic 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 ol the JT-series materials 
will be specified with respec. to a Cartesian coordinate xystem oriented 
with the xi and xj axes in the pl.ne of transverse isotropy and the xs axis 
parallel to the axis of rotational symmetry.    These symmetry oriented 
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 
th- 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 identUed 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 is 
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 ordei 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 Poioaity 

Pfcause the density varies with the composition as well as with porosity 
in i! j material, it is better for some purposes to choose composition c and 
porosity p as the material variables,   lather 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 -   p/pm (V A- 1) 

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

mass ratio of ZrB2 to Si is 42. 4/9. 5, 

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

X-ray density of pure C is 2.267 g/cm3, of 
ZrB, is 6. 10 g/cm1, and of SiC is 3.216 g/cm'. 

the calculated theoretical maximum density is given by 

Pm = 1 .0! 5905 c <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 c and ZrBj/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 several tens of percent.    The possible error in 
the calculated porosity will not affect the stress analysis and stoictural 
synthesis work provided that Formulas V A-1 and V A-.', 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 &t 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 picssed on production-size equipment at a 
maximum observed outside-surface mold temperature of 2130*C and at 
pressures ranging between 3,300 and 5,500 lb/in.l   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 Section V B. 

■31 

■■"» 



TABLE IV 

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

BiUet 
Number 

Composition 
Percent Metallic 

Additive 

Average 
Density 
g/cm^ 

Average 
Porosity 
Percent 

JT30-5 

JT30-6 

JT30-4 

JT40-9 

JTA-9 

JT70-3 

JT70-8 

31.5 

31.5 

31.5 

41.7 

51.9 

71.4 

71.4 

2.31 

2.38 

2.58 

2.81 

3.05 

3.66 

3.66 

17.2 

14.7 

7.4 

6.7 

6.7 

6.7 

6.7 

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 depend on only two material variables, 
composition and density, and not on, say, the individual values of 
processing temperature and pressure used to attain a certain density.    Wh^n 
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 
uniformity than that which can be achieved by induction heating.    During 
hot pressing, an initial pressure of 2500 lb/in. * was applied and maintained 
until th^ mold temperature reached i^OO'C; at that time, the selected 
maximum pressure was applied.    All samples were held for I hour at the 
selected hot-pressing temperature.    They were then cooled under maximum 
pressure to a temperature of HOO'C, at which time the pres «ure was 
released.    These experimental billets are designated by the letter E 
followed by a sequential fabrication number. 

b. Temperature Series.    Elfects of pressing temperature on the 
density and rmcrestructure were examined on samples hot pressed at 
temperatures ranging from 2210» to 2.180^ at a pressure of 2900 lb/in.1 

The solidus temperature for JT composites was determined to be 
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Z260i 10#C by incipient melting experiments.    Examination of the run-out 
•naterial by metallography and X-ray diffraction disclosed a eutectic 
>etween ZrB2 and SIC.    Processing and density data are given in Table V. 

TABLE V 

PROCESSING CONDITIONS AND DENSITY  OF 
EXPERIMENTAL JT-SER1ES BILLETS 

Processing Processing 
Specimen Temperature Pressure De nsity Diameter 
Numbe r T±10'C lb/in.1 

8 /cm
J in. 

E- 2* 2210 2900 84 1.5 
E- .3» 2230 2900 98 1.5 
E- •4* 2250 2900 11 1.5 

E- •5* 2270 2900 11 1.5 
E- •6* 2280 2900 06 1.5 

E- 17 2240 2900 86 1.5 
E- • 18 2260 2900 00 1.5 
E- ■20 2265 2900 03 1.5 

E- ■ 16 :290 2900 97 1.5 

E ■13 2150 3500 78 1.0 
E- ■ 14 2150 4500 89 1.0 
E- 12 2150 5500 97 1.0 

E- ■10 2210 5500 11 1.0 

E- ■ 11 2230 3500 96 1.0 
E- •9 2230 4500 09 1.0 
E- ■8 2230 5000 11 1.0 
E- 7 2230 5500 13 1.0 

E-19 2260 5500 3. 15 1.0 

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

Figure 6 illustrates the effect of pressing temperature on density and 
microstructure.    Density increases with increasing pressing temperature 
to an extrapolated temperature of 2258*0 and then decreases at higher 
temperatures.    This decrease in density is caused by some run-out of the 
ZrBj, 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 ZrB2-SiC-C phases 
remain essentially unchanged.    As the temperature is raised above 2260*<~ 
(the solidus temperature), some of the dense metallic phases are pressed 
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out, causing a change in composition of the billet.    Both the porosity anr" tht 
density of the billet decrease, and the structure shows the presence of an 
increased amount of a well-dispersed metallic phase. 

§ 

2170      2190      2210      2290     2250     2270     2290      9100 

PROCESS      TEMPERATURE   imC) 

N-9556 
Figure 6.    Effecf of Processing Temperature on Density and 

Microstructure of JT Material of 53. 7 Percent 
Composition.    Whife Phase Is ZrBj,   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 
takfn 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 lb/in.2 at temperatures of 2150*10 and 2230±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 lb/in.2 
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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. II g/cm*), temperatures in 
«■ycess of ZZOO'i. and pressures in excess of 5000 lb/in.2 are necessary. 

3.2 

3. 1   — 

V-0 

i 

2.8 

2.7 

Processing 
Temperatu'e 

E-190     2260*0 
E-8 K-7-O     2230 

***" yrT 'E-10O     2210 

y ^0     2150 
rE-ii 

^ x^^E-12 

-"" 

/ 

^^E-U 

'E-\3 

S 

1 ! 1 1 

1 

3500 4500 5500 
Processing Pressure (lb/in. *) 

N-9481 

Fifure 7.    Effect of Processing Pressure and Temperature on 
Density of JT Material of 51.9 Percent Composition. 

d.     Ultraaonic  Elastic Stiffneas Constants.     The elastic stiffness 
constants c. have been determined for the experimental billets from 

measurements of the velocity of ultrasonic pulses at 1 megacycle per 
second frequency.    Figure 9 shows the stiffness constants en, C|), and C44 
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 temperature• even though the outside mold temperature was 
only 2130*C.    (See Section V B for data on elastic constants of 3-inch 
diameter billets.) 
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Figure 8. 

2.9 3.0 3. 
Density (g/cms) N.9479 

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 cjj and C44 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 processing 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. 

I 
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2.8 2.9 3.0 
Density (g/cm,) 

3. 1 3. 2 

N-9480 
Figure 9.    Ultrasonic Elastic Stiffness Constants Versus Density 

for JT Materials of SI. 9 Percent Compc l it im. 

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 healing 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 is measured.    Therefore,  it was 
necessary to correlr.te the surface temperature ol 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 specially prepared,  prepressed billet of 51.9 percent composition. 
The maximum temperature difference 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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Figure  10      Forty-Ton Press and Induction Furnace Used fur 
the Fabrication of the JT-Series Kiaterials. 
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w'thin the billet wa« 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 
• ectiot.ed billet resulted in a 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 percer« 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 Material» 
T   (0.   L.  Blakslee and T.  Weng. Union Carbide) 

The objective of this work is to obtain physical property data to be used 
as input information to the stress analysis and structural synthesis 
calculations performed at Case Institute ana Bell Ar rosy stems.    Testn-? to 
date has been at room temperature: future work will include determining or 
estimating high-temperature trends.    The physical properties of .nterest are 
the elastic moduli, stress-strain relations, fracture strengths, thermal 
diffusivities, specific heats, and coefficients of thermal expansion. 

At the start of this wo/k, 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 fvvperimental 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 materiabdepend on composition and 
porosity.    It has been found that a 10 percent change in composition or a 
5 percent 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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I.    Mcthodt of Measurement 

••    Ultr*»onic'    EU«tic conttmnt» w«re determiji«d from the 
velocitie« of propagation of longitudinal and tramverse ultraaonic puUea at 
one megacycle per aecond frequency.    Due to the hi;h att^nuaHon of the JT- 
■eriea material. * through-tranamiaaion method v/aa u«?d with a path length 
of ahout I. 25 inchea and with directions of propagation parallel, perpen- 
dicular, and at 45 degreea to the aymmetry «xi» of the material. 

b.    Rgaonant Bar.    Elastic conatanta were determined from the 
frequenciea of longitudinal, llexural, and toraional vibrationa of bar» of 
dim-nuona  1/4 x 1/4 x 3 inchea.    In addition, meaaurementa w^re made on 
the'atatic tenaion and flexural apecimena to detect defecta and unuaual 
characteriatica of the apecimena prior to atatlc testing and to provide a 
check of the moduli determined from the Initial slope of the (»tress-strain 
curves. 

c. Tenaion and Compression Tests.    Both longltudiral and trana- 
verse atraina were measured using paira of atraln gagea mounted on dog 
bones in tension and on rectangular prisms In compression.    The dog-bone 
blank dlm«naiona were 1/4 x 5/8 x 2-3/4 Inches, and the gage-aectlon 
dimensions were 1/4 x 1/4 x 1-1/2 Inchea.    The size of the compression 
sample waa 1/4 x 1/4 x 1 Inch. 

d. Flexu'al Teat.    Flexural te^ts were run using four-point 
loading or. bara of dimenatona 1/4 x '/ 4 x 3 Inchea.    Transverse and 
longitudinal tensile and compreaalve strains were meaaured at the top and 
bottom surfaces with atraln gagea.    Because the load-ve raus-strain 
relatlona are nonlinear and slightly different In tension and comp-esslon, 
the data obtained from flexural teata were converted to unlaxlal stresa- 
atrain relationa ty means of Naldal's graphical method. W   In addition, the 
effect of frlctlonal forces at the loading and aupportlng edges was alao 
taken Into account In the calculation of the true atreaaea. 

e. Thermal Piffuaivity. Thermal dlffualvltles we re meaaured 
from ambient to approximately bOO'C by a flash method. I»' The sample 
size waa 5/8 x 5/8 x 0.04 inch. 

f'    Specific Heat.    Specific heata were calculated by multiplying 
the weight percent of each constituent phaae by the soeclflc heat per unit 
maas of that phaae (carbon,*4' zirconium diboride,»»' and silicon . arblde,^' 
assuming complete conversion of SI Into SIC).    The calculations were made 
at 100 degree intervala from room temperature to 700*C. 

g.    Coefficient ot 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.    Ultratonic EU»t.c ComUnf 

A complete «et of five elaitic atÜfnete conatante, c^, hat been 

determined from ultrasonic meaaurementa on one «ample from each billet. 
Ail of the Young'a and shear moduli and Poiaaon'a ratioa have been 
calculated from these c,. by standard transformation formulas, although 

there is a loss of accuracy due to the accumulation of error« 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 sdditive composites. 

TABLE VI 

ELASTIC  CONSTANTS OF JT BILLETS FROM 
ULTRASONIC MEASUREMENTS 

JT 30 JT 40 
-9 

JTA 
-9 

JT 70 
-4 -5 •6 -3 

Young's Modulus 
*/S|i 

I/«» 
8.1 
2.9 

3.7 
1.5 

4.4 
1.6 

10.4 
4.0 

10.8 
3.8 

23.5 
13.7 

Shear Modulus 
1.9 0.9 1.0 2.5 2.6 7.4 

Pols son Ratios 
-•u/«11 
-•l>/»M 
-Sii/Su 

0.08 
0. 13 
0.38 

0.13 
0.32 

0. 10 
0.14 
0.38 

0.07 
0.15 
0.39 

0.06 
0.15 
0.42 

0.12 
0.15 
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* Ib/m.1 

density - g/cm' 
porosity - percent 

Two indications • degree of material anlsotropy can be calculated 
from the c,.:   the ratio c.;/cM, determined from the long.tudlnal wave 

velocities along the ', t» axea, and c^/c*. determined from the two 
shear wave velocity        ihese two ratios are plotter against the percent 
metallic additive ii       gure II.    Extrapolation of these ratios to 100 percent 
metallic additive ImncaUa that the metallic additive phase lo Isotropie, as 
expected.    The difference Is evident between the data obtained from the 
commercial JTA-9 billet and the data obtained by Interpolation for the 
experimental billet«. 
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Weight Percent MeUlllc Additive N-9451 

Figure 11.    Anliotropy Ratio of Ultreionlc Elaetlc ContUnta Vertut 
Compoiuion for »bout Six Percent Poroelty JT 
Composites. 

3.    Elastic Moduli 

The elastic moduli In the limit of »cro stress have been determined 
from uKrasonlc and sonic resonant bar tests .and from the Initial slope ol 
static tension and compression stress-strain curves.    The trend of the 
Young's moduli l/sn and l/sM and the rhear modulus l/s^ with density and 
porosity Is shown in Figure 12 for the norrlnal 30 percent additive JT 
composites (JT30-4, JT30-5, and JT30-b).    The good agreement between 
values obtained by ultrasonic, sonic resonant bar, and static tests h-\s also 
been found for all other billets tested.    The trend of moduli with composition 
Is shown in Figure 13 for JT composites with five percent porosity (the data 
reduction to five percent poroslt/ for JTA  and  40   and 70 percent compo- 
sitlons Involves some uncertainty until more porosity trends are established). 
The extrapolation of I/sn and l/s„ to 100 percent additive shows, as did 
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Figure 12.    Young'» and Shear Moduli in the Zero-Strea» Limit 
Veraua Density and Porosity £or 31.5 Percent Additive 
JT Composites. 

40 

WrfgM Pvrcrnt MrUllic Additive N-9453 
Figure 13.    Young's and Shear Moduli in the Zero-Stress Limit 

Versus Composition for Five Percent Porosity JT 
Composites. 
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the ultr««omc wil.otropy ratio,    that the meUllic phaae i« i.otropic.    The 
data Cor commercial JTA ia again not compatlb'- with that of the nominal 
JO,  40, and 70 percent eirperimervUl billets. 

rinre  14 .how. the dependence of the three Poiaaon'a ratio, on 
comro.ltion.    The data are average, from ultraaonic and atatic meaaure- 
menta.    A. in the case of the moduli, no .ignificant difference, were found 
between the Poiaaon'a ratio, measured by the two method..    At »h». time, 
no clear dependence of the Poi.aon'. ratio, on poro.lty ha. been detected. 

0.5 

•ai|/.ii 

a 
_ 

1* ■ 
■ 

— 
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.i O O O 

0.0 J 1       « -i- 1 1 L j- 1 -L 
20 40 60 80 

Weight Peicent MeUllic Additive 
100 

N-9454 
Figure 14.    PoU.on'. Ratio, in the Zero-Stre.. Limit Ver.ua 

Compo.itlon for Five Percent Poro.lty JT 
Compo.lte.. 

4.    Stre..-Strain Relation. 

Typical .tre..-ver.u.-longitudinal and tran.-er.e .train curve., 
.bowing the noncon.ervative and nonlinear ela.tic behavior,  are ji—*   , 
Figure  15.    Figure.  16.   17.   18.  and 19 .how typical tensile and comPre..ive 
.tre..-.train curve, to fracture for all four composition, at approximately 
fWe percent poro.ity.    Most of the ten.ile .tress-versus-transverse strain 
curves exhibit a decreasing slope, i.e. ,  greater strain than predicted by a 
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Figure 15.    Compression Stress-Strain Curvet for Billet JT40-9. 

Specimens Oriented Perpendicular to Symmetry Axis 
of Billet. 
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Figure 16, 
N-9466 

Tensile Stress-Strain Curves (ffj vs.  ii and <ri vs.  c2) 
for Nominal 30,  40,   50,  and 70 Percent Additive JT 
Composites at about Five Percent Porosity. 
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ire 17.    Comprcs-ive Stresi-Strain Curve, (»i vs. e, and a, v.. Cj) 

for Nominal 30,  40.  50, and 70 Percent Additjve JT 
Composites at about Five Percent Porosity. 

Figure 18. 
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(percent) 

N-9456 
Tensile Stress-Strain Curves (ay vs. £$ and ffs VS. CJ) for 
Nominal 30, 40,  50, and 70 Percent Additive JT 
Composites at about Five Percent Porosity. 
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Figure 19.    Compre««ive Stress-Strain Curves (a, vs. t, and », va. tt) 

for Nominal 30.  40.  50, and 70 Per-ent Additive JT 
Composites at about Five Percent Porosity. 

linear relation.    This shape is of opposite curvature to that of the 
corresponding transverse strain curves for polycrystalline graphite. 
Surprisingly, the only tensile stress-versui-transverse 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 vias found to be consistently   ügher than the tensile 
strength (see Figure 20).    The strengths of all samples have been adjusted 
to five percent porosity.    Part of the difference b-tween flexure and tension 
may be due to a statistical dependence of strength on test volume.    (This 
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Figure 20.    Flexural end Teneile Strengths Versus Composition 
for Five Percent Porosity JT Composites. 

point is being investigated for JTA *j IIT Research Institute.'   )   In addition, 
some of this difference may be due to sending 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 measured tensile itrengths were corrected 'or bending by 
sssumlng that the strain due to bending Is one-half of the difference between 
the strains on opposite surfaces.    The average correction for 13 specimens 
was 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 commercip.l JTA material. 
Preliminary results on JTA reported by IlTRI«7' appear to be slightly higher 
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than the value interpolated from the rr»ulti for the 30. 40, and 70 percent 
additive level*. 

The trend of tentlle strength with grain (rul and againtt grain aU| with 

porotity is shown in Figure Zl for 30 percent additive.    The linearity on a 
semilogarithmlc plot indicate» an exponential dependence of strength on 
porosity, a result similar to that found for the moduli. 

Porosity (Percent) 

'^T—1—i 1—r 

2.3 1.4 2.5 
Density (g/cc) 

N-9458 

Figure 21.    Tensile Strength Versus Density and Porosity for 
31.5 Percent Additive JT Composites. 
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Figure 22 «how« the dependence of the compre»»lve atrengtha on 
composition for five percent poroaity JT compositet.    Investigation ahowa 
that <yu,>ffm >n compreaaion, wheieaa <rUI><rUJ in tenalon; the aame 

relationahip exiata in polycryatalline graphite. 

60 

Z0 40 60 
Weight Percent Metallic Additive N-9459 

Figure 22.    Compreaaive Strength Veraua Compoaition for Five 
Percent Poroaity JT Compoaitea. 

6.    Thermal Diffuaivitiea 

The dependence of the thermal diffuaivitiea «, and « , on temperature 
for four compoaitiona at about five percent poroaity ia ahown in Figurea 23 
and 24.    The dependence of Ki and K * on temperature for three poroaitiea 
for 31.5 percent additive JT compoaitea ia given in Figurea 25 and 26.    The 
thermal diffuaivity ^, appeara to ahow little variation wim either compo- 
aition or poroaity.    It ia not  known whether or not the observed 
dependencea of ^ i on compoaition and poroaity are real. 
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Fieure 23.    Thermal Diffusivity Ki Versus Temperature for Nominal 
30,  40,  50,  and 70 Percent Additive JT Composite» at 
about Five Percent Porosity. 
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Figure 24     Thermal Diffusivity K, Versus Temperature for Nominal 

30, 40,  50, and 70 Percent Additive JT Composites of 
about Five Percent Porosity. 
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7.    Specific Heat 

Calculated value, of the .pecifit heat cp as a function of temperature 

are .hown in Fi  ure 27 for four compo.ltion. of JT compo.ite..    The 
fiaure al.o .hov.S experünertal value, mea.ured on commercial JTA by the 
IIT Re.earch In.titute;^ the agreement between calculated and experimental 
value, i. .ati.factory. 
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Figure 27.    Specific Heat c    Ver.u. Temperature for Nominal 

30,  40,  50, and 70 Percent Additive JT Compo.ite.. 

The thermal conductivity k can be calculated from the relation 

Wi <VB■,, 

where p i. the bulk den.ity. 

8.    Coefficient, of Thermal Expansion 

The temperature dependence of the coefficient, of thermal expansion 
a» and a, i. .hown in Figure 28 for the 31. 5 percent additive JT compo.ite. 
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Figure 28.    Coefficients of Thermal Expansion a| and a3 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 present, Mere is no significant dependence of a3 
on porosity; the apparent dependence of Qi on porosity may not be real. 
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C.     Stress-Strain Relations and Multiaxlal Stress Failure Theories for 
KnTsotroplc Materials - fl Survey 

(Professor Saada, case Institute) 

Most, if not all, of the stress-strain relations suggested for anisotropic 
materials have been patterned on the well known relations developed for Iso- 
tropie materials.     In the elastic range, the strains are linearly related to 
the stresses, and in the plastic range the strain raUs are linear functions 
of the stresses.     Yield or fracture conditions are extensions of conditions 
established for Isotropie materials, in particular the energy of distortion 
criterion. 

In the following a brief sur/ey of what is available in the field of 
stress-strain relations 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.    Elastic Stress-Strain Relations. Let us consider an elastic 
medium maintained at a fixed temperature SM assume that there exists a one 
to one analytic relation between the stress tensor and the strain tensor: 

•u ■ fij«««) 'vc-1! 

,   au^        3u. 

^n clj   "   7(8xJ  +   a^1 

f - 

If the function F^ are expanded in power series in c^ and only fie linear 

terms retained, we get 

•M 
C,Juekl (1J.k..- 1.2.3) (»«) 

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

of the points, the medium is called elastically homogeneous.    Equation V C-2 
is the generalization of Hocke's Law.      The C1jkl are symmetric with respect 

to the two first and the last Indices, so that the maximum nunber of elastic 
constants is 36.   This nunter is however reduced to 21 because of the existence 
of a strain energy density function 
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with the property, 

T# ** mmAium is eUstlcellv sywietHc with respect to certain directions, 
ihe nS-Sr o? e as tccoSstints Is further «duced.    The degree of sy-jmetry 
U e^sVd by Se statements that C|Jk| are Invariant In a change of 

coordlnaus.    The expression of Cijkl when passing from • system of xi 

coordinates to x^ coordinates Is obtained as follows: 

«ij c1jki eki 

since a^ ■    ^m 
ljn 0mn 

then oij' -   ilM tjn Wd ccd (V C"7) 

i tu   r   Q\ 

and c1jki cki   '    l1m ljn Cimcd ccd 

we have t^ -   \r   ^   «„ (V C-9) 

.lie' (V C-10) 
then €kt "   Sk   lst     rs 

•nd C|Jk; cu' -    lu ljn C^^ trc isd *„' (V C-ll) 

then C1jk; -    h, tjn «ke lid Cmncd (V C"12) 

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

For an orthotroplc material the C1j(cl do not change In a transformation 
of coordinates 

xi   ' - V 

Only nine Independent elastic constants remain.     They are given by 

(V C-13) 
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ciiii      cn22      cn33 

Cn22 C2222 C2233 

Cn33 C2233 C3333 

C2323 0 

C1313 0 

C 212 

(Y C-14) 

For a transverse Isotropie material, the C441fi do not change In the trans- 
formation 1JKZ 

) 

x. cos 8   ♦   JL sin 

C«*   ■   -x^ sin e   ♦   X2 cos e 

(V C-15) 

(V C-16) 

(V C-17) 

Only five Independent elastic constants remain.    They are given by 

Cnil C1122        Cn33 

cn22      cnn      cn33 

Cn33 Cn33 C3333 

1313 

'1313 

1 (C1111-C1|99} j^uu'nm 

(V C-18) 
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References 9 and 10 give det&iled computations regarding the transformation of 
axes and the equations leading to the reduction in nuntoer of the elastic 
constants. 

b     WMMC Stress-Strain Relations.    The approach here is similar 
to the one ised for isolropk mateHals. 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). 

c1j 
A1jki aki 

(V C-19) 

where 
DIJ > 

(Y C-20) 

and kiikt has the un«ension of a strain rate divided by a stress and is called 

the coefficient of plasticity.     The quantities Ä1jkl are a function of the 

previous history of plastic flow, and consequently the symmetry of *•■**« 
of coefficients found in the elastic case is not present here.    In other words. 

f   k.** (VC.21) 
ijki klij 

Here too the nunter of coefficients Aij|cll is reduced depending on the degree 

of synwetry in the material.    This degree of symmetry is «XP«««* J* J** 
statenent that the Aijkl are invariant in a transformation of coordinates. 

For planar plastic flow, Dore(11) gives the various forms     Equation (V C-19) 
takes for different types of symmetries. 

The coefficients of plasticity A1jklt are not constant but change with 

large strains.    Dorn(11) makes the assumption that the ratios of the coeffi- 
cients of plasticity remain constant and writes in Equation (V C-19) 

^ijki 'ijkt 
t 
a 

(V C-21) 

whert! "ijki 1s a coeff1c1ent of anisotropyand ♦1$ • ge"^«11*^ str«1n 

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

dw 
B7 

(V C-22) 

I 
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^ dW     -   od*   -    o^ dc^ tV C-23) 

od4    -    «ijkt o^ okt     =J 

The expression of   d*   Is obtained In a similar fashion 

Starting from thf expression of a plastic potential wrttUn 

2f   -    FCa^- 033)2 ♦6(033 - o11)
2*H(o11 - o2^    ♦    2L   o^ 

*• 2 >II   -    2   -    1 (V C-25) ♦    2M   0^3     ♦   ZN   0^2 ' * 

Wher« F, 6. H, L, M, N   are constants characterising the current staU of 

anisotropy. H111(12,13) obtains the stress-strain increment relations for »n 
orthotropic material from: 

d c,,    -    [(H ♦ G) o}} - H o22 - 6 033] dX (V C-27) 

d c22   •    [- H cn ♦ (F ♦ H) o22 - F 033] dX (V C.28) 

d C33    -    [- G o,, - F o22 ♦(F • 6)    033] dX 

dt^   -    Lo^dX 

d €,3   -   « €,3 dX 

d e12    ■    N (J12 dX 

(v c-n) 

{¥ C-30) 

(V C-31) 

(V C-32) 

The assumptions In the previous equations are that the yield stress in tension 
Tn* co^ssion aro the sa«. the stress and 5t^1n^^t* ^ * ?nJt 0^ 
axes of orthotropy. and there occurs no volume change Ajr...^ the application 
Sfstresses.    The zero volume change is directly connect »rith the assu^tion 
that the yielding is independent of hydrostatic pressure. < 
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2.    Yield and FalTure Conditions 

Conditions In use for Isotropie materials have been extended to anlso- 

troplc ones.   H1n{12,13^ extended the Ht.ber-Mlses criterion for Isotropie 
material to orthotrople ones In which the principal axes of stress and 
orthotropy are coincident.     The condition 1$ written 

F(o22. ajj)2 ♦ 6(033. o,,)2 ♦ IK«,,    ^?)7 ♦ 2L o2
2 ♦ 2M o,2 ♦ 2N a,2    - 1 

(V C-33) 

F. G, H, L, M. N are coefficients of amsotrooy to be determined by experl- 
ronts.    If X, V, Z are the tensile yield stress In the principal anlsotrople 
directions, it Is seen that 

(V C-34) 

(V G-35) 

2F   -   4   " 
Y2 

1 

7- 
1 

7 

2G   -   -I-   + 
I 

1 

7 ' 
1 

7 

2H   ■   -7   + 
1 

Y2 

1 

z2 
(V C-36) 

Also If R, S, T are the yield stress*- ^n shear with respect to the principal 
axes of anlsotropy then: 

2L - L. .      2H - ^ .       2N - Ij (V C-37) 
R2 $' 

For transverse Isotropy the nuutoer of coefficients Is reduced to three since 

N-F + 2H-6 + 2H,       L»M 

It <s clear that Equation V C-33 predicts the same vleld In simple tension 
anc In simple conpresslon. 

For the cas« of plane strain dc33 Is set equal to zero In equation V 1-29 

and the resulting value of o33 Is Inserted In Equation V C-33 to give 

^11 ' q22)2   ,   .2   .   ^ 
4(1 -0 '12 

(V C-38) 
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where 

r , N (F ♦ G) c ■ 1 • ? (re ♦ eh i Hn (V C-39) 

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

4 (1 - t) ♦     T xy -    T (V C-40) 

and, It we set % - % ■ Sx   and   T     • TX, then Equation V C-40 can be 

written: 
W (Sx, TX)   -   0 (VC-41) 

Thus the condition expressed by Equation V C-41 can be represented by a curve 
In a plane S , T .     More details on this representation will be given In the 

following paragraphs. 

Griffith and Baldwin'14^ extended the distortion-energy theory of failure 
to Include generally orthotroplc materials.    The material has to remain 
perfectly elastic up to yield or failure.     The generalized Hooke's Law Is 
written as In Equation V C-13 

or 

01j   '   C1Jki ckt 

e1j   '   S1Jkt ekl 

U   - o2 (iUi - S^22 - S^33)+ o2 (
S2222 _ S1122 . S2233) 

♦ 0 
2(S3333 „ S1133 m 

S2233 j 
j j j O D 

(V C-42) 

t
2SU22     Sllll      S2222     S1133     S2233 x 

+ 011022 {—^ « ^ « ^ ) T (V C-43) 
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♦ J .      (
2S2233 „ ^122 . !2222 . Sn33 . S3333) 

/
2Sn33     Sim     Sn22     S2233     S3333x 

2 2 2 
♦ 4 023   S2323   ♦   4 0,3   S1313   *   4 012   S1212 

For trtnsverse Isotropie Biaterlals 

S1212   '   f(SinrSn22)»   Snn " S2222»   Sn33 ' S2233'   S1313 ' S2323 

(V C-44) 

Radtnkovlc and Boschat^15^ 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 function of *he position of this plane.   As shown on Figure 29 
failure will not occur along * plane whose normal makes   a   with the x axis 
when 

KjOO    <   tn   <    ^ K,  (a) (V C.45) 

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

K. (o)   ■   K, U   ♦   n) 1 1 
(V C-46) 

Kg (o)   -   14 U   ♦   n) (V C-47) 

So that In the x.y plane the curve representing K, (o) and Kj (a) Is symmetric 

with respect to the origin (Figure 30). 

If we assuiw that K, (a) • - l^ (o) then the two curves coincide and the 

condition for Incipience of ylei'i or fracture becomes: 

CltJ -   K («)]   ■   0 
If tne material Is orthotroplc (Figure 31) then 

K (-a)    •    K (+0) 

K (n-o) ■    K (o) 
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Figure 29.   Failure Plane In the Extended Tresca Criterion. 

•«*X 

Figure 20.   Limiting Values of the Shear Stress on a Plane a. 
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Figure 31, Figure 32. 

Extended Failure Criterion for »n Orthotropic Material, 

Figure 33.    Stresses on an a Plane through a Point 0. 
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then the curve of K (a) Is symmetric with respect to OX and OY (Figure 32). 

If K (a +   v )   -   K (a)    then one quadrant Is enough to define the curve. 

a.   Space Representation.     The generalized Tresca condition can be 

represented In a space ajfi. ,   a //[ , TX and this representation Is a 

cylinder parallel to the bisector OP of   ajfi   and   oy//7 .    This can be 

shown as follows: 

If we set (Figure 33) 

and 

T ■     T xy        y 

T "   -T T*y x 

(V C-51) 

(V C-52) 

we have 

x g   y   ♦     x g   y   cos 2o   ♦   T     sin 2a (V C-53) 

o    - a 
Tn    "      X g   y    Sin 2o    - T      COS 2a (V C-54) 

In terms of principal stresses (Figure 34) 

ql * a2    .   ql " q2   .., 9a o    ■       ■ ■      +       ■   ■    cos ze (V C-55) 

01 + 02 gl " 02   rnt *- a    ■        * <*"  -        ■        cos ze (V C-56) 

TV - -4-^  sin 2e   - - TX V C-57) 

If In Figure 35, M represents the state of slress at the considered point In 
the material, and 00' Is the projection of CM   on the bisector of 

ajfi   and   o //7   then  (Figures 35 and 35) 

00* 

ÖMl" 

T 2 
0*0 

01 -02 

(V C-58) 

(V C-59) 

(V C-60) 
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I 

Figur« 35.   Space Representation of the State of Stress. 

o* 

v^F 

Figure 36.    Projection of the Space Representation of the 
ojfl . Oy/i^   Plane. 
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Therefor« In Figure 35, the circle it 0' 1$ the Mohr Circle for the state of 
$tre$$ 

at  '   0y *y 

O        -      0 
(V C-61) 

The plane O'M H   1$ called the devlator plane.    The shear stress on a plane a 
Is then written    (Figure 37): 

t      •    S.. sin 2a   ♦   TW cos 2a n x * 
(V C-62) 

and If the failure condition Is written 

|Tn!    •   M«) (V C-63) 

we get a relation between Sx and TX Independent of P.     This shows that the 

criterion Is a cylinder parallel to OP (Figure 35). 

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

or 

S   sin 2a   ♦   TW cos 2a   -    K (a) 
x x 

S   sin 2a   ♦   xx sin 2     - -K (a) 
x * 

(V C-64) 

(V C.65) 

Any contoination of %% and TX 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 D1 and D2 (Figure 38)f 

The properties of 01 and D2 are shown on Figure 38.    V#»en a varies from 0 

to n, D1 and 02 envelope two curves C1 and C2 synaetrlc to one another with 

respect to 0'.    The curves C1 and C2 can take different shapes depending on the 

failure criterion.    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 C1 

and C2 between their Intersection are possible (active) limiting points t • K(a) 
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Figure 38.    Properties of Lines D1 and 02. 
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Flgwre 39.    Representation In the X.Y Plane and In the t  , 
S, Plane of tM CrtteHon K(a) • Ä+B cos^a." 
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■ 

FlQure 40.   Active and Passive (Hatched) /Jones for the 
Criterion K(o) ■ A+B cos23a   when A < 7B/2. 
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Figure 40 shows active points for the criterion K(a) ■ A + B cos   3a when 

A < $ .    Points following In the hitched zones (passive zones) are not 

possible Uniting points.    It Is worth mentioning that for a curve 
6(5, 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 sytmetiical with 
respect to 0*.     This would correspond to 

K (•   ♦   f )   -   K (•) (V C-67) 

which Is Hill's case previously mentioned. 

c»    Conclusion.     The case of Interest In this program Is that of 
brittle materials in which the behavior In tension Is different fro« that 
In compression.    For Isotropie materials, the Nohr Coulont) failure criterion 
accounts for such a behavior but nothing equivalent to It has been Introduced 
In the study of anIsotropie ones.      A formula of the font 

Max |T|    -    K (a)    ♦    f («) on (V C-68) 

could be cf value In such cases.     Extensive experimentation Is necessary before 
attempting any stress-strain formulation. 
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D.      Statistical Aspecta of Failure 
(J. Y   L  Ho and F  M  Anthony, Bell Aeroaystema) 

1.    Background 

It la generally recognized that the strength behavior of brittle materials io statis- 
tical in nature.   If, for ex«iupie, 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 S.D.  With auch 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 particular 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 been under investiga- 
tion in recent years.^16'  While universal agreement has not been reached as to the 
specifics involved, trends in the manner of dealing with Isotropie materials have been 
defined. 

Three types of failure behavior have oeen postulated: series, parallel, and 
aeries-parallel.  Series or "weakest-link" behavior implies that local fracture is 
synonymous with complete failure.   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 Isotropie materials is to fit strength data from un- 
iaxial tests of small samples with a statistical distribution function and to predict 
the behavior of samples of larger sizes.   The distribution function by W. Weibuln16) 
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 uialysis 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 becomes more 
complex because (1) different statistical distribution function parameters may be neces- 
sary to define strenfth 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 di -ection.   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 anisotropic material is a fiber 
reinforced composite, definition of statistical strength behavior is even more complex 
because of the different constituents and their possible interactions, bei the series model 
should still provide conservative predictions. 

The cost of experimentally defining the statistical strength behavior of an aniso- 
tropic material subjected to multianial 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 Isotropie 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.   The second step was to extend the analytical de- 
velopment for the Isotropie material from the uniaxial to the multiaxial stress state. 
The third step was to consider the anisotropic material subjected 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' difficulties were encountered.  At various 
points, assumptions were neceseary but there was no way of ascertaining the proper 
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 Isotropie materials in the uniaxial stress state as 

/ 

F = 1 -e 
8 (V  D-l) 

and 

B = B 

-i   m or   - <r 
>        u 
ao 

dv[o-x^<ru^ OJ (v D-2) 

B = B=0     \ a   <<r x L   x - ;H 
where 

F   =     Probability of failure 
B   =     Total risk of rupture 

Bx   =     Risk of rupture due to uniaxial stress 
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(Tj ■ Unlaxlal atrets In X- direction 
9*11 - Threshold fttress 
<r0 « Chamcterliitlc stress 

m » Msterlal flaw Intensity 
K ■ Coefficient 
V ■ Volume 

The above equations are based on the assumption that the compresslve stress will 
not contribute to the risk of rupture.   The value of the threahold stress <ru Is always 
greater than or equal to »ero.  As long as c x is smaller than cr u, whether it is tensile 
(positive) or compresslve (negative with a large magnitude). It is postulated that rupture 
will never occur. 

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

B«B   ♦B   ♦B   = 
x      y       a 

dV + y 

B 

B    -   0 
y 

BO 

[v'« *o] 

['.*'.» ^ 

(V  D-3) 

dV 

For an Isotropie matorlals, considering that the shear stresses also contribute 
portions of the total risk of rupture, the most general form of B wUl be 

B 

3 3 

Z     I 
1-1   J«1 

K. 

B 
U 

■/ 

mii 

Bu-0 

:±^A   dv   K*<Tu'H 

\m   0    [kj^l^V    1^   0]   ,[1,ft,]    [M-1.2.3] 

(V  D-4) 

(V  D-5) 

B 
U 
/. 

1J 
(V  D-8) 
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where Bfj ■ Risk of rupture tensors 
T, ■ Stress tensors 

(T u) •• ■ Threshold stress tensors 
(To) i'j ■ Characteristic stress tensors 

m^i ■ Material variability tensors 
K.. Coefficient tensors 

It is still assumed that the normal compressive stresses T «, T 22 and T 33 will 
not cause rupture.  As far as shear stresses ^ ^ (i # J) are concerned, they may cause 
rupture when their absolute values arc greater than the absolute values of the «hear 
threshold stresses (r   )    (i > J). 

U 
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 

B dV ■ 

[K'^k'M orK'* ^u * o 

X u 
m 

dV 

] 
B = Bic   =  0      [l^x' '< l^u'l ^ 0]   0r [ 0x   > **  *    0] 

(V  D-7) 

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

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 bo 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 narrow.   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, and the maximum principle stress failure criterion assumed 
at zero probability of failure is shown in Figure 43.   Isotropie behavior is assumed 
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Figure 43.   Failure Criteria for Biaxial Stress at Zero 
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for simplicity of Ulustratlon.   It Is considered temporarily that the shear threshold 
■tresses 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 

Clrcle-(l) 
Clrcle-(2) 
Point-(3) 
Point-(4) 
Clrcle-(S) 

Figure 43 

Point-(1) 
Point-(2) 
Point-(3) 
Point-(4) 
Point-(5) 

Description 

Uniaxial tensile stress 
Uniaxlal compresslve stress 
Equal Biaxial tensile stresses 
Equal biaxial compresslve stresses 
Biaxial tensile and compresslve stress s 

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

Figure 43 respectively. 

When the orobablllty of failure Is greater than ^ero. F - F^ the failure criterion 
for biaxial stress states, as shown »n Figure 44 Indicates deviations from the originally 
assumed failure criterion at F = 0.   Note that for uniaxlal loadings Points 1 and 2 move 
to Points I' and 2' as would be expected from Figure 41.   Reasons for the deviations 
under biaxial stress conditions are discussed In subsequent paragraphs. 

Consider first the biaxial tension region and the specific case of equal tensile 
stresses. <r    = * V><V   The total risk of rupture is 

3 ■■.-.IW-iM-iM""" 

i 

In order to reach the same probability of failure. F ^ F^ the equal biaxial tensile 
atresses are smaller than for the uniaxlal tensile stress because the risk of nipt"re 
In the x- and y-dlrectlons are added together.   Hence Point 3 will move to 3" Instead 

of 3'. 

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 

-■■'.i-M-i-M'" (VD-Ü 

Since the compresslve stress <r J may contribute a portion of the total risk of 
rupture  the tensile stress a    in the biaxial stress state does not have to ^ as »arge 
as the .ensile stress In the uniaxlal stress state In order to reach the same P^bab lity 
of failure F .   Second. In brittle fracture, although compresslve stress is applied, the 
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Figure 44.   Failure Criteria for Biaxial Stress at 
Various Probabilities of Failure. 
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mm 

t 

mm n,., «ill be broke» by ten.l0n 1« .he perpcnd.euler «'^'""^Z 
eonmreeelve .trc«.  in other word., the compreeelve etre.. <r   Mo r-*»KÄ« «W 
^"rL"« «lenee. of the rlok of ro^ure to .-d.r.ctton aod *j?««~ ^'J' 
ttn.U. .Vre..<f , In x-directloo m.y oontribute «>m~. (oepttlve) effeot of U.e risk of 
nlTy"frectloo .nd t-direc-tk»,.  T*.rd, tor .otne types of bittle msterts.-. Ik. 
iTes^ld shesr stress (r „)., (or <r ,") Is relstively low. the .he.r stress T „ 
n . u tor »      etc > will hsve some effect on the risk of rupture. All of these 
if^e Älträe cootrlhutloo of totsl rls» o, rupture.  Cond-lne-«resses « 
Itolnt 5" or 6- will be sufflcleot to «hleve the ..rae level of probsblllty of failure fi 

.. that to the unlaxlal stress sute. 

" ' "JA 
<r   - a 

X u 

[a^ t *u* 

(V  D-10) 

v0 [kyl<Ki'IH 
FsrmyrMtoy   ■   .^-   the sl»sr stress will be 

(V »-ir. 

As shown in Figure 45, circIe-(5) represents a biaxu.1 tens,..^dcompresswe 
stressstate.  When (T x and <r'are small (yet <rx ><TU >  L^v^%        '• 

- -'-       «- -tlii smaller than <r^.   As the 

will increase correspondingly 
B^O. B' ^ 0. Bxy ^i because the value of <r xy is still smaller than a J, 

values ofo- x and<r ^ Increase, the shear stress axy 

until 

xy 2l *      yJ 
xr" 

yJ    u (V   D-12) 

then, 

B   #0 (V n n) 

Clrcle-(5') f Figure 45 «pl.ins how the shear stress <rIy contribute. Its effect to 

the total risk of rupture. 

The interaction effects on risk of rupture between ^ile. compressive and shear 
8tres.es are not clear at this stage.  More work is required in the future. 
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Figure 45.  The Effect of ThredhoW Shear areas 
to the Riek of Rupture and Ihe Probability 
of Failure. 
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Finally conalder »he compresston-compression region with O" ,[ - «r • < «r,; <   0. 
If there I« no Interaction on the risk of rupture between the two compressl^e stresses 

<r^and <r'  Men 

B - B» ♦ B' =/ 
x      y 

m m' 

dV (V  D-14) 

[r;s^S o]      ['j*<*  01 
Analogous to the equal biaxial tension caw. Point 4 In Figure 44 will move to 4".  In 
the special case when cr '«cr; < 0 and C ^ -f\<rx - * y|>% | then 

B ■ B* + B 
x      xy 

-/    K' ——r^     c 

/ ^o 

m' 

dV (V  D-15) 

This special case Is repreacuted by Clrcle-(6) In Figure 45 which will ^so malce 
Po nt-H) in Figure 44 move t. 4- rather than to 4'.  If there Is Interac Ion between 
^e tlo compXlve stresses cr • m* <r '. the total risk of rupture will take the 

following lorm 

Point 4 In Figure 44 will then move to 4•,, 

When this concept Is extended to a trlaxlal stress state, a boundary surface of 
safe region can be drawn In the three-dimensional space.   Forcr x ■ O" y " %^ % 
(trlaxlal 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 tne maximum principle stress failure criterion. 

Thus  a basic approadh has been established with respect to the statistical 
aspects of lallure for materials which exhibit series behavior.  Effects of anlsotropy 
^rmultlaxlal stress state are Included.   For purposes of Illustration the maximum 
r«"tress criterion was assumed but the approach Is equally valid Jr-**£ 
Lllure criterion and can deal with shear and compresslve stresses as well as tensile 
stresses.  The relative Influences of shear and con pre.slve 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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II.I.—■ 

Failure Criteria and Multiaxial Stre88 Test Apparatus 
 [T.  Weng. Union (Jarbide) 

1.    Introduction 

The objectives of this research program are to bmld a multiax&i stress 
testing machine, to obtain, experimentally, failure criteria for brittia and 
composUe materials, and to represent the failure critena in forms whxch 
can be used by designers. 

In order to establish the shape of the yield surface, to verify theories 
of plast°cUy. and to study the processes of plastic daformatton. biaxial 
stress tests on ductile materials have been conducted by several^nvestx- 
gators     For brittle and composite materials    however, very ^le work 
has been reported on biaxial stress tests and faüure crxtena.    T1}e usual 
method employed in these investigations is to test a thin-walled    hollow 
Cylinder under a combination of internal pressure and an axxal tensüe or 
compressTve load; for a more sophisticated test, a torque is also applied 
ThTs type of biaxikl stress test is relatively versatile and easy to conduct, 
and the stressed in the test cylinder under various loading conditions can 
bfca'c'ulared easily.    A multfaxial stress testing machine for tbin-walled. 
hollow cylinders is being constructed for this program.    To date, tnree 
fest« of JTA cylinders have been made with a preliminary version of the 
test apparatus. 

2.    Multiaxial Stress Testing Machine 

In order to obtain some failure strengths under biaxial «f •"•■'" JJ" 
.«rial materials early in the research program,  a simplified version of the 
multiLcUl stress testing machine has been assembled.    Provisions for 
^X«£^ pressure, axial tension,  and torques will be added later. 

a     Hydraulic System.    A simple hydraulic system,  shown 
schematicklly in figure V/. has been constructed for applying an internal 
pres^uro and^n axial compressive load.    The hydraulic power unit    A. 
?In supply internal pressure up to 5000 lb/in.2 and the capacity of the 
hyLauUrpres's. B.^S 12. 000 lb in compression.    The internal pressure 
ein be increased, decreased, or maintained at a given pressure by 
adhistinra screw in a pressure relief valve. C. mounted at the outlet por 
^thehfdr^lir^erlnit.    Continuously variable and accurately controlled 
rates oYpressure increase can be obtained by replacing the adjusting screw 
in the pressure relief valve with a threaded plunger, which rotates and 
moves icUly    in a linear actuator.  D.    The rate and direction of the axial 
motYon^f the plunger in the linear actuator are remotely controlled by a 
Control box    EP     The installation of the linear actuator into the pressure 
reUef valve is not yet completed.    A strain-gage type pressure transducer. 
F    which has a capacity ofSOOO lb/in.2, is connected to the hydraulic line, 
k^nressure recording system can be modulated to measure 0. 5 lb/in 
Jer S^c^rd^cha/t J 500 lb/in. 2 per inch -corder chart.    Sto« at 
higher pressures, considerable heat may be generated m the oil. a water 
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cooling br.th,  H,  is installed in the hyclraulu   system.    The hydraulic 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 presp (shown in Figure 47) will 
be described later. 

inr^K 

A. Hydraulic Power Unit G. 
B. Hydraulic Press H. 
C. Pressure Relief Vaivt I. 
D. Linear Actuator J. 
E. Control Box K. 
F. Pressure Transducer L. 

Pressure Gage, 0-5000 lb/in. 2 

Cooling Coil 
Specimen 
Axial Load Cell 
Drain 
-land Speed Valves 

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

Testing Machine. 

b.    Hoop Tensile Stress Test Fixture.    A fixture,   similar to one 
originally deTigned by the Stanford Research Institute/23' has been 
constructed tor 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 
applir d 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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Conical Plug 

Upper Plate 

J^  Spacer 

Pin 

Specimen 

Neoprene Bag 

Bottom Plate 

N-9469 
Figur« 48.    Specimen and Test Fixture for Hoop Tensile 

Stress Testing. 

c.    Internal Pressure and Axial Compressive Stress Test Fixture. 
A fixture for testing a cylindrical specimen under internal pressure and an 
axial compresaive 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 uct 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 </ 16 
inch radius and 1/ 16 inch deep crater is machined so that the assembly 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 tht  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 

Spacer 

Load Cell 

Steel End Cap 

Specimen 

Epoxy 

Steel End Cap 

"O" Ring Groove 

Steel Plate 

Platform of Press 

N-9606 
Figure 49.    Specimen and Test Fixture for Internal Pressure 

and Axial Compressive Stress Testing. 

3.    Test Results 

a. In order to,cheer the test fixture, 
g anci"aTuminum cylinders of lengtl.3  1 and Z 

inches have been tested to examine the effect of the specimen length and 
pressure loading on uniformity of strain distribution. 

Hoop Tensil.! Stress Test, 
an epoxy cylinder Z inches long and 

The strain distribution in the epoxy cylinder was investigated with a 
reflection polariscope,  and the variation of fringe pattern svas estimated to 
be less than 0. 1 fringe.    This small variation is believed vo be due to 
variations in the properties of the epoxy cylinder 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 also found 
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that strain distributions in the cylinders were uniform; the experimental and 
theoretical values of the strains are in good agrsement. 

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 umaxial tensile test.    A JTA-9 
compoSite cylinder 1 inch long has been tested.    The tensile fracture stress 
anTs^rain for this cylinder are 7500 lb/in.2 and 1180 ^in./in. .  respectively. 

b     Internal Pressure Test.    An aluminum cylinder having an 
inside diameier oi Ü. «Bb inch, an outside diameter of 0. 985 inch,  and a 
lenath 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 approximately 2 inches.    The axial and hoop strains at several 
locations on the outside surface of the aluminum cylinder were measured 
with strain gages.   The variation of strain with location was approximately 
Tpercent.    The difference between the measured values of the strains and 
theoretical values calculated by using the manufacturer's values.fo;r

t
f?

e
ablv 

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 
s^ra" with location was approximately 28 percent.    The 8-^rvariation 
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, 

_ (b/a)' + 1 p (VE-l) 
<r' = ^0  " (Wa)2 - 1     i 

and for the longitudinal stress, 

1 p (V E-2) 

where P. is the internal pressure, b is the outside diameter, and a is the 

inside diameter.    The hoop strain c 0 a on the inside surface can be 

calculated from the hoop strain e^ measured on the ouside surface by the 

formula: 
"(1 + si2/sn +   8i,/sii) + (1 - si2/si:)(b/a)2 (v E_3) 

2 + sn/su J  Ob ^a 
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These formulas are derived for the case oil^^r^^^j'^    *£- 
a cvlinder subjected to internal pressure, the longitudinal stress , nd strain 
^e'uniform through the thickness; and ^e longitudinal stress ^s a way 
one-half of the sum o£ the hoop stress and the radial stress.    Therefore, 
the rat o of the longitudinal stress to the hoop stress can be assumed to be 
0  5 in L th n-walled. hollow cylinder subjected to internal PresBure. for the 
magnitude of the radial .tret. i. very small and can be neglected. 

Stress-strain relations in the hoop (outside surface) and longitudinal 
Hi rations of a JTA-10 composite cylinder are shown in Figure bü.    U 

0. 2 of the hoop strain (at the same pressure) in the elastic range and 
considerably smaller in the plastic range. 

^r 
~     6 

02 .04        .06 .08 .10 
Longitudinal Strain (Percent) 

O Fracture 

.02       .04        .06 .08        .10 
Hoop Strain (Percent) 

0.12 

0. 12 

N-9607 

Fieure 50.    Longitudinal and Outside Hoop Stress-St rain Curves 
Figure »w.    ^ fTA_10 Comp08ite Cylinder under Internal Pressure. 
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The fracture .tresses and strains for JTA-composite cyljnde» tested 

under internal pressure were calculated ^E«l«*t4on" V = *^ fracture 
utina the internal pressure at fracture and the measured outside ^acture 
iuiin      The^e.uUs are given in Table VU.    These fracture propert.es are 

TABLE VU 

FRACTURE STRESS AND STRAIN  OF JTA COMPOSITE 
CYLINDERS  UNDER INTERNAL  PRESSURE 

Specimen 

JTA-9-1 
JTA-9-2 
JTA-10-1 

Inside 
Stress 
Hoop 

(lb/in.2) 
Longitudlnii 

Strain (MI in./in. ) 
Inside Hoop     L-ongitutiinal 

ui us ui 
eU3 

8030 
7530 
6260 

3600 
3440 
2830 

2020 
1900 
1250 

1850 
1200 
1170 

Unit: 103lb/in.2 

O = JTA-9 BiUet 
• = JTA-'> Billet Tested in 

Hoop Tensile Stress 
A= JTA-10 Billet 

30 i 
N-9604 

Figure 51.    Fracture-Stress Surface for JTA Composites. 
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Figure 52. 

-2.01— N-9621 
Fracture-Strain Surface for JTA Composites. 

in FiKU-es 51 and 52 were measured on samples from the TTA-9 billet,  and 
the shaded circles are the results obtained by the hoop tensile stress test 
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. 

Fißure 53 shows oae of the JTA-9 cylinders after fracture resulting 
from internal pressure.    Inspection of the fractured specimens failed to 
revea) whether the initial fracture was due to xhe hoop or the axial stress, 
irregular fracture surface may be due to the fact that the «tresses ir 
the cylinder, just prior to fracture, were approaching simultaneously the 
uniaxial tensile strengths in both the hoop and axial directions,  since the 
str«s ratio vj^ in the cylinder is 0. 5 and the uniaxial tensile strength ratio 

,ru,/am 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 Compressive Load TCBJ.    The 
aluminum cylinder which was used ior 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 
load cell with a sliding bearing which was described earlier.    In order to 
examine the performance of the test machine and to gain some experiences 
for later tests 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. Analysis and Synthesis of Three Layer Cylinder 
—(Professor SchmU and Mr. V. Genbern, Case Instltute) 

1.    Introduction 

An axlally Infinite thr«e layered thick walled cylinder (see Figur« 54) 
was chosen as a representative co^>onent which will ejihlblt «any behavior 
characteristics found In certain hlqh tenrerature noizle Inserts.    The 
cylinder Is subjected to high thermal and pressure loading on its inner 
surface.    Each of the three layers Is treated as cyllndrlcally orthotropic 
material whose thermal and mechanical properties are assumed to have a 
known teaperature dependence.    The oreasslgned parameters are the interna« 
radius (- ) and the temperature dependent miterlal properties.    The 
Individual layer thicknesses (0,, 02t Oj) are the deslqn variables (see 

Figure 54).     Each of several distinct load conditions 1$ specified by 
giving the Internal (pa(t)) and external pressure (P^t)) as well as the 

Internal (T.^t)) and external temperature (T.jU)) or, alternatlytly. 

the heating rate at the Inner surface (q(t)).     Failure modes to bt 
guarded against In each load condition Include tei^rature and r*6i*\ 
displacement limits as well as failure under contlned stress.    The (*jec- 
tlve function for the synthesis Is minimization of the we1<^t per unit 
length of the cylinder. 

2.    Thermal Analysis 

For any particular trial design (D,. D2. D3) the thenwelastlc analysis 

is carried out In two steps.      First the transient heat conduction problem 
neglecting mechanical coupling Is solved.    Then using the teaperature dlstrl- 
b^ition, the thermal stress analysis Is carried out neglecting Inertia effects. 

It Is assumed that the therma. and pressure loading are axlsywietrlc 
and uniform along the axis (z). thr-eby reducing «fcttffW««*»* ""JJ-, 
tlon analysis to a one-dimensional problem governed by the following pattiai 
differential equation 

p c   4   -   i  iL   (kr   |I) (VF-l) 9       it        r   *r ir ' 

In which the teiif>erature T(rtt) Is the dependent variable, the tin« t and 
the radial position r are Independent variables, and the density P, tne 
heat capacity c. and the thermal conductivity k are the pertinent material 
properties.    This one-dimensional eguatlon Is non-linear due to the 
tenperature dependence of the heat capacity and the thermal conAjctlvlty. 
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The initial condition is assumed to be a uniform temperature distribu- 
tion (T ).    The thermal boundary conditions are general enouqh to permit a 

o 
prescribed tiro varying heat flux input,a convection heating input on the 
Inner surface (r ), as well as convection cooling and reradiation cooling on 

the outer surface (r^ ■ r   ♦ 0^ ♦ Oj ♦ D3) 

K ar • g(t) ♦ hcl (T^ 

r-r. 

Ta) 
(V F-2) 

' k a? o Fe (Td   - T.3 ) + h^ (Td - T^) 

r*rj 

(V F-3) 

Perfect thermal contact 1$ assumed at the interface between layers, thereby 
reguiring both the temperature and the heat flux to be continuous across the 
interfaces at rb ■ r   + D1 and r   " r   ♦ n, ♦ O2 . 

i" - i2) k(1)    |I^.    km|I(2; (VF.4) 

r(2) rO) r(2) (3) 
k(2) 3iu;  . .0) Lr" 

c      ar c "c     ar c 
(V F-5) 

- 

The nonlinear transient heat conduction prolem can be cast in finite 
difference form for numerical solution on a high st)eed digital computer.    The 
irjiicit tSr.ite difference formulation   was chosen over the explicit form 
since the implicit form is not limiteo to small time increments by the 
stability criterion.     According to Forsvthe and Wasow 'Reference 24) the 
inulicit fom is faster than the explicit if the implicit time Interval is 
at least four times as large as the explicit interval. 

If the nunter of subdivisions in layers 1,2, ».id 3 are Nl, N2, and 
M3 respectively (see Figure 55). then the total nuntoer of nodes is NT+1 
WM»« 

NT   ■   Nl    +   H2   ♦ N3 (V F-6) 
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For each node there is an equation of the form 

AJ XM   *   BJ XJ   *   CJ XJ*1   ■   DJ (V F-7) 

This tridiagonal system of equations can be solved efficiently by a modified 
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 throuqh the thickness of the cylinder.   The stress 
analysis then determines the stress state for a qiven temperature distribution 
over the same set of mesh points.    The stress function technique (see Reference 
25) can be extended to accomplish this purpose.     Based en the assumption of 
axisymmetric, axially uniform behavior and the additional assumption that 
cross sections of the cylinder remain plane, it can be reasoned that 
T     ■ •     ■ •     »O.Y     ■V-"Y     «0, andc," constant.    The remaining 

re      ez       zr      • Tre      ez     Tzr      * z 
quantities of interest are or, oe, oz, tr, ce   and u which are all funct.ons 

o^ the radial position, r. 

The radial equilibrium equation reduces to 

do o_ - oA 

which is i(tertically satisfied by defininq the stresses in terms of a stress 
function } as follows 

o     -   i   . ».   ■   # tV F.9) r        r   ' e        dr 

The pertinent compatability equation 1$ 

cr   -   ce*    r^ (VF-10) 

and the stres^-strain-temperature relation for the cylindrically orthotropic 
elastic material is given by 
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r^ 

<-. > 

E.       -«„/E, 

^«t. 

"Er -vr(/ 

./Er »«,        -ez'E, < 
\  ♦    4T 

.vJp/E ,       -VE« '/E« L 

\^ 

<"•> 

(V F-ll) 

where It Is understood that 

V wli-   !ze v7r   _   wtt 

term 
to be 

S >       E2       S > 

Using Equetions (V F-l) through (V F;ll) rhe «SJ^«^^^!!!«! 
of the stross function ♦ and the undetermined constant strain c2 

h Cl * ver  *   (vw " v«)   VT3   r r 

r  C1 * vre   "   (VM " vri)   wze]   £ 
(V F.12) 

♦ Kz " vrz) cz + Car " ae " (ve2 - vrz) «z1 AT   " 

r d. j^M !«? | -  (V I \9
r
l V|r)  f - *u 'z * l*u »z + SJ   ÄT] 

eTua^oroHhrfo?^^^^^ obtain eq 
modified Gauss elimination. 
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AJ ♦j-l    +   Bi ♦j   +   CJ ♦j*! DJ 8«   +   EJ 
(V F-13) 

If the value of t   Is known, the system of equations reduce* to a trldlagonal 

system.     An initial guess Is made for c^.     The solution Is then obtained by 

Iteration on   e2 , since the estimated value of c2 can be Improved after 

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

2n 
NT 

I   02j rJ Ar   + 0Z.l  'I T   *   02.NT*1  r«T+l    T 
J-2 

(V F-14) 

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

re -    P a • rd (V F-15) 

At each Interface the radial stress and displacement In the adjacent layers 
must be equal. 

(?). .w 'rb rb 
.(2)-   .<« 
re re 

(V F.16) 

.(1).   ..(2) .(2) -    ..(3) (V F-17> 

4.    Numerical Evaluation of Analysis 

To date both the thermal and stress analyses have been proqranwed In Algol 
60 for use on a Unlvac 1107 cowDuter.   The results for one layered Isotropie 
and orthotroplc 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 
tine) load condition, an accurate tewperature distribution with 10 second 
Intervals regulres 4 seconds (machine time).    For a given tewperature distribu- 
tion, the st»ess state over the 40 nodes can be determined in 1 second of 
machine tin«.    Based on past experience it is estimated that by translating 
the analysis progra« into FORTRAN IV compiler language running times will be 
reduced b^ a factor of five.   Clearly the repeated cycles of analysis, design 
modification and «analysis will be feasible for this problem becajse the 
analysis run times are not excessive. 
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5,    Constraints 

The side constraints place upper and lower limits on each layer thickness 
as determined by fabrication processes and other requirements.    Behavior con- 
straints include temperature upper limits for each layer, a radial displace- 
rent upper limit, and failure under contined stress.    The contined stress state 
«t any point at any time in this problem (or, oe , o2)    is known as a result 

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

2.2 2 

^♦^eS-'.,S-',^'     '-'" 
r        i z 

The fcrw of this expression is consistent with the generalized distortion 
energy failure criterion (see Reference 14) but permits the use of different 
uniaxlal strength values {Sr, S9, Sz) depending upon whether the correspond- 

ing stress component (or, oe. oz) is tension or compression.     The coefficients 

(K    . K    . K. ) can be determined experimentally from biaxial tests or they can 
1^0 üX        i^T 

be   estimated on a theoretical    basis (see Reference 14) using the elastic 
constants of the material.     For the soecial case of an Isotropie material 
with uniaxlal strength values identical in tension and in conpression. these 
coefficients (Kre, K9zt Kzr) reduce to unity. 

6.    Synthesis 

With the analysis completed and the constraints Identified the structural 
synthesis problem for the three layer cylinder can be undertaken,    "^e obJef- 
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 ss follows: 

H   -   I (r,,2 - r,2) „, ♦   (rc
S - r,,2) », ♦ l(r/ - rc

2) P,      (V M9) 

where 

rb " ra * Dl;  rc " ra + Dl + D2;  rd " ra * Dl * ^ * 03 

Initially only the layer thicknesses D^ D2, and D3 will be treated as design 

variables. The synthesis technique to be employed will be a sequential process 
in design spa« of the type 
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J'41    -    ?'    +    a    Sq (V F-20) 

where tne superscript   q   designates the airrent design,   the superscript 
q+1 denotes the next trial design in the sequence, D   represents a design 
vector, a   the step length, and   S the direction of travel for the design 
modification.       In putting toge.fte" a synthesis technique for the three 
layer cylinder problem some of the preprogrammed procedures discussed in 
Section IX B will be drawn upon. 
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G.    Analysis and Synthesis of flat Plate ,      „       f      .^ .. 
 (Prolessor SMt and Hr. L Chamls. Case Inscltute) 

1.    Introduction 

A flat siwply supported orthotropic rectangular panel (See Figure 56) 
was chosen as a second simple representative component.   This system 
exhibits several inportant structural behavior characteristics such as 
bending, buckling, multiaxial stress states, and thermal stress response« 
The loadings on this panel include themal Inputs on the exposed mrfact 
[for exanvl« q(t)]. transverse pressure loading (p) and in plane mentorane 
forces (Nx, N , and N^).    The planform dimensions of the plate (a.b) 

are pwasJignJd parameters and initially the «^Jl^ «MI* pU* «W 
also be preassigned. When the material is preassigned, the temperature 
dependent thenwl and mechanical properties of the plate are assumed to 
be knwn. Initially then the design variables are the Pi ate thickness 
h and tie angle e orienting the material axes (1,2) with resoect to the 
planform axes of the plate (x.y). Failure modes to be P»** ;£«" 
in each load condition include temperature and transverse displacement 
limits as well as failur« under confined stress. The objective of the 
structural synthesis is taken to be minimization of the total weight of 
the plat«. 

The analysis of the panel consists of three parts; the transient 
tenperature distribution solution, the displacement respor.se and the 
stress analysis.    Tha thermal analysis is carried out using the one 
dimensional heat conduction eguation Including temperature dependent 
thermal properties.    The transient tenperature fjgf* *?*,•* 
thickness of the plate is obtained using an implicit finite difference 
solution technigue.    The displacement analysis   s based on small 
deflection elastic thin plate theory.     The basic field equation JJ • 
vertical eguilibrium eguation in ten« of the unknown Umnf* Wiy 
ment w(x.>).     The series expansion selected to represent the transverse 
displace«.* w(x.y) apprexlmately.satlsfles the ,mP0"d

<l
bou!;da^on

fJi;lonS 

(namely, that w^y) - 0 on all  ^our sinply supported edoes)     The field 
equation subject to th^ natural boundary conditions (namely, N • 0 on all 
four sinrly supported edges) is solved approximately by apply ng the 
generamed Galerkin method which yields a system of linear simuUaneous 
equations.     Solution of this system of simultaneous equations ^^es the 
values of the coefficients in the series expansion for w(x,y) and hence 
an approximate functional expression for the transverse JW*«■■«* 
pattero of the pla^e.     The stress analysis is based on the stress displace- 
m>nt relations and the end result essentially expresses the stresses in 
^^fthrapjiled temperature distribution, the applied 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 
unifore. Mtr the planform (that is, with respect to x and y),    J^^^nt 

tenr'rat-jre response of the plate is tl.erefore essentially one dlmens onal 
(tTrouShJhe thickness of the plate).    The partial differential equation 
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I 
qovemlnq thi: temperature response is 

'- (»4) - «H 
3Z 32 

U G-l) 

In which 1(2. t) Is the dependent tenperature variable; the time t and the 
position F (see Flqure 57) are Independent variables, and the density p. the 
heat capacity c and the thermal conductivity k are the pertinent material 
properties.    The boundary condition at the exposed surface of the plate 
f-• 0 is quite general and permits a variety of opt ons with respect to the 
kind of thermal loading that can be dealt with.    This boundary condition Is 

T(0. t) V0 (V G-2) 

where T (t) designates the prescribed temperature at the surface as a 

function of time or 

. fc II (0, t) ■ q(t) ♦ Fc [T^- T(0. t)]- ac[T4(0. t)  - T.4] ^ as 6$ % 

(V G-3) 
3Z 

where g(t) designates a prescribed heat flux Input as a function of time, 
thelecond term permits consideration of convectlve heat nq or cooling, 
^he third term permits consideration of reradlatlon coolInq. and the fourth 
tenn provides for solar heatlnq.    The boundary condition on the unexposed 
surface Is assumed to be 

il   (h. t) (V G-4) 

I 

which Irooses a condition of zero heat loss from the unexposed surface 
•t 7 ■ h. 

This nonlinear transient heat conduction problem has been cast In 
finite difference form for numerical solution on a h qh speed dgltal 
conruter.       The Inplldt finite difference fomilatlon was cho,2n over 
the explicit because It   Is not limited to small  t1« J"c*!*n" ft * 
stability criterion.    As previously noted (action V F2 , the implicit 
«thod will be more efficient provided the time   nterva s employed are 
at least four times larger than the time Intervals required to satisfy 
the stability criterion when uslnq the explicit formulation. 

If the thickness of the olate Is subdivided Into n-1 layers of equal 

thickness &AZ - -Xj then the total nunter of nodes at which the terrpera- 

turp Is evaluated'wlll be n.    For each node there Is an equation of the 
\IZ <f^n   ? Eouat on V F-7.    As note previously a trldlaqonal system of 
XkuS?£ SsJl^d efficiently uslSq a modified Gauss elimination procedure 

-106- 



mmm 

77T 

^ 

ui 

i 
je 

-  N      w 

M 

VT- 
1 
s   o 

u   -»I« j 

s si 
^    u. 

vSH 

! 

IN 

-107 

■— 



3.   Displtcwmt analysis 

7h« vtrtlcal »^nibHu« Muttlon for an irtltriry elewnt of th« 
platt shown In Fiqure 56 can bt written as  follows: 

i> 
i* 

my 77 
21 A 

xv lx3v ♦ «. 
&• 

p - 0    (V G-5) 

where the transverse load p 1$ taken poait'vt In the positive z direction 
(i.e. upward) and the slqn convention end force resultant definitions are 
Iven In F1qur«s 68 and 59.     This expression takes into accost the 
nfluence of the 1npl*»e force system on the behavior of the plate and 

It II Independent of the orthotroplc character of the plate «ateHal. 
The stress-strain temperature relations for the plate In the orthotroplc 
material axis svstt« (1,2,3) Is written as follows: 

? 

1 v12 0 

v21 
^iT 

1 

^22 
0 

0 0 1 
hi 

11 

< 
'22 > 

T12 

♦   AT i*22\ 

0 

(V G-6) 

or more briefly 

w. • en;1 w, ♦ *T i«}m 
(VG-7) 

where the definitions of the matrices are Implied by comparinq Equation 
V G-6 with Equation V G-7.    The stresses in terms of the strains and the 
temperature increment are expressed is follows: 

H m. 
«^rere 

<w.- AT w.\ (V G-8) 
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12 

(VG-9) 

Tht strains In the orthotroplc ««UH«! axis $vsU« (1,2,3) can be expressed 
In Urns of the strain! In the planforw coordinate svste» of the structure 
(x,y,2) 4t fo'ilow: 

»11 

< '22   /    " 

SKj 

cot2« 

2 
fin*« 

«in2« 

cos • 

-sin 2«       sin 2e 

1 sin 2e 

tin 2e 

cos 2e 

exx 

<«w> 

Yxv 

(V G-IO) 

or acre briefly 

l«l. -  W !«»• (V G-ll) 

where the definitions of the matrices are 1i*>11ed bv comparing Equation 
rcVwIthWlon V G-ll.    The stresses In the planform coordinate sysUn 
of the structure (x.v.z) may be cxprtsseJ In terms of the stresses In the 
orthotroplc material axis system (1.2,3/ as follows: 
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COl2 9 tin2« . tin 2« 

sin2« cot • ♦ sin 2e 

sin 2e 4 sin 2« ♦ cos 2e 

/o^y     (¥G-I2) 

'12 

or «ort briefly 

{o\t   '   CR1T   l»), (V G-13) 

Tht swan dtflectlon str«1n-d1spl»ce«i«nt relations expressed In the plenfom 
coorilnat« system of the structure (x.y»«) «re 

r.)u^ 

< yy 

^TxyJ 

> •  <U 
ft ♦ I1; 

' J2w 

- i 

77 

> 

j2« 
V *TxTy^ 

(V G-M) 

or more briefly 

ic}$   -   lc»f   -   i Wf 
(V G-15) 

where the definitions of the coluar matrices are Iwpl'ed by coaparlnq Equation 
Y G-14 with Equation ¥ 6-15.      The bendlnq force resvltents Hxt Hxy and My 

can be shown to depend upon the displacements In the followlnq manner 

W§  ■ - CR]T CO] CR] i»ls - CR3T iMTU      <¥ s-16) 
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f      4T cn 
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(V G-17) 

x2   ii    "      . di 

,2   -plZ- 
(|-v12v2^ 

v„ E, 

J 

I 

f    vi2 Ln    d, 
TTrv12W 

z2 22        dz 

tt^m 

(V G-18) 

«id the other tenw hiw been defined previously.    Substituting the expressions 
for M , H , end M_ contained In Equation V G-16 Into Equation V a-5 gives 
the vertical equilibrium equation for an arbitrary element of the plate 1n 
terns of transverse dlsplaoenent w(x(y). 
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(V G.19) 

- 2 L f tin 2«, -y s1n ^ • C0* 2eJ  f] ^ 

^ 

- Lfln2», cof2e, «In 2eJ  [0] [R] 
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♦  n * in .'. ,?. 
xv V*?' 

The transverse dispUcewent w(j(#y) c» be inproxirwted by a series 
extension of the following fom 

n-1    m-l 

.4.  ,,Bl*     .4«   SHI sin —-   sin -g^ (V G-20) 

Note that each of the ten« In this series expansion satisfies the displace- 
iient boundary conditions exactly.    Substituting the approxlwate representation 
for wU.y) [na«ly w(x.v)J Into the left hend side of Enuatlon V G-19 will 
vleld a function R(x,v) ><h1ch Is not strictly zero over the reolon 
0«x<a,     0<y<b.      The function M*»*)» frenuently called the 
res"ldu7l, represents the distribution of tr4nsverse static unbalance due to 
the fact that w{x,y) Is approximate.    Tho series expansion representing 
the approxlwte solution wfx.y) does rot satisfy the «owent boundary condi- 
tions exactly. .The moments correspondlno to the anproxlmate displacement 
representation »(x.y) are qlven by the following expressions which follows 
from Equation V G-16 with w(xfy) replaced by w(x,y) 

- - Lcos2e s1n2e - sin 2eJ  [0] [R] 
r 

< 

17 
2" 

3x»y  I 

2 
LCOS  8, sin2«, - sin 2eJ  [Hj] (V G-21) 

in 
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Ls<n e c«2€ sin 2eJ [D] [R] 

< ^ > 
ft- 

-«&' 

9 4 
Leos e $1nce sin 2§J    jM^.) 

■ 

(V 6-22) 

Let Mx   and M   denote the prescrlt^d edge wowents on the plate (zero In this 

particular case).    The virtual worv associated with the static unbalance 
due to the fact that w(xtv) Is approximate can be written as foil (Mrs: 

6W R(x(v)6w  dxdy («. - 11.) .(£) ov 
x-a 

■dW, (M, - M,)  .(Ä) d» 

x-0 

• ■i: 
aw, 

(My - Mv) tf(|=-) dx 
v=b 

9w, 
(Mv - Mv)  6(|=.)  dx 

v-0 
(V 6-23) 
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Imposing the reoulrMent that the virtual work done by the static imbalance 
be zero for each Independant assunad «ode yields a system of (NM) slwHaneous 
equations of tha fona 

Cd    |AJ w (V G-24) 

wh.ch when solved for the coefficients A_ rteld the approximate solution 

fdr the dlsplaoaaent distribution (see Equation V 6-20). 

*•    Stress Analysis 

The Modbrtne force resultants can be related to the dlsplaceaents In 
the following manner 

{n]t    -    [R]T [A] [R] ic}$   -      mT    jf^ (V 6-25) 

where 

V 

{*]% • < > » iM, 

LV 

AT   E^ 

{1-v12v?1)    (an + v12(,22) * 

Ti2L 
'12>'21 _ (B22 + ^^l^ ^ 

aid 

(V 6-26) 
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(V G-27) 

, 

Solvlnq for the neutnl surface strains Ult 
frw Equation V &-25 olves 

Uls   -   [R] 1  [A]    ^ [R7]'1    iHls   ♦    WJ (V G-28) 

The stress at any location (x^.z) expressed In the orthotroplc material 
axis system can now be obtained.    Rewriting Eouetlon   V G-8 

H, ■ n   <{ 

substituting for \t}      from Eguatlon V 6-11 

H. ■ KV  < M M, 
substituting for |c}s from Eguatlon V G-15 

c). - ^T \A 

and replacing {c}s   using Eguatlon V G-28 yields 

(V G-29) 

(V G-30) 

jo},,, -  [£]„    ^ [R] {e}t - Km \«\ ' AT i«}A (¥ S-31) 
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(     1 \ 
H« • f^ ) im1)   i«;, ♦ m 1^1,, - «CRI UIS - AT W^ (V G.32) 

\ )    . 
txtfulnlnn fruition V 8-31 It can be observed that the first term represents 
the influence of the annlled ««tränt loads on the stresses, the second term 
r»nre«ents the Influence of the themal forces (F^, the third term 

rtnresents the influence of the dlsnlacewent solution, and the last term 
«»present» the influence of the tesrerature distribution throuih the depth. 

5.    Numerical  Evaluation of Analysis 

The thermal analysis; the d1splacem»nt analysis and the stress «n«]lys1$ 
prtwiouslv described have all been nronranrod In Alnol 60 for use on aUnlvac 
1107 cowuter.   A variety of Ust cases have been run and compared with 
Independent results In the literature.    The results of these test cases support 
the valldltv of the analvses.    It should be noted that these test cases are 
for Isotronic plates with temperature Independent nroper.ies.    fu^her effort 
will be renulred to check out the temnerature dependent features of the 
thermal analysis as well as the orthotroplc features of the displacement and 
stress analysts. 

For § platt with five mesh points throunh the thickness,the total 
analysis of twtlvt «inutts rtal time takes on the averaoe flfjy-sl* seconds. 
or approximately a ratio of rtal tine to computer time of 12:1.    Based on 
past experience It Is estimated that by translatlnn the analyses programs 
Into Fortran IV compiler lannuane computer times will be reduced bv a factor 
of five.    Slated dlffeientlv. real tire to «wuter tint ratios of 60:1 
should be attalnablt. 

Cltarlv the reneated cycles of analysis, dtslnn modlflcat on an*« 
reanalysls. rtoulrtd for the synthesis activity, will be feasible for this 
problem slnct tht ana'vsls run times are reasonable. 

6.    Constraints 

Tht side constraints place upper and lower limits on the panel thickness 
and on the orientation of the material axes relative to the panel axes. 
Behavior constraints Include temnerature upper limits, displacement [*) upper 
llwrits and failure under cortblned stress. 

The coflfclned stress statt (o]V   „. .^^ at any point at any timt Is 

known as a result of tht thtrmal. dlsplactrent and stress analvs^;f|eJ
n
f^^: 

action fonrnjl* of the followlnq form will be emnloved to ouard aqalnst failure 
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An  analonous  expression was emnloved In Section V F-5. 

7.    Synthesis 

With the anfilysls cowpleted and the constraints 1den;1f1«d the structural 
synthesis for the flat rectanqular panel can be undertaken.    The objective 
will be to find a deslqn that minimizes the total welqht of the pane1 while 
satisfying the constnlnts placed on the panel behav'.or and deslqn. 

Initially only the chlckness (h) and the anqle (e) will be treated as 
deslqn variables.   The synthesis technique to be employed will be a sequential 
process In deslqn 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.      Deatgn Studtes of Rocket Throat Insert 
(A.L. MlBtretta and F.M. Anthony, Bell Aeroaystems) 

The rocket throat inaert was selected for the pertlculate compoalte application 
baaed on the considerations given In Section IV B.  Initial design atudlea were con- 
ducted to define the relationahips among environmental conditions, geometric varlablea, 
and external re traint conditions. 

Two different external geometric configurations, a* shown in Figure 60 were 
examined. One waa of uniform wall thlckneaa while the other employed a conatant 
external diameter.   For Initial analyaea, the throat diameter was taken as 2.0 Inches 
with a maximum wall thlckneaa of 1.0 Inch. A convergent angh of 45° and a diver- 
gent angle of 25° were assumed with a blend radlua of 2,0 Inches as shown.  The 
effects of external reatralnt, axial length, wall thlckneaa, and chamber pressure 
were investigated for thla 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 determine heating conditions along the inner surf?ce.  A 
forward finite difference procedure was used to determine temperature distributions 
In the throat Inserts.  Temperature dependence of material properties was included 
as waa 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 flir.i caae, 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 
dlatrlbutlon at the thront foi the two Inaert 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 la shown In Figure 61. 

The transient analyses conducted 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 for 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 thef-e 
gradients occur are aa follows: 
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Figure 62.   Hot Face Temperature as a Function of Chamber Pressure at Time of 
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Max. Local Max. Overall 
Chamber Pressure Gradient Gradient 

(otia) (sec) (sec) 

100 8.5 6.0 
200 1.8 6.0 
500 0.8 2.0 

The temperature distributions used (or 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 from the heat transfer analyses served 
as input to a computer program which determines stresses.   The concept of physically 
idealizing structures as assemblies of discrete elements which is discussed in Section 
IX C was employed.   For analysis of the throat insert, the element chosen was the 
triangular cross section ring.   Element characteristics were based on temperature 
dependent linearly elastic, transverse Isotropie 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 psl) 17 6.1 
Shear Modulus (106 pcii) ' 2.9 
Polsson's Ratio 0.22 0.079 
Coefficient Thermal Fxpanslon (10-6/oF) 2.9 3.2 

The number of triangular elements used for structural Idealization was Investi- 
gated In Reference 27.  It was found that 126 ring-elements were adequate for the 
constant outside diameter Insert.  Coarser representation was adequate for predicting 
compressl"e 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 
pressure and throat diameter.   The results from these analyses are summarized in 
Table VIII.  Also Included In Ttble VJI Is the case of an Insert which Is assumed to 
be Isotropie and to have the JTA "with grain" properties. 

For the cases which consider transverse Isotropie material behavior, maximum 
tensile stresses occur when the Insert Is unrestrained while maximum compresslve 
stresses occur when the Insert Is restrained both axlally and circumferentially.  Stress 
levels are Influenced by the type of restraint with greatest 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 decreased for the 
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TABLE   VIII 

SUMMARY  OF  THROAT  INSERT  ANALYSIi 

Axial Strega - (pa*) Clrcunrferentlal (pal) 
Condition« CM« Maximum«" Minimum Maximum Minimum 

500 p«U Chamber PreMure llnreatraln«d(Z* 7,500 <T> -70.000 (T) 26.000 (E) -300,000 (T) 
Z.O Inch Throct DUmeter 20,000 (Tl 
1.0 In-h Max   W»ll Unreatralned 7.500 (T) -00,000 (T) 37,000 (E) 

21,000 (T) 
-260,000 (Tl 

Iteatralned -6,000 (T) 120.000 (T) -10,000 (T) -325,000 (T) 
4. Full Hoop R« «tMlnl 2,00C <T) -»6,000 (T) -10,000 (T) -320.000 JT) 

Hoop Reatralnt 1,000 (T) -»6,000 (T) -7,000 (T) -315.000 (T) 
Axial ReatrtlU -6,000 (T) -140,000 (T) 20,000 (T) -236.000 (T) 
laotroplc. Unreatr. 20,000 (T» 195.000 (T) 36,000 (E) 

20,000 (T) 
-325.000 (T) 

Raduced Length, 
Unreatralned 

6,f/00 (T) -62.000 (T) 23,000 (T) -220.000 (T) 

0.6 In. h Max  Wall ThickneM Reduced Length 
Wall, Unreatralned 

9,000 (T) -62.000 (T) 40.000 (E) 
S4,000 (T) 

-166,000 cn 

200 pa la Chamber Preaaure Unreatrklned 5,200 (T) -31.000 (T) 22,000 (E) -liO.OOfD 
2.0 Inch Throat Diameter 18.000 (T) 
1.0 Inch Max. Wall Reatralned -11,000 (T) -58.000 (T) -26.000 «T) -210,000 (T) 

100 pala Chamber Preaaure Unreatralned 8.100 (T) -1»,000 (T) 12,000 (E) -67,000 (T) 

2.0 Inch Throat Diameter ii ooo .n 
1.0 Inch Max. Wall Reatralned -6,000 (T) -37.000 (T) -22,000 (T) -130,000 (T) 

500 pa la Chamber Preaaure Unreatra.ned 6,500 (T) -»0.000 (T) 16.000 (E) -265,000 (T) 

2.0 inch Throat Diameter 6.000 (T) 
1.0 Inch ("onuUnt Wall Reatralned -6,000 (T| 

-3.000(E) 
-110,000 (T) -11,000 (T) -330,000 (T) 

500 pala Chamber Preaaure Unreatralned 10,000 (T) -52,000 (T) 50,000 (E) -167.000 (T) 

5.0 Inch Throat Diameter 26,000 (T) 
1.3 Inch Max   Walt Reatralned -6,000 (T) -120.000 (T) -10,000 (T) -322,000 (T> 

500 pala Chamber Preaaure Unreatralned 10,000 (T) -»0,000 (T) 28,070 (E) -206,000 (T) 

24.0 Inch Throat D'amater 16,000 (T) 
4.0 Ii.< h Max. Wall Unreatralned -3.000 »T) -120,000 (T) -5,000 <T> -316,000 (T) 

1. The magnitude of the atreaaea are conaldered in an algebraic aenae, that Is -300.000 pai la conaidered minimum 
when compared to   20,000 pel. 

2. Thla caae coarae deacrete element uaed, all other caaea a liner deacret« element uaed. 

3. *  la U-naion   - la compreaalon. 

4. (T) indicated throat section, (E) Indicated upatream or downatream edgea. 
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reduced length insert, there is an approximately 80% increase in the maximum tensile, 
but a substantial reduction in the maximum compression stress. 

!t is interesting to note the influence of anisotropy on the calculated thermal 
•tresses.   This can b2 done by comparison of Cases 2 and 7 in Table VIU.   For the 
assumption o! 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 Isotropie 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 nunimum stresses for the 
2 0 inch throat diameter and 1.0 inch maximum wall thickness inseri is shown in 
Figures 63 and 64. for the unrestrsined and fully restrained conditions, respectively. 
The increasing chamber pressure levels subjects the insert to a more severe thermal 
en-ironment 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 inches.  The maximum thermal stresses are 
relatively unaffected by changes in throat 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-straxn curves even at room temperature.  Inclusion of non- 
linearity is expected to significantly reduce stress levels.  The importance of non- 
linearity will be assessed in the immediate future. 
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I.       Testing JT Series Materials 
(F. M. Anthony and D  P. Hanley, Bell Aerosystems) 

Testing of partlculate composites falls Into three categories:   (1) tests of the 
statistical approach, (2) tests of simple components, apd (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 tc 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 th« 
material axes.  Statistical parameters will be determined from samples cut with and 
across grain.  AnalyticPl proceoures will then be employed to predict the statlstlcfl 
distribution of strength for samples having stress applied at angles to the material 
axes.  Samples will then be testod In this manner and the test results will be com- 
pared with the analytical predictions.   Test bars are currently being machined for 
this study. 

2. Simple Componentb 

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 Insert 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-lnch diameter by 3-lnch 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 variable Inside diameter.  Another short cylinder configuration will have a constant 
Inside diameter and a stepped outside diameter so as to simulate a heavy Integral 
ring. 

Temperatures and strains will be recorded continuously during the test.   Ths 
linear analyses should compare quite well with the data obtained early in each test. 
As t    iperatures and strains Increase, the material response should become In- 
creasingly nonlinear.   The inaccuracy Introduced by linear analysis will be defined 
quantitatively and these test results wUl be available for use with the noillnear 
analysis capability to be developed later In the program. 
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The preclM number of tests to be conducted on each sample has . ot been deter- 
mined as yet   Four sample configurations will be tested and duplicate runs would be 
desirable.   .From another Bell program, It should be possible to assess the maximum 
stress which will net 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.  If 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.    Represenutive Components 

Fabrication and testing of the paniculate composite nozzle throat Insert has 
been considered, but at the present time. It appears thf.t actual testing of this com- 
ponent ma\ not be necessary.   If the simple component tests de«crlb-d above ade- 
quately verify the regimes of theoretical behavior as expected, further work should 
not be required.  A decision on testing the represenutive 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 h;gh modulus graphite fibers 
in resin matrix composites requires strong fiber-resin bonding.    Work 
sponsored by the Carbon Products Division^2*' has shown that epoxy resin 
composites made with carbon fibers have better compressive,  flexural, 2nd 
shear strengths 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        iTlORNEL 

Composite Property VYB WYB 2b 

Tensile strength (lO3 lb/in. *) 80 65 96 

Tensile modulus (10* lb/in.2) 3.1 3.2 

Compressive strength (10* lb/in.*) 130 60 57 

Compressive modulus (10* lb/in.*) 3.5 3.6 15 

Flexural strength (10J lb/in.») 110 80 69 

Bending modulus (10* lb/in.1) 3.3 3.3 15 

Short-beam shear'Htreagth (10* lb/in.*) 11 3.6 2.3 

Fiber content (percent by volume) 62 70 72 

for rings wound with carbon and graphite yarns impregnated 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 t .e carbon fiber-to-resin 
adhesion.    This hypothesis is supported by fiber characterization studies, 
discussed in Section VI A, which show that the carbon fiber.* have a much 
greater surface area and open porosity than the graphito fibers. 

Adhesive bond strength is affected by many factors, the more impor- 
tant of which are:   the surface condition of the fibers, fiber-rcsin 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 

133- 



A 

adhesio:. are di»cus«ed briefly iu Section VI C.    The influence of fiber 
surface treatment» 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 VI G) 
and of surface treatments of the yarn (Section VI H). 

A.    Characterization of As-Received Fiber Surfa;as 

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

II 

N-9713 
Figure 67.    Electron Micrograph of As-Received Carbon 

Filament Surface.    22, 100X, 

V/4 .*' i 

i ? ^ 

*     4 

N-9714 
Figure 68.    Electron Micrograph of As-Received Graphite 

Filament Surface.    Zl.OOOX, 
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N-9715 
Figure 69.    Electron Micrograph of Ai-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 
o/iented than in ordinary graphite fibers. 

TABLE X 

SURFACE  PROPERTIES OF CARBON  AND GRAPHITE  FIBERS 

Property Carbon Fiber Graphite Fiber 

Surface area (m2/g) 

Open porosity (cm3/g) 

Surface oxygen (percent) 

260 

0.22 

2 

3 

0.017 

0.1 

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

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 Cornplexea 

Surface oxygen complexei of variable stoichiometry form on all carbons 
expoaed to air at room temperature and above.    The amount and nature of 
the complexes dependa upon the activity of the carbon surface, the 
concentration of oxidizing agent, and the temperature at which the complexes 
are formed."*'   The following sequence of reactions is generally applicable 
to the oxidation of all carbons: 

Complex formation:   C + Oz -C(0)x + C02 + CO (VI B-1) 

Complex decomposition:   C(0)x -C + C02 + CO (VI B-2) 

The amount of complex formation is at maximum between 300 to 400*0, 
depending upon the activity of the surface.    Most of the gaseous product 
formed during the production of these   'low temperature" complexes is Cü2. 
Above approximately 450#C, "high temperature" complexes are formed, 
and most of the gaseous product is CO.    Thermal decomposition of the low 
temperature complexes produce» an evolved gas rich in COz, 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*0 are required to decompose all but the last traces. 

The presence of oxygen complexes markedly alters the suxface 
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 wc'.ting by other 
compounds and forming gas bubble» 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*0 in oxygen by heating 
eraphite yarn in a 2 em'/min stream of oxygen at a controlled rate of 
temperature rise.    After oxidation, a stream of »rgon was substituted for 
oxyRen and the temperature raised to approximately 1000  C.    The apparatus 
permitted measurements of sample weights before and after oxidation or 
thermal decomposition.    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 condHions.    The monitoring of the 
effluent gases during thermal decomposition of the surface oxygen complexes 
showed no C02 or CO 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 
chemicallv 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 lOS'C, and weighed once m9re.    Portions of 
several of thes« etched yarns were used for electroii 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 rougheniig.    The KKinC^ - H2S04, bO'C,  5 min 
treatment wa» 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 pr-.ence of 0. 5 percent Mn on this yarn. 
It is probable that the small pa. icles are MnO?, corresponding to a total 
h/mOz content of 0. 8 percent.    This amount of MnOj 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 
system is contemplated. 

N-9716 
Figure 70.    Electron Micrograph of 
Graphite Filament Surface Etched 
in KMn04-H2S04 Solution.     IZ.ZOOX. 

N-9717 
Figure 71.    Electron Micrograph 
of Graphite Filament Surface 
Etched in Sulfuric Acid.    12,200X¥ 
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N-9718 
Figure 72.    Electron Micrograph of Graphite Filament 

Surface Etched in Hypochlorous Acid (Bleach). 
U.ZOOX. 

N-9719 
Figure 73.    Electron Micrograph of Graphite Filament 

Surface Etched xn Chromic Acid.    12,200X. 
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C.    Interrelation of ConUct An|lv,  Wetting Rate,  and Adhesion 
(R.  J.   Ilobka,   Union Carbide) 

The surface force» which operate at a planar »olid-liquid interface 
come to an equilibrium which produce» a liquid drop with the shape of a 
»pheroidal »egment. a» in Figure 75.    The contact angle 6M*ee Figure 75) 
i» related to the »olid,  liquid,  and vapor »urface tension» by 

V    ,  = *.  . cos 0   + v 
SV «v* ■ (VI C-l) 

in which v    . and v. , are the surfact* tensions of the solid and liquid, 
sv iv" 

respectively, in equilibrium with the vapor and v . is the solid-liquid inter- 

facial tension. 

Liquid 

sv 

Vapor        f v \ 1 

■ y///Ä/}//////// 
Solid 

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

Rigorous thermodynamic derivations of Equation VI C-l require lAreti«* 
definitions of the various surface tensions.    There is controversy as tc the 
appZicability of the term v    , in real situations.    If one assumes true 

equilibrium, the work of adhesion W0^, the work necessary to remove the 

liquid froir. the solid, is given by 

W 
adh 

= v|v, (1 + cos 0) (VI C-2) 

which shows very simply how liquid-solid adhesion is improved by decreased 
contac1: angles.    Harkin»^0' fir»t pointed out that, when 0  is nearly zero, 
there i.iay be a further conl/ibution to ^'^j^ 

W,adh=VIV (^cos0) + ir- (VI 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. « 
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(VI C-4) 

Conservative theoretical calculation« of work of adhesion based on Equation 
VI C-2 predict far greater adhesive strengths than 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 minimixe the formation of gas bubbles or voids which 
become areas of stress concentration when the adhesive i% polymeriaed. 

Real surfaces are invariably uugh 59 some degree.    A measure of this 
roughness has been derived by Wenzel 

gh. to 

cos  g ' 
cos 8 =   R (RJ 1) {VI C-?») 

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 situation« 
encountered in this study, the true contact angle 0 is greater than the 
observed contact angle fl'. 

D.    Contact Angle Studies 
(R.  J.   Bobka an«? 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 si rface, the contact angle is 
given by the simple relation 

tan 0/2 = 2 h/a 

where h and a are quantities identified in Figur    75. 

(VI D-l) 

Pyrolytic and grade SA-2 5 graphites were used to ietermine the effect 
of oxidation on the contact angles of epoxy resins and wtter.    Pyrolytic 
graphite is highly anisotropic and nonporous.    Grade SA-25 is Isotropie and 
moderately porous. .The crystallites in both pyrolytic aid 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 b00*C for one hour, and after 
thermal desorption in argon r.t IGOO'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 
äugle- for ERL 2774 may be partly a consequence of its high viscosity, 
spontaneous spreading docs not occur under the condition« of the experiment: 
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TABLE XI 

EFFECT OF SURFACE  TREATMENTS OF 
BULK GRAPHITES ON CONTACT ANGLES 

Liquid Solid Treatment Contact Angle 
(Degrees) 

Water 
Water 
Water 

PG-Face 
PC-Face 
PG-Face 

Polished 
Poiiahed, Oxidized 
Polishedi Oxidized,  Thermally 

Desorbed 

73 
64 

83 

Wa.er 
Water 
Water 

PG-Edge 
PG-Edge 
PG-Edge 

PoUshed 
Polished, Oxidized 
Polished, Oxidized,  Thermally 

Desorbed 

77 
35 

95 

Water 
Water 
Water 

SA-25 
SA-2S 
SA-ZS 

None 
Oxidized 
Oxidized, Thermally Desorbed 

112 
0 

121 

ERLA 0400 
ERLA 0400 
ERLA 0400 

SA-25 
SA-25 
SA-25 

None 
Oxidized 
Oxidized, Thermally Desorbed -- 

0 
0 
0 

ERL 2774 
ERL 2774 
ERL 2774 

SA-25 
SA-25 
SA.25 

None 
Oxidized 
Oxidized, Thermally Desorbed 

28 
27 
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 

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. 

"Z.    Method for Small Filamerts 

The direct goiiometric measurement of the contact angU 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. 

-142- 

\ 



f •• A. 

The theory it baaed on the Young-Laplace equation 

Ap = vJl/R, + 1/R,) (VI D-Z) 

which relates the preeeure drop Ap across a curved liquid-vapor interface 
with surface tension v to the principal radii of curvature R| and R,.    For 
,ttrf%5|f o£ revolution, as in Figure 76, this equation can be put in the 
form'   ' 

d'a/dr» + d»/dr , 
ll +{d*f6r)*jJfl        7]TT(d^d77TT7T       a« 

i   =0 (VI 0-3) 

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

a» = v/g Ap (VI D-4) 

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

FILAMENT 

LIQUID SURFACE 

LIQUID LEVEL 
AT LARGE 
DISTANCES 

CONTACT ANGLE 

-•—> 

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, varioui 
approximations for its solution have been employed. W   Recently, 
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A,  T.  Lauria and B.  L.  Kopfstein uf this laboratory developed a program 
for solving the equation on a digital computer.    The progra.n first finds the 
solution to the differential equation by a 4th-order Runga-Kutta'*4' method 
to give the best fit to the observed values (r,s) of the liquid profile and then 
computes the contact angle 6 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 ^ 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 n diameter glass filament, and Figure 79 
shows the rise of the same resin on a 10. 7 \i diameter graphite filament. 

The large filament (98. 3 \i) 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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N-9325 
Figure 78.    Surface of Epoxy ERLA 
0400 Near a 98. 3 ji Diameter Glass 
Filament.    102X. 

N-9326 
Figure 79.    Surface of Epoxy 
ERLA 0400 Near a 10. 7 |i 
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 Filament« 

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_-yeceived yarn heated to 1000"C at a pressure of 
10~ mm Hg, 

Ox. :   As-received yarn heated ir. a 2 cm5/min stream of 
oxygen at 500* C for 15 min,  ard 

Ox.   + T. D. :   Oxidation followed by thermal deborption. 

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 

Wetting 
Liquid 

Water 

ERLA 0400 

ERL 2774 

Yarn T reatment 
As ftec'd. T D. ÖX. Ox.   ♦ T. D. 

-36 

12*7 (16) 

32*8    (4) 

4 

7 

8*6    (12) 

8*0.2 (5) 

4*2.6 (4) 

18*13 (17) 

4.8*0.8 (3) 

11*9      (4) 

38*8      (4) 

4.3*0.6 (7) 

5. 4±0. 7 (4) 

*   See text for description of treatment.    Values of contact angles are measured 
in degree«.    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 0400 
to wet the yarns very wel'.    With ERL 2774. thernal desorption of 
oxidized yarn produced result« 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 w*ter and resins may be inversely related, i. e. , 
the higher the contact angle with water the lower the contact angle with 
epoxy resins. 

E.    Wickina Rate« _    . . ,  v 
 (R. J.  Bobka and L.  P.  Lowell, Union Carbide) 

Ihermodynamically, wetting is characterized by a finite contact angle 
or spreading.    Most wetting operations, in practice, are dynamic; and the 
rate of approach to equilibrium is often the limiting factor in determining 
the extent of solid-liquid interaction.    U 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 contribution«.    We have choctn 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. Ma»» 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 adjusted to give a null reading.    A Petri dish filled with liquid and 
supported by a jack was placed directly beneath the yarn.    The Petri diah 
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 procedure 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 bundle * 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 »he mass pickup technique: 

1. chloroform 7. Octoil - S 
2. methylethylketone (MEK) 8. 50% epoxy - MEK solution 
3. acetone 9. epoxy 
i. 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 yarn 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 is much lower than that 
of the pad, the resistance across the prongs drops markedly, and the change 
may be detected by suitably sensitive electronic instruments.    A diagram cf 
the circuit used in the surface velocity technique is given in Figure 80. 
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Figure 80.    Ceil and Circuit for Wicking Rate Measurements 

by Surface Velocity Technique. 
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Each run is started by adding liquid to the reservoir arm of the call 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 oositioned in such * way as to momentarily 
complete a low resistance inpuv circuit into the recorder exactly at the time 
when the stopcock   is turned to .^top the rise of the liquid level.    A brief 
excursion of the recorder trace n 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 
result« in complete accord with the relative wetting rates obtained by the 
mass pickup technique.    In addition, the surface velocity technique was 
used to measure wicking rates of ERLA 0400 at SO'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 
determine any effects which may be induced mechanically by handling, 
thereby establishing a basis for evaluating 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 Rat«  Measurements.    Equations describing 
the flow in capillaries account for the observed wicking rates quite well. 
Washburn's equation*'''for the rate of flow dh/dt at a height h in a capillary 
of radius r is 

dh    =     rvcps 6   _    r*Ä£ (VIE-1) 

where p, v,  and r\ are the liquid density,  surface tension, and vibC^sity, 
respectively, 9 is the contact angle, and g is the acceleration of gravity. 

Equation VI E-l arises from the application of Poiseuille's law to flow 
in capillaries with uniform, circular cross section.    Pee'x and McLean- 
used assumptions which are closer to the actual situaticn in a yarn bundle 
to derive the equation 
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NajCrjOr-HiSO*.   lOO'C,   15 mln 
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KMn04-HlS04, 60*C,   15 min 
KMnC4-H2S04, bO'C,  5 min 
Alcoholic NaOH, 50*C,  5 min 
As Received 
Water,   lOO'C,   15 min 

16 

Fieure 81.    Effect of Surface Treatments of Graphite Yarn 
* Wicking Rates Determined by Surface Velocity 

Technique. 

N-9471 
on 

-i 

dh 
; Zi    I   r"  ♦(r)dr - hpg 

(VI E-2) 

8^   I  r2*(r)d r   I ,"44(r)dr 

in which 

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

^A t i* » narameter called the penetratior tension which is equal to vcos 0 
5Ü My A "rlLur. S that du. .o capillary to.«. Thi. equat.o 
may be written in the fopm 

on 

dk        At     .      ;■ , 
^T        T^h or] 

(VI E-3) 
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where A and B are constants with values which depend on the distribution 
function -Mr).    U all channels have radius r and g = vcos 6 , the equation of 
Peek and McLean /educes to Washburn's equation. 

An attempt to extract a quantitative measure of the effect of surface 
treatment on wicking rjtes has been made by fitting the observed1 data with 
the equation 

' 

dh       K 
(VI E-4) 

which is obtained from either Equation VI E-l or Equation VI E-2 by 
neglecting the influence of gravity iu retarding the wicking rate.    The 
integration of Equation VI E-4 yields 

h2 = 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, K  . of K for each treatment, s.    A 

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

T.   =   K./KH20 Ha 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 Tg 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  GRAPHIIE   YARN 

Treatment s 

Washed in lOO'C H20,   15 min 
As Received 
Alcoholic NaOH.  50* C,  5 min 

KMnO* - H2S04, 60*0,  5 min 
KMnO* - H2S04, 60'C,  15 min 

Na2Cr207 - H2S04,   100'C, 5 min 
Na2Cr207 - H2S04,   100* C,   15 min 

1.00 
1.22 
1.54 

1.72 
1.97 

2.36 
2.53 

■ 
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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 measurement« show that the bundle of yarn can be treated 
fairly accurately as a system of capillaries.    The rate of penetration of 
resins into these capillaries is governed by the equation of Peek and McLean 
(Equation VI E-2), which defines the relative contributions 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 composites.    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* 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 fabricating ring specimens, 
apparatus was modified to meet ASTM standards. '   ' 

the 

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 atmosphere.    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 squeezed out 
on the mandrel during the wet-winding operation; consequently, a limited 
degree of control over fiber-resin ratio in the composite is achieved. 
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figure 82.    Schematic Diagram of Ring Winding App«ratua. 

Immediately after the ring i« wound, the ring and mold are removed 
from the winding machine and placed on a rotating «haft in an oven to cure 
the retin.    After the re«in is cured, the tplit mold it diaaasembled to 
remove the ring.    Prior to physical testing of the cured ring, peripheral 
rr»in-rich areas are ground away,  and the ring is machined to close 
dimensional tolerances. 

G.    Effect of Fiber Content Upon Composite Properties 
(A.   A.   Palloxei,  Union Carbid'} 

1.    Fabrication of Rings 

A series of filament wound rings »vere 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-22S6 with 19.2 parts of metaphenylenediamine hardener 
per one hundred parts resin. 
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Figure 83.    Filer Content in Resin Rings Versas Winding 
Temion for 5-Ply Graphite Yarn. 
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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, 
-vhich is a smaller range than was expected.    The Kjeldahl method of anal/sis 
for 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 ehown 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 'vith 
fiber content,  nor was there any significant difference in strength of rings 
from the two lots of yarn. 

In Table XIV, the properties are given of monofilaments from the two 
lots of graphite yarn used in these experiments; the two lots of yarn are 

TABLE XIV 

GRAPHITE MONOFILAMENT PROPERTIES 

Yarn Lot                                        Elastic Modulus                  Tensile Strength 
Number (10* lb/in.2) (103lb/in.f) 

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 
"   ' ■     -  '      '  ' ——_^-_—.—_ .i^——    ,  i  . 

Fiber Elastic Modulus Tensile Strength 
Content (10* lb/in.1)   (IP3 lb/in.*)  
Volume Yarn Lot No.   1      Yarn Lot No.  2 Yarn Lot No.   I      Yarn Lot No.  Z 
Percent Calc.       Meas.       Gale.       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 65 60 63 60 
64 4.8 4.8 3.2 3.4 67 62 65 63 
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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 results 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 composite 
properties. 

H.    Effect of Yarn Surface Treatment Upon Composite 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 to 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 

' 4 Etching Conditions 
Solution Immer 
Temp. 

0C 

Unetched Yarn 

5U-55 

95-105 

sion 
Time 
min 

5 
10 

5 
10 

20 
24 

Surface 
Area 

of Yarn 
m2/g 

4 
5 

8 
20 

12 
23 

Flexural 
Strength of 
Composite 
103lb/in.2 

71 

57 
47 

35 
37 

28 
28 

Compressive 
Strength of 
Composite 
103 lb/in. 2 

63 

124 
134 

105 
136 

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 oi 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 i.idicates that etching the yarn probably 
increases the fiber-resin adhesion and the composite shear strength. 

The in-tial etching experiments 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 immersioi 
time is shown in Figure 85 for both the first and second set of etching 
experiments.    Ajjain, a large increase in compressive strength was obtained, 
a result which is almost independent of length of immersion ti'ne and of the 
yarn lot used in the ring.    The flexural strength results are rr  >re 
complicated.    For yarn lots number 3 and number 4 etched at 50°C, the 
flexural strength decreased only slighHy for up to 5 minutes of yarn 
immersion.    On the other hand,  an etcn of 0. 5 minute    caused the flexural 
strength of yarn lot number 1 to decrease by 40 percent. 

Similar experiments on the tensile strength of rings wound with etched 
yarn of lots numbers land 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 strength by over 50 percent. 

From these experiments, 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 

MICRCMECHANICS AND DESIGN DATA SADIES FOR FIBER COMPOSITES 

Inproved strtjctural design can be achieved in many ways including 
advancements in optimization techniques, 'atroduction of new materials and 
design concepts, tnd improved methods of structural analysis.   Although 
the development of new materials and design concepts possess the greatest 
payoff, a complete understanding of Material 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 practicing engineer is 
not provided with reliable design data. 

In order to inprove the understanding of the behavior and limitations 
of carbon fiber composites, the following projects 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 experi- 
mental determiruUion 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 
property 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 Kl eher. Case Insti tute) 

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 performs Its function.     The analytically predicted 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 presently. For 
these metal shells, buckling can occur in a gross manner or in any one of 
the elements of stiffener or skin. While fibur shells will be different in 
structural concept buckling considerations shculd alr.o 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 «re the basic data for stress, strain, (»Is- 
placeient and buckling analyses, therefore are given a high priority.    In the 
design of conventional metal structures the prediction of stiffness properties 
Is rather straightforward since the material Is Isotropie.   However for fiber 
composites the prediction of stiffness properties Is more complicated but the 
designer can now sp-clfy the design of the material In addition to the more 
traditional parameters controlling size and configuration.    The development 
of a :apab111ty to determine optimum designs must be based on reliable 
analyses wh*ch In turn mL»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 Inpractlcal for all but the simplest cases of 
optimum design studies.    The Inclusion of pertinent parameters 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: 

E,    •   E#   -    (Ef - EJ VM (VII A-l) V  TM 

where 

Ef   ■   fiber modulus 

E     »   matrix modulus m 
V     ■   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 energy principles1       assuming a 
parallel model as an upper bound.      Finally It can be developed In a more 

sophisticated manner and then reduced as a simple approximation        to a more 
exact theory.    Other Improvements In this relation have been attempts to account 

f42) for misalignment*     . 

The prediction of other elastic constants, such as (1) the major Polsson's 
ratio, vLT, (2) the transverse modulus, ET, and (3) the shear modulus, 6LT, has 

not resulted 1r 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 Zj and the shear modulus 

GtT for various mathematical models based on a volume ratio of 40 percent 
6 fi 

matrix, a fiber modulus E* = 10,6x10   psl, and matrix modulus £   ■ 0.5x10   psl, 
T m 

TABLE    XVII 

COMPARISON OF TRANSVERSE AND SHEAR MODULI 
CALCULATED BY DIFFERENT MODELS 

Model ET(106ps1) GLT(106 psl) 

Netting Analysis^ 0.0 to 0.5 0.185 

Series of Fiber and Matrix^ 1.16 0.313 

Hexagonal Arra/41^ 1.35 0.400 

Random^ 
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 Pariclng^45' 1.65 0.347 

Parallel Model of Fiber & Matrl.^40^ — 1.7F0 

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

vary from 1.16x10   to 2.20xl06 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 truTy 
random set of fiber packing models, it is thought that the analytical trans- 
verse modulus will have a pronounced me--1 and a small standard deviation. 

3.    Experimental Data and Correlation 

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

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

Several envtrical coefficients intended to give a rational basis for modifying 
the analytical curves have been introduced.    For example, Tsai has suggested 
the use of a factor k to account for misalignment.    Adaptation of this 
-.oefficient to the Rule of Mixtures would lead to 
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Efforts to account for the relative locations of fibers have lead to the 
following two theories: 

Contiguity factor, C^43' - The coefficient C assumes a value of 
zero Vor 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, lr    ' - To account for the -andom spacing of 
fibers the use of the coefficient R has been suggested, where 

R   '   ?  '   n   Vf   '   1'275 Vf (Vn A*3) 

where 
0     ■    filament diameter 

S     ■   average fiber spacing 

V*   ■   percent fibers by volume 

This approach of smearing a randcm distribution of fibers 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 mare meaningful results. 

A.    Random Models 

A computer program has been developed which generates models with 
randomly distributed fibers.    There 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 when* 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 ir 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 to 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 
oe found. 

The computer program was developed to simulate the wlrding process 
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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.th - fiber «ist be it least 2R away fm 1*s left adjacent neighbor but less 
than Wel^anTth" fiber could occupy   * vacant space.    In su^ry then 

i-1 ♦   2R   < 
i i-1 x     <   x 4R (VII A-4) 

Using a standard co*>uter routine to generate randoi« nuntoers. N, between 
lero and unity the following can be written 

i i-l ♦   2R   ♦   N, 
,2R. 

Ll 
(VII A-5) 

where C, is a proxinrity coefficient indicating how close the fiber is placed 

to the geodesic.    If the process is advancing too fast for the geodesic. C1 

will assui« a snail value.      If the wing advancenent is slow cohered to the 
geodesic C1 will be large. 

The y coordinate is determinedin a similar ~JneJ''jcethe row of 
fibe« adjaant to the «andre! «s laid down.    For ^Z1^^^ 1^ 
II^r.>.H <*at all the v coordinates of the centers are R.   Thereafter tne 
Ü^Ü «2 LSid Jerticallv (xf - constant) such that the center of the 
fiber!/«h^^i^ 5t a distanalreater than 2R but less than 4R. 
SSTJf STfSi« «4 flrther than9W apart, the possibility of another 
Ä iccSJinJ th1sT.ce anses.    In su^ry then the distance between 
vertically adjacent fibers. L is bounded by 

2R 4R (VII A-6) 

Again using a standard conputer routine to generate random mmfcers. N^ 

between zero and unity, the following can be written 

=   2R   + N2 ( 
2R (VII »-?) 

T^e par.«t.r C, ts . proximity coefficient indictin, the winding tension. 
If the «indin, tension is high the .aloe of C2 «in be high.   Tygic.l mnning 

at » distance areater than 4R from Its neighbors.    H««6^» sirict wn.iv 
Sver tie ^6 SSÜl would not be possible using this latter scheme. 

In addition to the random location of fibers, these same Ideas could^ 
be applied at random distribution of fiber diameters, for. say. glass fibers 
which may vary as follows 
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The cross section of a carbon fiber cannot be assioned a sinqle radius 
to identify its shape.     However if for each carbon fiber cross section a 
minimum and maxinwm radius (see Fiqure 87) were assiqned usinn a random 
nunter qenerator, then the location of fiber centers could be determined. 
The constraint on the location of the fiber center would be more conplicated 
and would look like the following: (See Fiqure 88) 

x 
M    ♦    R1        ♦   R1"1 x1 (VII A-9) 

min max     " 

and 

x 
i-1    ♦   R1        ♦   R1"1      <    K1 CVII A-IO) 

max min 

where now the x coordinate must satisfy both constraints.    Similar expressions 
can be developed for the distance between verticallv adjacent fibers for the 
solution of the y coordinate.      The total  '.rea occupied by that fiber mit be 

between n R , 2    and   n R     '. therefore the fiber area A1 could be txpressed 
mm max • 

as 

«,   •   • Vta*   ♦ ' «1 'C ■ ^n'' <»" W'> 

These models will be used to determine th^ effects of nackinq on the elastic 
constants, particularly ET and G. T.      Methods of matrix structural ana ysis 
using two and three dimeniional Ll finite elemsnts readily lend themselyes 
to such calculation.     There is also a possibility of developinq specialized 
finite elements that contain a reinforcing element.   A study of vhese 
techniques is currently underway for this purpose and will  also «* "««<1 for 

microstress analysis to numerically study the failure mechanisms of ™*' 
conposites.    Estimates of the mean and the standard deviation of the e.«tie 
constants will be made.     Relatively low values for the standar«1 deviation 
will indicate that the scatter in the experimental data is not Aie to the 
fact that the real  composite assumes drastically different nackinq arranqe- 
ments.    This then could lead to the identification of a mathematically 
representable standard model which best represents the comjiosites. 

• 
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Figure 87.    Hypotheticii Tross Section of a Cirteoo Fiber. 

FI jure 88.    Location of Fiber Centers for Cerbon Conpotltes. 
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B.    Test Methods for Design Data ..   «       . \ 
—(Professors fioble and Richer and Mr. F, Canf)bell, Case Institute) 

A study of existing test nethods for filamentary ccmposites was ^itiated 
by examining the split D test, which Is a standard test for J««™1^^. 
tensile properties of unidirectional awosites.      It has bee« shown through 
experimental data that the stresses in the NOL ring yary radially due to 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 0 *««* for 
NOL rings, a special fixture had to be built.    Figue 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 maxinwm of a.-ea for 
photoelastic observation in the polarlscope.    Figure tfO shows the loading 
frame used in the polarlscope with the photoelastic N0L ri^1

1n
4
plafi 2. 

the special split D fixture.    Finally Figure 91 shwrs the NOL ring in the 
polarlscope.    The observed variations in the NOL ring are the isochromatics. 
lints of constant difference between principal st.ess^   The ^suUs 
obtained thus far are limited but indicate that the method of fabrication 
used has produced a photoelastic test specimen with an irregular ins de 
surface.     Theie irregularities show up as surface stress concentrations 
in the polarlscope.    An improved method of fabricating test specimens will 
have to be developed before the experinental study can proceed. 

At the same tire, the development of a new test fixture for detennlning 
the tensile data on unidirectional rings has continued     The goals specified 
for the design are üS follows. 

(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 achJe^* ^es« ^l^* *° 
load the ring with an Internal contact pressure produced Srou('hftJ

h*k
Po1"?n s 

expansion of a longitudinally compressed rubber Insert.    Figure *****•_ 
parts o^ a test fixture which is based on this concept.    In the lower portion 
of the Vlgure are the rubber insert, a carbon NOL ring and two constraining 
rings used to Insure uniform loading on the specimen.    Figure 93 shows the 
assentled test fixture In the foreground and the load fixture Onvej-tjd) In 
the background.    Finally. Figure 94 shows the assert ed fixture with the 
loading h-ad in place       This fixture is th» placed in a universal testing 
machine and loided in compression     Due to the Po sson's W«£** *• 
njbber. the NOL rinc; is loaded in tension     Experimental results are not 
yet available for discussion or evaluation. 
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C.   Three Dlnensiooal Photoelastic Model of MUaentary Cowposite 
 (Professc- UHght and Mr. b. «eitzenhof. Case Institute; 

The object of this research is to develop a technique for accurately 
detemininq the stresses caused by loads applied to filanentary coijoslte 
systems     This study will he äonc using three-diwansional photoelastu 
nodels. since all effects of loading and geometry «ay not be present in 
two-di«ensioral nodels.     UnforMnately, three-dinensional models also 
have their shortcomings, the most inportant of wh ch are the »PP^ 
stresses introduced by tn» stress freezing cycle into the two-co«ponent 
system.     This problem is the major subject of t'Hs report. 

The research program includes several types of models to be tested 
end analyzed.   These «dels will be conpared and their resilts correlated. 
TWo dimensional models will be used to determine the general stress 
distributions.     Three-dimensional models of similar confi^rations will 
then be analyzed to give the exact stress distribution fcr a given case. 

I«    Test Method 

The test method used is tne technique of stress freezing.    This 
utilizes an epoxy material (Hysol 4290 in this case) wnich. when loaded, 
heated to 270oF. and cooled 'Ziowly. retail part of the stra ns induced 
by the applied load.     This heating, unfortunately, causes ^e™11««, 
expansion between the aluminum fiber and the epoxy matrl«.   The induced 
strains show up as fringe patterns which mst be dele    3 from loadäd 
models so that actual stresses may be calculated. 

Other difficulties involved with the photoelastic models are 
(1) the Bottling of the material (the wavy lines in the ohotographs of 
isochromatic patterns ), which can be eliminated by using a WJf 
quality material and (2) cast-in strains, which can be renovcd by anneal- 
ing the material for several hours at 270-280oF. 

The t^o-and three-dimensional models under consideration are: 
(1)    unloaded single fiber modbl  (Figure 95), (2) loaded sinqla fiber 
modei  (Figure 96), and (3) loaded and unloaded ^iltiple fiber models. 
All of the above studies will be completed using fibers of various shapes. 

The loading fixture for the three-dimensional models is show in        . 
Fiqure 97.    The loading set-up including the model is shewn in Figure »8. 
Thrstructure surrounding the model is the thermostatically controlled 
oven.    The loading fixture assures pure tensile loading ^nwgn « Ml' 
joint shown in Figure 97.    The tensile load, P, will be about 150 lbs. 

2.    Mathematical Analysis 

The method of analysis used is quite siuple.    The equilibrium equation 
in three-dimensions for Cartesian coordinates is 
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where F, the body forces, are zero In this case. This equation Is modified for 
use In phrtoelastlc analysis to 

(VII C-2) 

or 

Ä0x 
AS 

+ 
A y 

X,I 
A Z ' 

■ 0 

Ä0x 
■ 

lAy A Z ) AX (VII C-3) 

The shear stresses T are easily calculated from the fringe nuirber and the Iso- 
cllnlc angles at the point In question.    A starting point Is selected where 
both of the stresses are known, say at a comer where bot>( stresses (o   and o ) 

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 Unlvac 1107 computer. 

Slices were taken from the unloaded three-dimensional model, »nd photo- 
graphs were made of the photoelastlc patterns. The position of the slices 1$ 
shown in Figure 99. 

Slice No.  1 Is 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 removea, the 
maximum nuirber of fringes was about eleven.   After removal of the Inclusion, 
the nunter of Isodiromatlc fringes dropped to about eight.    With a photoelastlc 
constant o' 1.35 psl-In/fringe, the value of the maximum shear stress with 
fiber Included was 

Ti«x ■ irnr x ? x 1-35 ■32-2 *** 

With the fiber removed, the maximim shear was 

Tmax " irm x r x 1•35„•.23-4 P»1 

The ripples along the fiber were caused by uneven bonding.    The dotted line 
is the zero order fringe.   Mottling effects can be seen along the edge of 
the slice. 
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Slices Hn. 2 and No. 3 are quite siwllar.   Fiqures 102 and 103 sho   the 
0* and 45° Isocl'nics respectively from both slices.    The svnwnetrv of the 
Isocllnlc patterns shows that the expected symmetry of a symmetrical model 
under synwetrlcal loadlnq actually exists.    The disturbances present In these 
photoelastlc patterns are caused by the mottllnq effect and do not Influence 
the stresses In the undisturbed portions of the slices.    The Isochromatlc 
patterns are also »omewhat similar as shown In Fiqures 104 through 107. 

Figure 104 shows the Isochromatlc pattern In Slice No. 2 after the 
fiber was removed.     However, edge effect stresses were present.   To 
eliminate these, the model was dried at 150oF for sev?ral days.    The 
result Is shown In Figure 105.     One of the fringes has disappeared, and 
the resultant shear stress was 

max 
1 

OS? 
1 
7 x   1.35   ■   2.68 psi 

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

max 
1 1 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 blue softened and absorbed part of the temperature-induced strains. 

At this time, results are Just beginning to be obtained anc' they 
represent only a small portion of the planned study.     Many more models 
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 maqnitude greater. 
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D.       Theoretical Comparison of Unidirectional Composites 
(DP. Hanley  Bell Aerosystems) 

Theoretical estimates were made of the principal mechanical properties of 
varioue unidirectional fiber reinforced composites.   The objectives of making these 
calculations were three-fold: a) 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 determine the magnitude of 
variability in composite properties as a function of the constituents and distribution 
within the composite. 

Table XVin summarizes approximate performance comparisons from 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 between <r /p  and E//>   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 tLc composites 
will only be 20 to 30 percent of that of the current, glass/resift 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 tensile loads, the matrix strain magnification effect with carbon 
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TABLE  XVIII 

APPROXIMATE   THEORETICAL  COMPARISONS 
OF   UNIAXIAL  COMPOSITES 

Strength Denalty 

Carbon/TI 

GlaHs/resin , 
270.000 D8l 

Carbon/A\ 

Carbon/Ni     ] 
260,000 

Ciirbon/rosln 230.000 

Boror/resln 195.000 

Longlturiinnl Modulus 

Carbon/Ni      52 x 106 psl 

Carbon/A 1 47 

Carbon/TI 46 

Carbon/rosin 40 

Boron/resin 39 

GlaHs/rcHln 8 

Modulus/Density 

Carbon/resln 820 x 108 In. 

Carbon/A1 720 

Carbon/TI 520 

Boron/resln 510 

Carbon/Nl 450 

Glass/resin 110 

Carbor./re«ln 0.049 !b/ln.3 

Carbon/A1 0.065 

Olass/reoln 0.075 

Boron/reeln 0.077 

Carbon/TI 0.089 

Carbon/Nl 0.118 

Anleotropy Ratio 

•W Shear Modulus 

Carbon/Nl 18.2 x lO* psl Carbon/resln "1 
f 2P 

Boron/resln   J Carbon/TI       12.7 

Glass/rcsln          6.2 Carbon/AI       10.4 

Carbon/A I             1.8 Carbon/resln ^1 

Carbon/TI            1.5   N^ Glass/resln     >0.6 

Carbon/Nl            1.1 
'fct 

Bortm/resln J 

Strvngth/Denslty 

Carbon/resln 4.7 x 10   in. 

Carbon/A 1 4.0 

Glass/resln 3.6 

Carbon/TI 3.0 

Boron/resln 2.5 

Carbon/Nl 2.3 
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E. 

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. 

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.  Indeed there are difficulties as well in the theoretical prediction of unidirectional 
properties** which may be circumvented with the new approach. 

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

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

'l' 
sn "l 

4 Sl2 "2 

2 •M 'l 
+ S22 '2 

r**' 8,
66T12 

(VII E-l) 

The author acknowledges the contributions of J.H  Nourse in the field of composite 
materials mechanics.  In particular, Mr. Nourse first suggested (in July 1964) the 
concept upon which this work is based. At that time, he was a Consultant to the 
Hercules Powder Compaijy, Allegany Ballistics Laboratory under U.S. Navy Subcon- 
tract No 111, NOrd 16640 and the author was contract technical monitor. 

** Of the four independent constants required to characterize the orthotropy of a uni- 
directional laminate (EL, ET, GLT, and VLT) only EL and v LT may be calculated 
with reasonable agreement (on the order of 10-20%) between the various theories 
and experiment.  Large discrepancies (factors of 2 to 3) exist between the various 
theories in predicting Ej and GLT-   Unfortunately, most experimental data are 
scattered over this range and the designer is pretty much then left "up in the air". 
To complicate design problems further, no theories have yet been advanced to 
predict composite properties with noncircular fibers such as carbon. 
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whore thv 1 and 2 dlrocUo«. «»rre«p«nd t« the hoop and longitudinal directions and the 
bldlrertional com pi lances are related to the moduli by 

tl II 

12 

S22 

S(if. 
l/C 

A      C,li C,12 'C,12 
If the cylinder is'loaded as a closed-end pressure vessel. 

2* 

€ J- 4 ^^-^ 

^7    2S-,cii-2C^ 

Thus the ratio of strains is 

«2 c;, -2ci2 

«,     2C22-C12 

(VU E-2) 

(VII E-3) 

(Vli E-4) 

(VII E-5) 

Consider now the four principal material constants (Cu. C12. C22 and C6G. the 
generalized restrained unidirectional moduli) in the transformation relations 

r     sin4 a   ' 2 (C19 + 2 Cfifi) co82a   Bin20  ^ C22 cos a      v Cil    Ull BU,   "    ' * '"12     " ^6(5 

c;9    c19 (cos4a  4 sin4a ) ^ (C    + C22 - 4 c66) coß2a sin a 
4 >      (VIIE-6) 12       12 

C22     Cn co8   0 4 2 (C12 + ^ ^66' '       "   ""'   '        "^ 

Cr,6     C66 (COs2a   " 8i,l2a ^ + (C11 + C22 " 2 C12) C08'Ja   8in''a   ' 

2 (C10 + 2 CfiR) cos^a sin"a + C22 sin' a 

2.      .2. 
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A simple torsion test on a hoop wound cylinder ( a = 90°) yields directly the constant 
c66 ^ Tio/yi2) ■■ the la8t above -nation verifies. Substituting the three previous 
equations in the strain ratio relation yields 

DC11 * EC12 + FC22 4 G 

HC11 + IC12   +JC22+K 

(VA E-7) 

where the constants are given by 

D 
4 2.2 

sin a  - 2 cos a  sin a 

( TI E-8) 

12 2 4 4     1 cos a sin a - (cos a  + sin a ) I 

4 2.2 
F  «= cos a - 2 cos a sm a 

2 2 
G  =  12 €„„ cos a   sin  a = K 

66 
4 2 2 

H  =  2 cos a  - cos   a  sin a 

2 2 4 4 
1=4 cos  a sin a  - (cos a  + sin O ) 

4 2 2 
J   = 2 sin ü  - cos a   sin a 

Now, if the measurements are made of the strain ratios (n^, 0%, n^) from three 
cylinders wound each at a different helix angle (0 j, 0 g, 0 3). the remaining three 
principal material constants (C^, C^, and C22) are given by the solution of three 
simultaneous equations upon substitution of the respective values in the above strain 
ratio equation. 

Having determined the Cjj's as outlined, the basic unidirectional material 
properties may be determined from 

G 

Cll C22 " C12 

C22 

Cll C22 " C12 
Cll 

LT 
-  C 66 

LT 

TL 

'22 

12_ 
:11 

(VII E-9) 

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 modulus and Poiss^i's ratio to be determined without 
actually performing tensile and torsion tests on the fiber, i.e., 
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EL " Vm E., 

1 - V 
m 

LT       m     m 
1 - V m 

(vn E-io) 

This should be an interesting method of determining average "delivered f<ber 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 Poissou's ratio.  It Is assumed in both of the above equations 
that the malrix 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 
compressive proper lies by conducting external pressurization tests. 

(4) By virtue of the relatively simple theoretical problem formulation, the test 
should provide data more suitable for statistical 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 putentlally capable of treating the nonlinear regime and 
nonconservative behavior. 

Calculations have been made to determine the engineering "reasonableness" of 
the approach suggested.  Intuitively, me might expect, for a given composite material, 
that at certain 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 n and thereby seriously affect the 
determination of material constants. 

To examine the above possibilities, normalized strains were calculated for 
pressurized cylinders wound (hypothetlcally) at angles fron zero to 90°. A graphite 
fiber/resin system was assumed with the following properties. 
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F-f 
6 

■  60 x 10   psi 

E 
m 

=  0.5 xlO6 

vi -  0.25 

V 
m 

=  0.38 

W        - 30 percent, V    = 34.2 percent 
m m 

Using Ekvall's model, which accounts for matrix constraint, (in the interest of 
simplified computation), the following constants were determined; 

E.      =  39.8x10   psi C..   =  40.0x10   psi 

ß ft 
E^     -  2.33x10 C10   =  0.69x10 

GTrr  -  0.52x10 C..   »  2.34x10 
Li i 66 

Vyrr     m  0.295 CRR   -  0.52 xlO6 

LT 66 

^TL     =  0.0173 
\ 

Strains for the cylinders are shown in Figure 109.  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 ( a = 56°) based on orthotropic 
analysis (* i ^ * 2^ is Q"^6 close to the ideal netting analysis ( 0"i = 2 ^ balanced 
angle of 54.75°.  For glass/resin composites, the former analysis predicts 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 Cij engineering "constants" may be determined for any condition in the 
composite without regard for,the internal mechanism of degradation.  Thus, the 
"elastic" constants Cjj and Cij could be specified as functions of the level of loading. 
This approach appears promising with regard to eventually predicting nonconservative 
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material behavior.   With pressure cycling tests from zero to various levels of pres- 
surization and unloading, it is believed possible tP obtain functional expressions of 
the constants for engineering design use. 

Figure 110 shows that appreciable differences may exist in the Ch 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 no 
transverse reinforcement, I.e., Ej = V^ =  V     = 0. The proposed method of deter- 
mining gross engineering material 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 III 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 must be on basic 
questions of wetting^jid infiltration techniques.    The literature relevant to 
carbon-fiber, metal-matrix composites is reviewed in Section VIII 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 gluminum 
matrix 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 composites,  prepared 
by hot pressing the coated fibers, have shown good fiber distribution and 
densities less than 3.5 g/cm3.    In Section VIII E, work on lower-modulus 
matrix composites using tin and a cupro-nickel alloy is described. 

A.    Literature Review 
(R.  V.  Sax-äs Union Carbide) 

Although considerable effort 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 reinforcing metals with 
carbon fibers was made by Armour Research Foundation'46' and by 
investigators at the Battelle Memorial Institute. ^47'   In their studies v/ith 
AI, Al-4 percent Cu, and 50 percent Cu-50 percent Ni alloys. Armour 
observed that the ultimate tensile strengths fell considerably short oi 
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-matrix bonding without 
excessive reaction at the interface.    According to Sutton, ^48' mechanical 
properties are optimized to a greater degree if the matrix metal is molten 

-193- 



during fabrication and particularly if the liquid phase readily wets the fxber 
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 
have 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 the fibers to either AI4C3 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 comprehensive effort on this problem 
appears in the Russian literature.^9'   The Russian results concur with 
experience gained at this laboratory and also with isolated reported data on 
mefal-to-carbon adhesion. (""">   These studies indicate th?t 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 graphite.    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 titanium but not with nickel.    Experience 
has shown that aluminum and titanium readily wet graphite only ^e- there 
is the formation of A14C3 and TiC,  respectively.    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.    Consequently, a ^nsiderable 
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 a 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 withX variety of metals.    This method has particular appeal for 
the more refractory metals, where one could envision cc>n8lder^le_mnat.ble 
difficulty in isolating a 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 studies were conducted to study the chemical 
reactivity and wettability of carbon 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 f.xloy ingredients. 

In the absence of AI4C3 formation, aluminum does not wet graphite; and, 
without wetting, the infiltration of aluminmn into an oriented graphite fiber 
network requires significant external pressures to offset the capillary 
forces.    Sutton'82' has calculated that a pressure of approximately 25 lb/in.2 

is requires to force molten nickel into the capillaries formed by 50 volume 
percent of 8 micron dianneter 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 

Perforated Graphite 
Capsule with 50% 
Fibers 

Graphite Insert 

Figure 111. 
N-9450 

Mold Configuration for Pressure Infiltration 
of Aluminum around Graphite Filaments, 
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Figure 112. 
N-9693 

Pressure Infiltrated Aluminum around Plies of 
Graphite Yarn.    5OX.. 

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 lb/in. 2 applied to the aluminum and main- 
tained through the cooling cycle.    Figure 112 indicates the degree of 
infiltration achieved at 360 lb/in.2   The aluminum metal was forced 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 experimental arrangement is needed capable of confining the 
molten aluminum more effectively than the t imple 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 meta! 
and the graphite components exposed to the melt was evident for addjjions 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 indicete 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 eclution of the fibers.    An unknown 
at this point is the extent of reaction or carbide formation which could be 
tolerated on the fiber surface before property degradation commences. 

A similar experiment was performed with pure nickel as the candide.te 
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. 
Metallographie 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 
would have to be used than that of direct infiltration. 

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

/ 
Most of the effort connected with incorporating graphite fiber^ into an 

aluminum matrix was concerned with cladding the fibers with a coupling 
agent which is wet more readily by the aluminum than are the fibers. 
Particular attention was given to the interfacial region between/he coupling 
agent and aluminum,   since aluminides are inherently brittle, leading to the 
weakening of the composite structure.    Emphasis was placed o/n metallic 
coupling agents,  since these are subject to electrodeposition./which is a 
more effective cladding process for the conductive fibers th^a are other 
techniques such as vapor deposition. / 

(53) 
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 coatings were prepared by 
exposing the carbon fibers tc a H2-TiCl4 gaseous mixture at a temperature 
of 1000oC,    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 
H2-TiCl4 for 60 minutes.    The carbide coating depicted in Figure 113 is 
approximately 0. 2 |j. 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 TiCl4 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 TiCl4 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 behavior is similar to that which takes place 
when filaments such as boron^54' or glass*55' are weakened because of 
surface reactions.    The decrease in strength is thought to be due to 
notch effects. 
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TABLE  XXI 

EFFECT   OF TiC  ON  CARBON FIBER 
MECHANICAL  PROPERTIES 

Exposure Time Tensile Strength Modulus of Elasticity 
min lb/in.? 106 lb/in.3 

As Received 124,000 5.9 

0 102,300 5,1 

15 45,800 3.5 

30 42,100 7.1 

60 29,400 6.4 

The infiltration procedure was to maintain a vacuum of 10     to .0 
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 aluminum (99. 9 
percent purity) at the desired time.    A vacuum line to the quarts 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 between 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 deposit to 1000°,   1150°,   1390°, and 14l0oC in an argon 
atmosphere.    An experiment was also conducted at 1000°C in vacuum.    In 
argon, the contact angle below lZ50oC is substantially greater than 90 
degrees, with wetting taking place at the higher temperatures.    In vacuum, 
a contact angle smaller than 90 degrees is 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 investigatorsA**' who noted a contact angle of 11G 
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 wetting capabilities of this metal.    This fact was recognized 
by Wall and Milner*57' who observed spreading to occur only after the 
aluminum oxide film had been mechanically punctured or degraded by 
chemical or vacuum methods. 
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At infiltration temperatures above 1250oC, 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 AI4C3.    This behavior was also evident in the 
specimens used for contact angle measurements and particularly in those 
cases where wetting was encountered. 

•^i'., 

N-8613 
Figure 114.    TiC-Coated Fibers Infiltrated 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 A^Cs was again suggested by the 
extensive hydrolysis which had occurred 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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*•*   • n N-8614 
Figure 115.    NbC-Al Reaction Zone after Two Minutes at 1000°C 

in Vacuum:   A.    NbC,  B.    Reaction Zone, C.    Al. 
250X. 

Chemical reactivity with aluminum results in the formation of AI4C3.    A 
possible exception to the latter generalization is TaC:   it has been 
reported^8) that TaC can be synthesized from the elements in an aluminum 
matrix. 

A study was made of the contact angle and reaction of aluminum with 
a number of metals and with TiB2 and TiSiz.    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 TiB2.    For ^he remaining 
substrates, the contact angle was approximately 3C degrees.    No 
metallographic evidence could be obtained which suggested that reaction 
h^d occurred between TiB2 and Al.    For TiSi2,  although the results are 
less certain, they indicate that this 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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Fieure 116     Ta-Al Reaction Zone after Two Minutes at 1000°C 
in Vacuum:   A.    Ta, 3.    Al.    250X. 
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N-8616 

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 molten 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 wbich distinguishes tantalum from most of the remaining 
metals studied in this program is the apparent absence of an AI3M type 
phase, one example of which is shown dispersed throughout the aluminum 
in Figure 117. 

Exploratory studies with tantalum as a coupling agent were extended to 
include aluminum infiltration around networks of 0. 005-iuch diameter 
tantalum v/ires.    The objective of this study was to determine the infiltration 
conditions required for a negligible reaction zoi.e at the aluminum-tantalum 
interface.    At a bath temperature of 1000°C,  aluminum is readily infiltrated 
into the wire network 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 {~700oC), 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,  E.  Al.    2000X. 

■203- 



- -■    -•—   

mmmmmmm 

i ■ 

A 

i 

V-. 

■ 

- 

*■ 
■ 

N-8618 
Figure 119.    Tg Wires Infiltrated with Alnminum at 700° C: 

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. 
Nevertheless, 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 tantalum has 
great potential as a coupling agent by virtue of its chemicai compatibility 
with both fiber and metal matrix under infiltration conditions.    Preparations 
are currently being made for the deposition of thin tantalum films by 
sputtering techniques.    This technique is superior to that used in the 
thermal decomposition of the halides in thit 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 easily electrodeposited.    Attention was given to determining 
minimum infiltration times and temperatures in order to reduce the amount 
of reaction zone. 

Nickel, in particular,  received attention,  since this metal functioned 
well in the aluminum infiltration experiments reported by Sutton;(59) 
procedures were developed during this program for electrodepositing 
reasonably uniform coatings from a NiSC^-HsBO;} 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 molten 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 small 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. 

i 
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 A^Ni 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 as 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/cm3; modulus of elasticity,  20 x 10 
lb/in. E; and tensile strength,  26,500 lb/in.2   The fibers are characterized 
by a modulus of 34. 5 x 106 lb/in.* and -i tensile strength of 200,000 lb/in. 
It is difficult to compare composite values with theoretical values because 
of contributions from Al3Ni. 

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 configuration provides an opportunity for creating an 
intermetallic-free matrix.    Another favor,,b,le aspect is that the Ag3Al2 
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 areaa of gray phase in the photomicro- 
graph are AgsAlj.    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 Ag3Al2.    These objectives 
were achieved, but most of the fibers were dewetted and regrouped as 
clusters of uninfiltrated fiber's. 

Copper wan also studied as a coupling agent.    However, the copper- 
aluminum system 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 .-tsulted in the formation 
of considerable quantities of AI3CU, a behavic^ very similar to that for 
nickel-coated fibers. 
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4 N-9318 
Figure 123.    Silver-Coated Fibers Infiltrated with Aluminum. 

2000X. 

D.    Nickel Matrix Studies 
 (R.  V.  Sara and R.  Didchenko,  Union Carbide) 

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 deposxt by straaght- 
forward electroless plating failed; but when the fiber was made cathodxc 
in a standard electroless nickel bath,  a sufficiently uniform deposit oi 
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 750oC and 2000 lb/in.2   A number oi specimens showed 
areas of delpmination where the nickel deposit was very thin around the 
fibe :s (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/cm3; the composite density was 3. 5 to 4  5 

'   m3     Tensile strength measurements were made at room temperature 
!nd 650»C  and the results are given in Table XXIL    The best composite 

-208- 



I 

TABLE  XXII 

TENSILE STRENGTH OF CARBON-FIBER, 
NICKEL-MATRIX  COMPOSITES 

Material Tensile Strength (lb/in, 2) 
250C 650oC 

Unreinforced Electroless Nickel 

Reinforced with Carbon Fibers 

15,000 

34,900 

4,000 

>18,500 

samples broke at the grips in the high temperature test.    The actual tensile 
strength is, therefore,  higher than the reported value.    These prelimina-y 
results indicate a significant fiber strengthening effect, particularly at 
650oC.    Since fiber densities were not measured, the fiber stress at 
fracvure 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. 5 x 10   lb/in.2 

and tensile strength of 200,000 lb/in.2 were electi-oclad with varying 
thicknesses of nickel and hot pressed in vacuum at 900°C for ore hour under 
various applied loads.    Th^ bar specimens measured one inch lo-ig, one- 
eighth inch wide, and approximately one-sixteenth inch thick.    Five 
specimens were prepared for brief studies of such aspects as :über 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 XXill.    The moduli were determined from sonic measurements, 

TABLE  XXm 

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

Forming Apparent Young's Shear Tensile Volume 
Sample Pressure Density 

g/cmä 

3.47 

Modulus Modulus Strength Percent 
lb/in.2 

2250 

106lb/in.2 106lb/in.2 lb/in.2 Fibers 

A 21.6 • • « 40,500 61.1 
B 2250 4.15 26.3 3.20 49,700 48.0 
C 4500 4.84 28.6 4.01 48,800 55.5 
D 6750 4.81 28.8 4.07 47,300 55.5 
E 2250 3.48 33.8 2.80 43,300 * — ■" 
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and the tenBile strengths were obtained from dogbone-shaped specimenB 
having a one-centimeter gauge length.    The ends of the dogbone were 
cemented wit.h epoxy into fixtures to facilitate gripping on the Instron 
instrument.    The fiber-loading figures noted above are based on the number 
of fibers 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 strength.» much lower than the rule-of-mixtures values. ^ For    ^ 
example,  specimen A should have had a Young's modulus of 32 x 10   Ib/m. 
and a strength of about 150.000 lb/in.2; specimen E (made from fibers 
having a modulus of 53.4 x 106 lb/in.2 and a tensile strength oX 330,000 .bdn 
should have been characterized by a modulus of approximately 44 x 10 Ib/m. 
and strength of 230,000 lb/in.2   Micrestructures 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/in.2, 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 x 

significantly affect the mechanical properties. 

A study was made of the fibers to detect if property degradation was 
taking place as a c'of^quence of the plating operation.    In particular, filers 
plated with nicked-Me stripped of the coating with diluted HC1      These 
fibers did provileÄer property values:   modulus of 28.6 x 10   lb/in.    and 
strength of 178,'000 lb/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 tms lower 
modulus valu.3 tor the fibers, the theoretical value of the mod^us is very 
nearly achieved in the high density composite (specimens C and D), but the 
revised (lower) theoretical 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 micrestructure for sample D,  showing fioer 
orientation normal to the applied forming pressure, is depicted inEigure 1Z4. 
This figure indicates that some fiber breakage has occurred, but the aspect 
ratios- are still quite large.    Furthermore, the nie kel was effectively forced 
between the broken 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 micrestructures at the 
nickel-fiber interface, but this result does not preclude the possibility ol 
carbon diffusion occurring which might degrade one or both constituents in 
the composite. 
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N-9694 
Figure 124.    Horizontal Section of Carbon-Fiber, 

Nickel-Matrix Composite.    250X. 

N-9695 
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 forming pressures and temperatures,  fiber loading, 
fiber modulus, chemical compatibility,  and bonding.    A knowledge of the 
effect of these variables is essential for optimiziitigi^p>composite propertiei 

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

Studies on two composite 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 moduli. 
The first of these composites included tin, which has a modulus of 7. 75 x 
10* lb/in,2 and a tensile strength of approximately 4000 lb/in. z   The nickel 
coated fiber network after infiltration with tin vas practically pore free. 
The density was 5. 52 £/cm3,  and the fiber loading was approximately 
33. S volume percant.    A cross-sectional ■-iew of this infiltrated composite 
is shown in Figure 126.    Measurements revealed that tin was strengthened 
by a factor of twelve (47,400 lb/in. 2), and the modulus was increased 
twofold to 16. 2 x 10* lb/in,2   The measured modulus corresponds to the 
theoretical value, whereas only 75 percent of the theoretical strength was 
realized. 

mmm 

Figure 126.    Cross Section of Carbon-Fiber, 
Tin-Matrix Composite.    150X. 

N-9696 
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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. 

s 

Tn the other composite considered in this phase study, the nickel-matrix 
modulus was decreased by alloying with copper (E = 18 x 106 lb/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 sulfate 
bath resulted in heavier plating on the peripheral fibet 3 (Figure 127a) and 
le^-'s on fibers deeper within the yarn (Figure 127b).     The 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/cm3 was 
determined for the. specimen.    Microstructures revealed that alloying was 
complete and densification was good in regions containing ample metal. 
The modulus of elasticity and tensile strength were 26. 9 x 10° lb/in. 2 and 
55,800 lb/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.    The fracture pattern 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.    It is 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. 

N-9698 
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Figure 129.    Fracture Pattern for Carbon-Fiber, 
Nickel-Matrix Tensile Specimen. 

N-9699 
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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 guardinq against 
failure of composite material structures are complicated bv the anisotropic 
and nonlinear material properties exhibited by these materials.    In many 
applications the geometric 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 
modem optimization capabilities is reported.    The inherent complexity of 
the analyses and failure critfiria 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 from previous design cycles.    In Section IX C the extension of 
discrete element methods öf structural analysis to include anisotropv is 
presented.   Finite element nethoos of structural analysis are known to be 
particularly useful in dealing with complex and irregular structural 
•rrangements fabricated from essentially Isotropie materials, and this 
feature Is expected to carry over to 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 analysis 
capability is reported.    This thermal analysis program will be applicable 
to both particulate and fibrous composite systems, provided the material 
can be considered guas1-homogeneous.   All of the studies reported in 
Section IX can be expected to contribute to the overall goal of being 
able to rationally design an optimum structure   and material simultaneously, 

A.    Nonlinear Multiaxial Stress Analysis 
~~     (Professor Schmit and Mr. E. Kybicki, Case Institute) 

Multiaxial stress analysis including material nonlinearity is a^diffi- 
cult problem of growing Importance.   Mendelson (Reference 60) has st^dle^ 
various plane stress problems for Isotropie strain hardening materials. 
The plan of attack in this study calls for first trying out an increments 
complementary energy approach on some of the Isotropie problems studied by 
Mendelson and then extending this work to orthotropic nonlinear materials 
subject to multiaxial stress distributions. 
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The incremental complementary energy approach will be described in 
terms of a plane stress problem. The change in the complementary energy 
density A UC between stress distribution state 0-1 (oxru-|f oyn_1, ^yo-l^ 
and stress distribution state 0(o 

follows 
XO« 

0yn» 0xyn^ can be w***** as 

f0xn 

A u. exdox   + 

'o xO-1 

r0yn 

E    d a   + 
y     y 

Vo-i 

r'xyn 

v      d T Txy       xy 

xvO-l 

(IX A-l) 

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

£x   * 
0x 
T - v AT 

0-1 

I 
q-1 

& t (q)P + A e. (IX A-2) 

■i- T AT 

0-1 

I 
q«l 

A e (g)P + A e. (IX A-3) 

'xy ^ 

Q-1 

I 
q=l 

A Y 
(q)P 
xy + AY xy 

(IX A-4) 

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 Q-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 Prandtl-Reuss relations 

-217- 



_ 

ux   '  (ox " 7 0y)  T 
(IX A-5) 

P        s 1       i    te1 (IX A-6) 

A   P   .   3 T       &£ (IX A-?) 

where if Is the incremental equivalent plastic strain and the equivalent 
stress o   is defined as follows 

/    2 «     *   n 2   +   3 T 2 !/2 (IX A-8) o   «    (ox   - ox ay   +   oy     +   3 Txy ; v 

The basic «.sumption of the incremental strain theorv is that the equivalent 
stress cT   and the equivalent strain   F   sre related i\thJ. s«^^^r.^ 
th^niaxial stress-strain curve of the material.     Note that the initial 
faS^t SoSulSsTnd t5e equivalent plastic strain rp   uniquely define a value 
of the equivalent stress   7 .    Thus the equivalent stress a   can be expanded 
in a Taylor series about the (0-1) stress state, that is 

-       -        ,    /d 7   . A7P + (IX A-9) 
0   "   0fVl    *   (7^) U       '" d E     0.1 

neglectinq hiqher order terms and solving for A^/o     yields 

*£ , ji .  °JhL) (1^.) (ix A-io) 
^ oT d ö"   0-1 

For A Hwar strain hardeninq material (see Figure 130) 

-P        (~       -s   I   (h!l\ (IX A-ll) 

and 

d^     .1    (hü) (IX A-12) 
d o 

from which it follows that 
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Figure 130.    Linear Strain Hardünlng. 
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o o 
(IX A-13) 

For Ramberg Osqood type strain hardeninq material (see Fiqure 131) 

-P 
e 

-   11 
K( ar) (IX A-14) 

and it can be shown that 

A c —   n o [£L  ( f)" ]      [i --^li] 
o H-l a 

(IX A-15) 

It is important to establish that tha 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 enerqy as a result of going 
from stress state 0-1 to stress state n and then back to stress state 0-1. 
Stated in equation form the behavior stress state 0-1 and stress staic H 
is conservative if 

Pr ro 

<t     d uc   + <t 

'o-i 

0^1 

d u. Q  d u^   =   0 c 
(IX A-16) 

wh'Sf« 

Let 

du      sEdtJ        +      edo      +      Y      dx a "c        x      x y      y Txy      xy 

F   •   Exi     +    Eyd   +    Yx.yk 

and denoted 

dR da^    *   dayj    +   dTxyk 

(IX A-17) 

(IX A-18) 

(IX 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.    Ranfcurg Osgood Strain Hardening. 
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O d u, = 0 P * dR (IX A-20) 

But by Stokes Theorem It follows that 

f _ 
F • <flf   - 

T 
(v x F) • n dS {IX A-21) 

and from Equation IX A-21 11 follows that Equations IX A-20 and IX A-16 
jwill be satisfied if   v x   F   «   0, and this requirement 

v   x   F   » I 
30. 

3_ 
3o. 

1^ 
9T XV 

xy 

(IX A-22) 

yields the following conditions 

3 o. 
15 
3  T 

xy 

3 Y 

3~o" 
«I    = 11' 

3  T xy 
(IX A-23) 

11 
3 o. 

3 e 

3 o. 
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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 Q from stress state 0-1.    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 n by substituting Equation 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 

tuc   '   h   Cox0   + V    " 2v 0xn 0yn + 2(1+v) Txy». 

" %<,.!    " VH    + 2v 0xn-l V-l - 2(1*v) Txy0-1 ] 

0-1 0-1 

q=l q»l 

0-1 

q=l 

♦    (aAT)0 (oxn + ay0) - («AT)^   {a^ 4 o^) (IX A.24) 

+ ?mr (oo  ■  ao-V 

The method of solution being explored using this incremental complenen- 
tary energy approach can now be outlined.    Let the structure be subdivided 
into K regions or zones of volume V^.     Then the total incremental complemen- 
tary energy A n   may be expressed as follows 

-223- 



_ 

A  HL 

K 

I 
k-1 

A u,   dVj (ü X + v Y) dS2 (TX 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) ever 
the S2 portion of the boundary.      In each reqion Vk the stress function 

J^fx.y) can be represented by the products of one dimensional Hermite 
interpolation formulas (Reference 61).    Note that the stresses denend 
upon the stress function * in the following manner: 

4* 
ay 

4' 
3o 

o 
xy ax ay 

(IX A-26) 

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

A u. dV, 

give the contribution of ^he k th region to the incrementa   comp ementary 
energy and summing over the K regions nives the incremental complementary 
eneroy for the entire system.   At the boundaries between tne 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 may be viewed as participation coeffi- 

cients in the series approximations for the ^k)(x.y).    Minimization of the 
JncreLntal complementary energy with respect to the independent participa- 
tion coefficients will yield a solution for the stress state Q.    It is 
expected that the unconstrained minimization techmgues reported in 
Section IX B-2 can be effectively applied to this class of nonllniar stress 
analysis problems. 
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B.    Selection and Generation of Synthesis Procedures 
' {Professor Fox and Mrs. Pankush, case mstitute) 

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 litera- 
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 constraints on the design 
variables as follows: 

g (D)    <   0 j = 1. 2 m       (IX B-l) 

where the constraint functions g.(D) represent the design restrictions 

such as stress limitations, temperature limitations, an upper or lower 
t«ouiid on a design variable itself and so on.     Generally speaking, in 
most real design problems the g.(D) 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 analysis must be executed in order to determine the values of the 

functions g^(D). 

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

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

X   =    (D, Y)    =    (D^Dg Dn.    Y^ Y2, ..., Yk) (IX B-2) 
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where the Yi are behavior quantities such as stress, displacement, tempera- 

ture, etc.     The problem can now be stated as follows: 

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

«jjU)  i o j = 1.2, .... m (IX B-3) 

ipW   -  o p = 1,2, ..., n {IX B-4) 

where the functions g^X) are as before and the new equality 

constraints represent the analysis of the engineering design. 

The system of equations £ (X)   = 0 may be, in a linear structural 

analysis problem, the following matrix equation 

L(x)    =    K Y   -    P   =   0 (IX B-5) 

in which K, the stiffness matrix, 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 ^unction 
to solving the design problem and the problem statement contains c?ily 
inequality constraints.    In the second instance the analysis is sn Integral 
part of the design problem and is performed at the same tine 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 i (X) ■ 0.    The first form of problem statement is perhaps 

the more natural to enqineerinq. 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 constrained 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 cf 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. 

■226- 



2.    Unconstrained Minimization Alqorithre 

Central to the unconstrained methods are algorithms for finding the 
minimum of a function of many variables without considering constraints. 
Generally speaking, all of the practical methods are iterative.   Consider 

a function   ♦(X) which is to be minimized.   An iteration process can 
proceed as follows 

?+1   =   %   +   a   ?
q 

(IX B-6) 

in which the Q+lth iterate is determined from the n^ iterate hy the 

addition of a scalar multiple of a vector S <    The various schemes for 
unconstrained minimization differ essentially m the ways in which the 

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

which the SM are successively 

?    =    (1,0.0 0), 

S2   =   (0, 1. 0, 0. .... 0), 

I3   =    (0, 0, 1. 0 0). 

• 

s"   =    (0, 0 0, 1) 

S*1*1«    (1,0. 0. ...,0) 

(IX B-7) 

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 a .    For example, the o   may be taken to be a small 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 modem methods Is to 

choose a     such that ♦(Xq + a Sq) is minimized.    We will denote the 

minimizes the   ♦(Xq + a S^ as   a*.    This latter method of choosing the o 
is ordinarily the most efficient method and is in every case the method 
chosen for work on this project. 

which 
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An efficient Improvement of the simple unlvarlate methods has been developed 
by Powell (Reference 62).     This method has been programmed and a description 
of the algorithm follows. 

Select for an Initial set of directions the unlvarlate directions» I.e. 

the elements of the q     direction, S^, are 

S^    =    6qi q = 1. 2 n (IX B-8) 

as In Equations IX B-7.    Denoting the starting point for an Iteration sequence 

as X   compute X ( X t ...t X     as 

X^1    =    Xq ta*? q = 1. 2, .... n (IX B-9) 

Then compute the direction vector from X1 to x""*"   and denote it as S 

Sn+1    =    Xn+1    -   ? (IX B-10) 

and compute the h^2     Iterate as 

Xn*2   =   Xn+1    +0*S*+1 (IXB-11) 

Finally revise the direction set by 

S''-1    =    Sq q = 2, 3. .... n+1 (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 

Sn+1    =   Xn+1 - V    Into the set.   The advantage of this is that this latter 
vector contain«; better Information on the direction of decreasing function 
value than   do   the unlvarlate directions.    In Reference 62 a more sophisti- 
cated method 1i given for selecting thr. vector to be discarded.    This method 
has also been programmed as part of this work. 

A surprising feature of the Powell method is the fact 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 functions irls'i.* from 
synthesis proble*s are of higher order than quadratic; however, the property 
of quadratic convergence is extremely advantageous because as the minimum 
of the problem Is approached the function becomes more nearly approximatable 
by a quadratic and the method accelerates to the miniiwim.    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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advantage that it does not require any information of the function at any 
iteration other than the function value at particular points tested.   This 
is an advantage in the sense that other informatior, in particular first 
partial derivatives with respect to the x.., need not be determined.   However, 

fü terms of length of computations and number of iterations 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 called the gradient method or steepest descent method. 

This technique involves an Iteration in which the S^ is merely the negative 
of the gradient of the function 41, 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 convergent.    They have an 
additional advantage over Powell's method in that they are more stable    / 
against round-off error as the iteration process proceeds.    In many cases 
the computational effort involved in computing the derivatives is made up 
for by the reduced nunt^er of iterations required.   Two methods of this 
category have been programmed under this project. 

The first of these was developed by Fletcher and Reeves    (Ref&rence 
64) and operates in the following way.    Select a starting vector 
♦t -M *t -»>. ■*(. 
X   and set S   = - v* (X ).    Denote     v#(XM) as GM and iterate as follows 

compute aq   =    (Gq) /{lq']) (IX B-13) 

and Sq   =   - Gq + ßq Sq'] (IX B-14) 

and yP*]*    Xq   +   a*Sq (IXB-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 orevious direction.    The 
proportion of each of the proceeding 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 been 
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 criteria are used ^n determining the point in the iteration proces- 
when the Sq"1 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     ^or extremely large problems, for example on the order 
of 300 to 600 variables, it may be necessary to reset 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 Davldon (Reference 65) and further explained by Fletcher and 
Powell (Reference 66).     This methca operates as follows: 

•*■* 

Select a starting point X1 and choose any positive definite 
symmetric matrix H1 and compute 

^1 ? .*? (IX B-16) 

where 

? H    G^ (IX B-17) 

^T  . "q-i yq yrJ Hq-i 
and     H,,       = Hn , + 

o    y *Ht -Viy 

(IX B-18) 

where 

?   . ?.i?H . a*;p-i (IX B-19) 

and =   G^ :q-i (IX B-20) 

3.    One Diransional Hinimization 

As was mentioned earlier, in all of these methods the technique of deter- 
mining a is to choose It in such a way that the # (Xq + a Sq) for that parti- 
cular iteration is minimizedo   There are several alternative ways of doing 
this.    First of all, the function may be assumed to be quadratic in the 
direction Sq.       Tnis in general is a fairly good assunption and becomes better 
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 assunption the function value tested at three distinct points can be 
used to generate the coefficients of the quadratic and the mininwm of tne 
quadratic may be detenrrined and used as an approximation to the minimum of 
the actual function.     Thus, if it is assumed that 
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«(X^    + o Sq)    =    a * ba ♦ Ca2 (IX B-21) 

and the three values of *, ^, ♦2, and ^ corresponding to say a « 0, 1/2, 

and 1 are available th'.n 

a   =   ♦1 

a   +   |  +   f  '   «2 (IX B"22) 

a   +   b   +   c   ^   *3 

From which 

a   '   ♦l 

b   = - 3^    +   4*2 - ♦j (IX B-23) 

c   =     2^    -   4*2 ♦ 2*3 

The vali'w' of   a* 1» estimated by setting 

^   ♦(Xq + aSq)    =   b + 2ca   =   0 

which yields K 
a*   -     -   1^ (IX B-24) 

or 

*        -**} * 4*2 * ♦S 
a 4(t1 - 2*2 - #3) 

A better fit can be ob*a1«t<! In many cases by assuming that the function Is 
cubic In the direction f* and evaluating the function and Its derivative In 
the direction Sq w<th respect to a   at two points and using this Inforrotlon 
to generate the coefficients of a cubic«   As with the quadratic the minimum 
of thr cubic Is Uken as an approximation to the minimum of the actual 
function. 
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Thus the assumption 

♦(JUa?)    = a + ba   + Ca2    +    da3 (1X8-26) 

is made and the four quantities ♦^ ^'t *2   and ^ are evaluated where 

{IX B-27) I,    -    *(?    + a,  Sq) 

♦2   »    ♦(Xq   ♦ 03 h 

• -   ? V*rxq + a, Sq) = Ö 

a=Ot 

^'   -     ?  7*   (J     +  a2  Sq)   E  g 
a=c 

This information can be used to evaluate a, b» c and d from 

2 ,     3 a    +    b a,     +    C a,      +    d a^ 1 1 

a   +   b a2   +   c a2     +   d ag* 

♦l 

♦2 

2 . b     + 2c a1      +   3d a^ ■    ^ 

b     + 2c +   3d 2 . 
♦2' 

(IX B-28) 

(IX B-29) 

(IX B-30) 

(IX B-31) 

from which 

where 

a^   -   ( 
^, • +   w   -   z 

» ' - ♦,' + 2w 
)    (a, - a.p (IX B-32) 

3 (114-1)    ♦    ,2'    *    ♦l' al      ^ Z ' 
(IX B-33) 
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w   =   (z     -   ♦, ♦T') 
1/2 

(IX B-34) 

Both the quadratic and cubic estimation schemes have been programmed 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 situation can be 
detected by testing the dot product between the gradient of the function» 
V(j., at the estimated minimum point ind the direction Sq.    If the point 
is the minimum of the function then the dot product should t*e equal to 
zero, and its deviation from zero can be used as a tef.t 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 problems is appropriate.   Methods of this das'« are 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 t is created as follows 

- 

m 
*(X)    -   F(X)   - r   I 

j=l 
i/g^x) (IX 1-35) 

where r is an arbitrary positive constant.    If the function * is minimized 
for a particular choice of the parameter r, starting the iterative process 

♦i -o ♦ 
from a point X   for which g.(X ) < 0, then the X. (r) will also satisfy 

-*■ J Ij'" 
g^(Xm.n(r) ) < 0.    The smaller r is, the closer X-^n(r) can approach the 

solution:    F(X) -»•   min such that g,-(X) < 0.    The "penalty function" 
m J       — 

- r.E   l/gi   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 minimu« of F; on the other hand small values of r 
produce functions, 4»,   which are difficult to minimize hence a sequential 
reduction process is used.     Starting with a feasible point, V 

(i.e. g.(X ) <   0), and a large value of r, denoted r., $ is minimized. 
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The resulting point Xm1n(r1) is then used as the starting point for a minimiza- 
tion of       with r ■ r- < r^.     The process is repeated until F[Xmin(r)] can no 
longer be reduced.    There are refinements of the -^thod which estimate even 
better st-rting points than this and these have proved to be quite useful. 

This attack on the optimization problem is more a formulation than it 
is on algorithm and as such very little can be done in the way of producing 
programming before the fact.   However several simple example problems have 
been solved in order to establish a base of experience with the method. 
Generally this testing has shown the formulation to bp viable however, 
if it 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 59,70).   This method 
nakes use of the bracket function as a penalty function.     The bracket 
function is defined as 

< t > 

t > 0 

t < 0 

(IX B-36) 

A function is constructed as 
Q m 

♦(X)   «     I   [lp(X)]2   + I     <95(i)>Z   *   <F(X) 
P-1 j=l 

FG> (IX B-37) 

where F- is a goal for the objective function.    If the minimum of $ is zero 
then the point X ,n(FG) 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 Fg until a choice is made for which ♦[Xnrin(Fg)] ^   9. 
In this way the optimu« is ultimately bracketed by two successive choices of 
F«.     The method is described in depth in References 69 and 70. 
i 

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

-234- 

—— -"- 



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

X^1    «   Xq   +   o Sq (IX B-38) 

must produce an X1^1 for which g^X11    ) <. 0.    This places restrictions 

directly upon the choice S^ and a.    If at JT the functions g^X**) < 0 for 

all j, ttien Sq can be taken as -Gq and a taken either as the value   a* if 

no g. (X ?+1) > 0 or otherwise the value nearest to   a* that does not cause 

violations.    This usually causes g.(XM    ) ■« 0 for some set of values of j 

denoted as a set ^ ,     The constraints whose indices are in J_ an; tsrmed c c 
bound or active constraints.^. When^a point in the iteration is encountered 
for which some g* a 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 • g/  <    0 j e J (IX B-39) 
j   — c 

S • G     <   0 (IX B-40) 

n 
where   g.. = v g. (Xq). 

The direction is one in which, locally, the function F can be reduced without 
violating the constraints.   A method of feasible directions is actually any 
msthod far locating sush a direction. 

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

•*■ 

Find an S and a scalar o   such that 

(i)   S • gj   +   e^ a <.0        j c Jc (IX B-41) 

(ii)    S • G     +     a     <.0 f!X 3-42) 

(iii)    a normalization reguirement is satisfied 

example    |S|  <   1 jIX B_43j 

and o   •♦   MAX 
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where   04   are arbUrary positive constants.   o_,,   >   0   corresponds to 

a "best" useable-feas  )le direction; If   o^, » 0   then the point XM Is a max 
local optimum. 

The above "direction finding problem" 1s 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 Requirement 111. 

The basic logic and programming for this method are being developed 

but the central section of coding Involving the computation of gj and qj, 

which are the heart of the problem technically, depend upon 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 stresses, parti- 
cularly in localized regions of high stress concentration.  It is obvious that classical 
analytical solutions cannot adenustely 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 flexibility 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 9. 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 accommodate anisot cooic 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-shtU 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 requirements discussed above is emphasized by a descrip- 
tion of the particulate representative component analysis problem.  The component is 
basically a short thick axisymmetric structure.   Various geometric configurations such 
as t'"* one shown in Figure 132 were examined. All candidate configurations were 
irregular with respect to any coordinate system.  Environmental conditions were 
represented by nonuniform pressure and thermal loadings.  Attention was focused on 
designc of uniform material type.  However, significant variations in properties due 
to temperature effecte were included.  Further complexity was introduced by the need 
for analyzing several different sets of 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 contributes to the overall program objectives in a 
number of ways.  Most importantly, the analysis capabilities play a major role in the 
design of comi- jite 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 mechanics «vhlch merit consideration in university course work and 
research.  It is pertinent to note that this widespread trend in the aerospace '/.idustry 
toward general purpose discrete element sttDctural analysis capabilities, which Be'i 
has pioneered, have been recently reflected in university curricula.  Ultimately, in 
the scope of the present program, analysis ra|«ibllity will find important application 
in defining material property goals for composite materials development. 

1. Principles of Discrete Element 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 woll-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 Isotropie 
moU'rials is briefly described.   Figure IC.'i 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 discrete 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 rl 
arbitrary shape.  It is particularly important to note the distribution of grid points 
which pro   Je refinement 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 selection of degrees of freedom without a corresponding loss of accuracy, thereby 
permitting 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)     Thermal Load   | F  I 

(b) Incremental rtiffness    [NI /(e)     Prestrain Load   |F«|   , and 

(c) Pressure Load    | F } (f)      Stress   fsl , |sl 
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These matrices arise in the stationary conditions of the element 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.   Tha selection of these displacement functions 
warrants careful consideration since they serve as a basis for all element response 
characteristics.  Displacement functions must be complete up to the oitler of trunca- 
tion, embody all rigid body modes, and provide for interelement continuity in order to 
allow valid use of established convergence criteria. 

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

{u( )}   = [B( )]{£} (KC-l) 

The eoeff Jcients {ß\ 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: 

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. 

The element potential energy Is defined as 

-[«oJH {.,()}-" 
where the notation employed is as follows: 

T (   ) is the temperature relative to ambient temperature 

Jo } is the thermal coefficients of expansion 

| € (   )|      is the strain 

|e . (   )\      is the prestiain, and 

f E] IS the coefficient matrix in the generalized Hooked law, I.e., 

{»( }- [»] {{•< >} - {«i« >} -T( »H} 

(IX C-3) 
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InlroduHnR Iht- nssunud dlsplaccmenl functions into the linear strain-displace- 
ment relations for an elemem yields the strains expressed in terms of the field coordinates 

{CM}     [DO] {/3} v*c'* 
Substitution of this relation into the potential energy function and expandinR 

the external work yields 

% /(H^JM'MhHf/3} 
V
-T()[/3J [DorMM <IXC-5) 

-I^J [n()]T[E]{*i^})dv 

-/n([/3j [BCR)] T{P( )}  )dR 

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, 

where the element matrices are 

W/vT<>MT [HT[E]{a}dv 

{*<} JA^f   [D<>']T[E]{t
1
(,}dv <,xc"9, 

{%} Lh*Y [«HM-«»}"1' 
One additional element matrix that Is not shown above the incremental stiffness 

matrix [N] which is needed in nonlinear problems, has not as yet been defined in 
meaningful symbolic matrix notation. 

The element stress matrices are supplementary matrices which stem directly 
from the governing stress-displacement relation 

{-•'}    [E] [DO] [Pßjl^-M {«,<•} {KC.U) 

-T( ) [E] {a} 
Partlcularlzatlon of this relation to specific points yields the stress matr ces. I.e.. 

{,}  [s]{q}-H 
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 
nonconformablc 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 displacement 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 crosb-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 insert 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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Figure 136.  Circumferential Stresses in Rocket Throat Insert, 2.0 
Seconds After Ignition, Non Uniform Wall Thickness. 
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Secondlv, il is important lo note the lormik1 stress slnio Induced alone the (-uler face 
of the InRcii,    This is potentially a design constraint since the tensile strength of the 
material is a fraction of the compressive strength.   Additional applications of the 
IHnngulnr cross-section ring elements are given in Section V H. 

Three orthotropic thin-shell discreU; elements 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 continuous idealization 
of thin axisyi.imetric structures with axial variations in loading.  An osculatory 
membrane displacement function and a hyperosculatory transverse displacement 
function have been employed.   The excess number of degrees of freedom associated 
with these displacement mode assumptions will provide economy of the total number 
of degrees of freedom in structure 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 synthesis eoncepts 
to accommodate discrete element analysis techniques.  Orthotropic triangular and 
quadrilateral thin shell discrete elements have been selected to enable effective 
polygonal idealization of arbitrary fiber reinforced composite thin-shell structures. 
The representation formulated for this set of elements includes stiffness, incremental 
stiffness, pressure load, prestrah1 load, thermal load, and stress matrices. 

The discrete elements just described were selected for use in this program bused 
on a considerable background of experience In structural analysis and design in equiva- 
lent applications using Isotropie materials.  These orthotropic discrete element represen- 
tations together with the linear structural analysis computational procedure form a 
sound basis for evaluating the structura' performance of composite materials.   Having 
established this basis, the next step will be to generalize the compulational procedures 
to deal with composite structures characterized by significant material and geometric 
nonlinearity. 

A further important projected effort will be devoted to structural synthesis.   It 
Is anticipated that weight optimizations will be conducted for large scale structures 
with fixed material specifications.   Best materials can then be suggested based on an 
interpretation of several fixed material optimizations.  A secondary conceptual s ruc- 
tural synthesis developmental effort Is planned to Incorporate material selection opsign 
variables within the automated portion of the design cycle.   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 Aerosystems) 

The study of anisotropic effects on heat transfer dates back to 1832 when Duhamel 
(72) first developed a mathematical theory on heat conduction In crystals.   The modern 
treatment Is due to Stokes (73) and more recently Wooster (74).   However, despite a 
long history of analytic treatment the absolute principle thermal conductivities are 
today still unknown for most noncubic crystals.   Unfortunately, the development of 
polycrystalline 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 should be directed toward 
development of analytic and/or experimental 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 induction of heat and of electricity.  Experiment has shown that in an 
Isotropie conductor the flow, whether of heat or electricity, across a unit area in a 
unit time is proportional to the gradient of temperature or potential in the direction 
of the flow. 

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

q  =  k^ (EXD-l) 

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 Q/dr is the temperature 
gradient; q and d 6 /dr are vector quantities which can be resolved into components 
parallel to the three mutually perpendicular axes 

q.   =  k-j|  (i = l,2, 3) (DC D-2) 
i 

Extension of these relations to anisotropic materials is given by 

dö 
k.   =  k-^_(i,j =1,2,3) (IXD-3) 

j 

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. 

From the form of the equations it is seen the kij'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 Isotropie material is, of course, one since 
kll ~ ^22 ~ ^33 and all other terms are zero.  For a transversly Isotropie material, 
there are two constants and for an orthotropic material three constants are required, 
i.e., kjj, k22> and k33.  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 thermal conductivity for input to the general solution. 
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2,    CüI ipulation Technique 

Many numerical techniques have been developed over the years which may be 
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 variable, 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. 

""l   At2  ""S 
V-n-'i.^sr* *ir (IXD-4, 

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 by solving the energy balance, i.e., 

dT i 
dt 

rN A 
-       ii IL — (T. - T.) 

^ ri.       j       1 
J     iJ z 

L j = l 

3=1 

ZA^.rr4- T/S (IXD-5) 
i    iJ'  J i 

-^ A Si € i Ti4  +   qB.C. 

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 = specific heat 
kP = mean conductivity between two arbitrary i, j points 

A «= cross sectional area between i, j points 
rJ = path length between i, j points 
Ai Fij ■= radiation interchange between i, j points 

<r = Stefan- Boltzman material constant 
^Si = external surface area of element 
* j = surface emissivity 

The thermal conductivity in the above equation refers to a specific direction and 
is obtained by matrix multiplication of the conductivity tensor by the unit vector along 
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th? directed line from the ith to the jth location in the physical system. The term 
'In C »■n'resen,s a variety of time or temperature dependent boundary conditions 
which may be imposed if required. 

The structure tempere .ures at the start of each interval are defined by those at 
the close of the preceding interval and the solution subsequently progresses from 
initial conditions to completion. 
\ 

The computation technique described above was incorporated into a computer 
program for conducting transient heat transfer analyses 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 locatior.s in a three-dimensional physical system. 
The program accounts for internal conduction and radiation interchange (limited to 
2000 interchange factors), as well as radiative dissipation to the environment, and a 
variety of time or temperature dependent boundary conditions.   The initial tempera- 
ture distribution may be completely arbitrary and the thermal properties, i.e., 
thermal capacity and emittance, are assumed temperature dependent.   The thermal 
conductivity is assumed depenoent on both temperature and direction.   The program 
is very efficient and solves the transient temperatures 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 transient 
temperature and heat flows at specified locations in the system.  If desired, the out- 
put temperature data may be recorded on tape for automatic plotting. 

3.     Results 

As a check of the new thermal analysis program, its results were compared with 
results from a previouslv available program which approximately represents trans- 
versely Isotropie 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 temperature 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 a perfectly insulated external 
surface.   (During the first few seconds of operation, the temperature distributions are 
essentially independent of the external boundary condition). Transient temperatures 
were determined during the first two seconds of operation 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 tftar engine ignition are shown in Figures 142 and 143, 
Xectively.  Isothenns ir. the insert two seconds after igmüon are shown m 

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 

I tmnsfent temperatures result from the influence of material amsotropy. 

It is of interest to compare the results of the new computer program with 
those obteiLd during a previous investigation of JTA throat inserts as reported m 
SectiofH   The solutions differ only in the technique used to account for dxrec- 
UonTdeperKience of the thennal conductivity, i.e.. the P-ious st^y -^ use   f 

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 
i locations TL insert is presented in Table XXTV   The '^^f^^' 

tion is approximately 1.6% and occurs a: the do^.stream extremity of the insert, 
shluld be noted, however, that the close agreement shown is b .ieved fortuitous 

anrrthought to 1* related to the choice of material; i.e.. JTÄ composite exhibits 
afa most conslt ratio of principal conductivities over a large range of tempera- 
mreTnd is transversly isotropic as well thus, allowing the uncoupling of the heat \ 
How ^uauonT F^r oLr 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 
0F 

Section V H 
0F 

Deviation 
0F 

1 1711.3 1679.1 -32.2 

6 2759.7 2766.2 + 8.5 

10 1767.1 1731.3 -35.8 

49 148.37 150.89 + 2.52 
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Figure 142.  Insert Temperatures at Throat 2 Seconds after Ignition, 
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SECTION X 

FIBER COMPOSITE AIRFRAME COMPONENT 

A representative fuselage section was selected for study as the first representative 
component to utilize the carbon-fiber, resin-matrix composite material.   Preliminary 
design studies (Section 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 fuselage 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 purposes of preliminary study, the nominal dimensions and proportions of the 
fuselage section as shown in Figure 2 were established as Dj     24 inches, D2 - 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 bending moment may then be transformed into an equivalr nt 
axial loading (i.e. producing the same maximum stress in the section) by utilizing the 
expression: 

N ■ 4M/ TT d 

The advantage of convening 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 equivalent cylinders in bending.   The panel data pro- 
vide the overall instability criteria necessary for minimum weight investigations. These 
considerations apply primarily to Isotropie materials of construction. 

In general, analytical studies of structural efficiency and/or minimum weight are 
based on idealized structures.   Such studies do not connlder 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 idealizations 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 configMration in these calculations was approximated for simplicity in the anal- 
ysis as a circular cylinder (24 inch diameter by 48 inch long).   With an (M/d ) /   -4.0, 
the corresponding axial compression loading it. 1955 lb/in. which value is seen to be 
well bracketed by the range of data shown in Figure 3 for many aerospace applications. 
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Titanium 

/ 

p - 0.163 lb/In. 

E = 15 x 10 pel 

Ring Stiffened Sheli 

Ring Spacing ^ 12 In. 

Stringer - Ring Shell 

Ring Spacing = 2.9 In. 

Weight    1.33 psf 

T    - 0.057 In. 

Weight = 0.61 psf 

t    - 0.026 In. 

Fiberglass Composite 

Ring Stiffened Shell 
3 

p   =0.08 lb/In. 
6 

E     -8.0x10    psi 
Li 

I» 
E      - 1.3 x 10   psl 

G      = 0.48 x 10   psi 

VT    = 0.28 
LT 

Weight - 1.20 psf 

"t    - 0.104 In. 

Graphite/Resin Composite 

Ring Stiffened Shell 
g 

p ~ 0.05 lb/in. 
6 

ET   - 40 x 10P psi       G,     = 0.52 x 10   psl 

ET   - 1.5 x 106 psl     VLT= 0.29 

Weight = 0.86 psf 

t    = 0.119 In. 

Circular Cylinder - 24 in. Uia. x 48 in. Long 
3 1/3 

Loading = 1955 lb/in. (M/d ) ' =4.0 (Room Temperature) 

Figure 145.  Preliminary Minimum Weight Concepts of Circular Cylinders. 
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HMMMN^^ 

Using titanium at room temperature as an example material, the skin-strmger- 
ring shell shows an appreciable weight advantage (0.61 psf) over a ring-stWfened shell 
(1 33 psf), but it also illustrates the relatively thin gages that must be used to achieve 
lightweighL design with a conventional material and monolithic 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 fiberglass 
(1.20 psf); the difference between titanium (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- 

-jng advantages would result with the use of a graphite fiber/resin material in the skin- 
stringer-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 represent 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 j^equired 
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 Isotropie and orthotropic shells of various designs 
(ring, stringer, ring-stringer stiffened, and sandwich constructions) as functions of 
loa-^g intensity, structure size, and 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/stilfener/ 
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 mann.r to the fuselage component. 
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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 Ued finite-length shell elements (such as filament wound 
hollow beams, cylinders, etc.) to one another, to conventional shell elements, or to test- 
ing fixtures.  Modes of failure considered tor these applications were primarily strength 
and instability.  Veiy little work has been reported on fatigue failure modes. 

Within the above categorization of problem areas ard based on a review of signifi- 
cant work in the field, the following general observatione 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 homogeneous orthotropic media.  These are 
useful in qualitatively establishing the reinforcement required to locaUy 
strengthen the composite. 

(3) Analysis of locally reinforced regions (around holes, junctures, 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- 
ficam 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 design methods. 

(5) Considerably more information is available on design concepts for 
attachments of and to composite structures 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 approximate 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.      Structural Testing of Fiber Composite Components 
(Ü. P. Hanley arid J. Witmer, Bell Aerosystems) 

Testing activity on fiber composite components at Bell is expected to consist 
of: (1) tests of simple 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 VHE.  Specimen design, materials, 
geometry, fabrication, inspection, assembly, testing, and data analysis parameters 
were identified.  Some consideration has also been given to 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^ to failure 
under simulated design conditions which will mosUikely incluca a>ombination 
of bending, torsion, and heating. 
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