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Structural requirements for space vehicles place emphasis on the
use of light-weight, high-strength materials. The combination of
two or more different materials into composites has produced
superior characteristics over single phase arrangements. The
greatest advantage will xesult from the provision of a method for
predicting the properties of composites based on the properties
of their constituents. When this is accomplished, composites can
be developed to render optimum performance for their specific appli-
cations. A nine-step program is envisioned to meet the goal of
prediction and optimization. It would involve both analytical and
experimental development. Several steps must be taken simultane-
ously in order to provide feedback and demonstrate potential for
various forms and types of materials.

-

r

GPO PRICE $

CFSTI PRICES) $

Hard copy (HC) # [ [ OO
Microfiche (MF) (50

1 853 .lulv R

The author is Chief of Advanced Structures and Materials Applica-
tions, Office of Advanced Research and Technology, National Aero-
nautics and Space Administration, Washington, D. C.

(ACGESSION NUMBER) CTHRWY)
==/
(PAGES) (CoDx)

PACILITY PORNK 608

(NASA G; OR ‘é—x aR AD NUMBER) - (CATEGORY)




Introduction

The structural requirements for spacecraft place great emphasis

on the proper selection and use of materials, While strength and
stiffness axe prime factors in structural design, there are envi-
ronmental factors which operate simultaneously and must not be
neglected. These environmental factors result from the total mis-
sion requirement for structural performance, and missions for manned
and unmanned vehicles are analyzed to yield the requirements for
structural and materials performance. The final selection of
structural geometry and type cf material involves a number of
trade-offs usually with material density or structural weight as
the basis for comparison.

It has been convenient and practical to develop materials that
are broadly applicablie rather than specific. The primary reason
for this apprsach is the large cost and complex development asso-
ciated with the attainment of a basically new material. It is a
tribute to both the chemical and metal industries that large num-
bers of materials are available as standard alloys, compounds,
polymers, ceramics, etc.

Plastics alone have been utilized many times in space applications
for solutions to structural problems, and promise to continue to be.
However, for many specific structural design and fabrication needs,
it has been found that combinations of essentially different classes
of materials in various forms and proportions can produce character-
istics which are not available from single phase systems, and which
are often more suited to the specific application. Such combina-
tions are classed as composite materials. For example, the compos-
ite concept combines the light weight and flexible characteristics
cf plastics with the higher strength but inflexible characteristics
of metals or ceramics. Composites are not solely materials since
they can be formed directly as structures, such as in a filament-
wound rocket case, where glass and resin are combined as the case

is formed. Thus the material is intimately identified with its

use, and the applications define specific material characteristics,
It is in the area of composites then, that the majority of appli-
cations can be envisioned for plastics in space.

However, a .aumber of fundamental problems exist in the development
and application of composites. A general approach to their solu-
tion is possible. Such approach will be discussed in its relation-
ship to the solution steps involved.

The Nature of Composites

Historically, it has been shown that composites have been utilized

by man almost as long as single phase materials (Reference 1) and,

of course, nature has utilized them infinitely longer. 1In the case
of man-made composites, the uses and forms have been largely the



result of an intuitive approach. This approach has lacked the
equivalent of the solid-state physics, basic metallurgical, or the
organic chemistry science. 1In fact, true fundamental research
stands out as the great void in an otherwise commendable network
of progress in this field.

The nature of composites has been partly responsible for this situ-
ation. Since composites can be structures as well as materials,

a2 knowledge of both materials science and structural engineering is
required for the accomplishment of significant research. The mate-
rials specialist disciplined in metallurgy, or poivmer chemistry,
or ceramics alone cannot cope with the entire problem, nor can the
structural specialist adequately handle the materials aspect.
Another, not insignificant, aspect is that the almost immediate
rewards of developing new composites for particular applications
are so promising that the effort towards the fundamental research
is diluted.

Reference 2 lists five major classes of composites as follows:

Laminar -~ Example: inflated satellite skin
Particulate -~ Example: rocket nozzle

Fiber - Example: filament-wound shells
Flake - Example: leak-proof plastic shells
Filled -~ Example: honeycomb heat shield

Figures 1 through 5 show examples of the use of these classes of
composites in space vehicles. Figure 1 shows the Echo II passive
communications satellite during a static inflation test. This
spacecraft is constructed with a three-ply laminate skin of alumi-
num foil and Mylar. Figure 2 illustrates a particulate composite
employed in a rocket nozzle. This is a composite of 30 per cent
graphite particles in silicon-carbide.

Figure 3 is an example of a filamentary co.posite applied to an
experimental cryogenic fuel tank. This structure utilized an E
glass filament with an epoxy-resin matrix.

Figure 4 represents an approach to solving the problem of contain-
ing a cryogenic liquid in a composite shell by application of glass
flakes in a resin matrix.

Figure 5 illustrates a filled composite. This is a section of the
heat shield structure for the Gemini space vehicle. It is composed
of a phenolic-fibreglass honeycomb filled with a silicone-~elastomer
charring ablative.

From a research viewpoint, it is essential that emphasis should be
placed on the fundamentals of composites. Such emphasis will pro-
vide a more substantial basis for the applied programs of the
future and should result in materials which possess properties
optimized by design for particular future vehicle structures.



The need for such research has been recognized by the military
and space agencies in the Government and som« of the primary prob-
lems are now under study by Government iaboratories and through
contracts with industry and universities. Where applicable, some
of the NASA investigations will be mentioned in relationship to
the discussion of particular problewm areas.

The Research Objective

The broad research objective is to derive the maximum performance
from a structure in terms of its weight by means of the optimum
selection o materials used in composite form. More specific
objectives are to comprehend the basic nature of composites suffi-
ciently, and to specifically design materials with predicted and
optimized properties.

It is obvious that the prediction and optimization of composite
material properties is a complex problem and one which may never
be solved completely. Howevezr, there are elements of the problem
which are favorable. One is that the development of new materials
is not necessarily required. Another is that simple composites
may be studied with discrete experimental verification of analy-
sis, prior to studies of more complex systems. A third favorable
element is that many techniques in structural mechanics are avail-
able as solution tools. These, coupled with an approach from the
materials science viewpoint, permit an interdisciplinary attack to
be made.

The problem area then may be approached from several directions.
However, these must be related and guided by an over-all plan
involving the following essential steps:

1. Predict composite properties based on the characteristics
of component materials.

2. Define guidelines for development of improved composites.
3. Develop required material forms.

4. Demonstrate (by experiment) the improvement.

5. Examine system applications to determine advantages.

6. Define guidelines for development of improved materials
for specific application.

7. Develop design concepts.
8. Demonstrate (by experiment) the improvement.

9., Evaluate needs (assessment of desirability for improvement).
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Because the above program is of large magnitude in terms of time,
several steps would be initiated simultaneously. 1In the initial
phases each step would include general considerations which apply
to the development of methods and are later specifically related
to the over-all process.

The Problem of Prediction

There are two general approaches to the prediction of composite
properties. One is the materials science approach involving re-
lated studies of chemistry, metallurgy, and the fundamental nature
of materials, and the other is the mechanical or engineering
approach. Both are important and indications are that neither will
be sufficient alone as a basis for prediction.

Prediction requires first the development of methods of analysis

which producz solutions which match experimental results. But more

than this should be expected, namely the definition of important

factors which affect structural properties. In view of the abun-

dance of composites available or attainable, separate analytical methods
may be needed for each general type.

The materials in each class of composite are in various sizes,
shapes, and quantities. Although sizes may.vary from macroscopic
to microscopic, it is probable that analytical procedures common
to both sizes may be applied.

Several noteworthy comparisons of material properties of interest
to the structures specialist have been made. One example is shown
in Figure 6 (Reference 3) which compares various elements and com-
pounds on the basis of specific stiffness (E/f? ). where E is
Young's modulus and /2 is the material density. it was from such
comparisons that research was initiated on less commonly used
materials such as boron and boron campounds in ccmposities.

Physical characteristics of each component material of importance
in structures are:

Strength

Stiffness (elasticity)

Density

Ductility

Thermal Characteristics

Oxidation Characteristics

Abrasion Characteristics and Hardness

The first two items enter directly into analytical treatment of
material behavior in structures, whereas the others are those which
must be controlled or selected. It is possible, therefore, to
concentrate on methods of prediction which regard the behavior of
the composite from the mechanical standpoint. Problems of phase



material compatibility and other chemical-metallurgical aspects
of the compositc can be studied separately, and later related to
the mechanical investigations.

Studies (Reference 4) have shown that analytical methods which
utilize a continuum mechanics approach have been fruitful in allow-
i..g reasonable predictions to be made for the elastic characteris-
tics of the composite. Expressions are derived which represent the
contribution of each material to the material coefficients of a
composite in terms of geometry and elastic characteristics. Figure
7 is an illustration of the method showing the effect of Young's
modulus of the reinforcing filament on the composite modulus for
various proportions of matrix resin. It can be seen that the con-
tribution is significant in the filament axial direction, but less
important for the transverse direction, and considerably less for
shear. Similar analysis was applied to predicting the effects of
matrix stiffness, and of Poisson's ratio of matrix and filament to
the composite characteristics. These predictions were later veri-
fied by cylindrical pressure vessel tests as shown in Figure 8.

In this example, hoop strain and longitudinal strain are plotted
for various values of cross ply ratios. It will be noted that the
commonly accepted netting analysis is not acceptable for predict-
ing strain.

Similar improved techniques can be applied to the prediction of
strength. However, not all composites consist of continuous fila-
ments or continuous matrix. Nor are reinforcing materials neces-
sarily circular in cross section. It is expected that the factors
of particle or filament geometry which include size and shape may
strongly influence some of the properties of composites (although
not necessarily all). Possible forms include:

1. Crystals (whiskers)

2. Grains

3. Spheres (hollow or solid)
4. Flakes

5. Fibers

6. Filaments (hollow or solid)
7. Films and Foils

8. Sheets

9. Bars

10. Foams

Figure 9 is a comparison of size for some common or promising re-
inforcing filamentary materials. It can be noted that the one mil
(25 micron) fine wire is large in comparison to materials now
being used or considered. It can also be noted that these materi-
als cover a wide range within themselves such as wire ranging from
4 to 30 microns (Reference 5). The picture shows the ranges of
greatest interest for composites. As a contrast to some of these
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recent fine filament developments, it is of interest to note that
nature has produced its own version of small-dimensioned, high-
strength filaments in the form of asbestos fibrils. As shown in
Figure 10, these range from 200 to 400 Angstroms in diameter
(Reference 6).

Shape factors for filaments and particles and their influence on
compositc properties are under investigation (Reference 7).

Figure 11 shows experimental data on the effect of various volumes
of glass particles (shape unknown) on Young's modulus, tensile
strength, and total strain at failure. As yet there is no analyti-
cal basis for predicting these results and it can be noted that the
results shown in Figure 11 are somewhat contrary to expectations.

An advantage of the analytical approach in predicting characteris-
tics is that it provides for the determination of optimum charac-
teristics as well as those resulting from given constituents. Thus
one may determine the bounds cf performance for various proportions
of constituent materials and also establish a measure of efficiency
for the composite. One expected indication will be the need for
improvement of the interface between reinforcement and matrix to
achieve increased efficiency. It may be necessary to attack this
problem from the chemical-metallurgical level rather than the
mechanical aspect. An example of interfacial effect is shown in
Figure 12 which is a plot of strength of tungsten filaments in a
matrix of various alloys of copper (Reference 8). The decrease in
strength caused by an alloying effect between the copper alloy matrix
and the tungsten is evident. It can be noted that the curve for pure
copper matrix follows the results predicted by the law of mixtures.
It is expected, therefore, that a sound program will include an
equitable share of effort in chemical-metallurgical theoretical and
experimental research.

Guidelines for and Development of Required Materials and Forms

Once the important factors which control the major characteristics
of composites are determined theoretically, specific requirements
for further research in kinds and forms of materials can be delin-
eated. Only those materials in the forms of offering the greatest
hypothetical improvement need be investigated.

As previously noted, it is expected that there will be two groups
of requirements. A mechanical group will establish requirements
for geometry of cross section, strength and sizes of constituents
and elastic characteristics. A chemical group will require certain
surface chemistry, bonding or alloying characteristics, etc. There
could also be requirements for new materials developments, although
at this point such requirements could be premature and not inclu-
sive enough to warrant research cost and effort.

In anticipation of guidelines specifying particular forms of materi-
ais, it is necessary to provide the technology which allows such



forms to be produced. The various configurations previously
listed are not necessarily available in all materials oxr in the
cross sectional geometry needed,

Initial efforts (Reference 9) have shown, for example, that it is
possible to produce glass in a variety of filaments of various '
cross sections. It is anticipated that these techniques can be
applied to other filament materials as well, including plastics.
Figure 13 shows examples of glass filaments which were attenuated
using a techniqgue described in Reference 9.

Until recently, materials such as boron were difficult to utilize

in structures despite their high potential specific strength and
modulus. It has been found (Reference 10) that a technique of

vapor deposition on a suitable substrate may be used to form boron
compounds and elemental boron in continuous filaments. Initial
tests of boron-epoxy composites in the form of filament-wound rings
and as boron-aluminum in rod form indicate that substantial strength-
weight ratios are probable (Reference 11). Figure 14 1lists recently
obtained values for properties of boron-magnesium ccmposites. The
most significant aspect of this research is the indication that
acceptable forms of materials which possess desired structural
properties may be developed. In other words, composites will not
necessarily be limited to a relatively few elements now utilized
extensively for structures but will be able to be formed in their
optimum combinations for particular applications.

Demonstration of Improvement

Certain carefully controlled experiments must be devised to demon-
strate the validity of prediction analysis and the trend toward
improvement. In some cases, unique fabrication methods may be
required. This is true, for example, in dealing with angstrom-
dimensioned particles or fibres. It is also true that scaled-up
experiments may be needed which require material forms larger than
those readily available. For example, in one set of experiments,
it was found convenient and reliable to make composites using epoxy
resins and large diameter (3 mil) E glass fibers, rather than the
usual 0.3 mil filaments. Some anticipatory effort to develop
fabrication techniques is considered essential. Concurrent with
the development of complex geometry glass filaments was a develop-
ment of improved winding techniques which allowed precise placement
of filaments on a mandrel form. Figure 15 is a micro-photo of a
section through a glass-resin composite. Note that the filament
form is rectangular.

Steps 1 through 4 would constitute a first phase section of an
optimum composite development program. Step 4 provides informa-
tion which realigns and guides the rest of the phase. With such
information, a re-cycling can be performed with modified orienta-
tion. It is anticipated that empirical and semi-empirical methcds .



may predominate the first attempts at completing the f rst phase,
but each cycle would provide a shift towards more exact methods.

Examination of System Applications and Definition of Guidelines

Through step 4 in the program, the methods used can be generally
applied to most composites (of a particular major type). Beyond
this, however, the peculiar requirements of mission application

must be considered in order to provide the next step in optimization.
This can be viewed as the second phase in the program.

The functional requirements for a structure encompass the following
factors:

Load Meteoroids
Temperature Radiation
Gravity Bio-medical
Vacuum Duration

Each factor may contain a aumber of associated factors. For example,
bio-medical requirements fecr structures include:

Temperature Psychclog:ical
Vibration Gravity
Radiation Color
Atmospheric Odor
Acceleration Chemical
Noise

The functional factors rela+2d to future mission= ~~a be analyzed
to define the prime parameters and ranges of %: ' .=, functional
and environmental factors. It is necessaiv ! : . ::ognize that a
feedback can occur hLere which provides requi-::waints and guidance
for the structural material investigations cf the first phase
(steps 2 and 3). These functional environmental factors begin to
define the regimes in which strength and elasticity must te pro-
vided at particular levels. Thus as the preogram progresses, the
steps in the first phase will be related more closely with particu-
lar application requirements. Initially, the effects of each fac-
tor can be considered by analysis of representative classes of
structures. As studies progress, the cumulative or simultaneous
effects of other factors would be considered. As an example,
analyses were made concerning the requirement of a structure to
carry load (Reference 12). The use of filament reinforced com-
posites for compression load-carrying shells representing launch
vehicle primary structure was compared to metal sandwich systems
for present and planned launch vehicles. Filament-wound glass-~
resin structures were heavier than isotropic faced metal sandwich
structures. The utilization of high modulus glass with denser
winding showed some improvement at higher unit stresses. However,
boron-filament epoxy systems indicate an advantage over either
glass or metal systems (Figure 16).
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Development of Design Concepts and Demonstration

None of the preceding developmental steps for composites would
continue to be significant without the development of design con-
cepts, followed by experimental demonstration. It is only by
stuaying hypothetical mission requirements invol... 3 vehicle per-~
formance and environmental factors that both new .. .ctural geom-
etry and new material requirements can be produc::d. These studies
are related to those described in steps 5 and 6 (exanination of
system applications) except that the approach is from the oppusite
direction, namely, starting with the mission, evolving a concept,
and lastly defininyg both geometry and material requirements. The
development of concepts is probably the most severe requirement in
the process because it makes demandas on the talents of individuale
of limited numbers and availability. Indeed, it produces a severe
requirement on the program managers to seek out these unusual
people who by nature and background can relate the mission to an
advanced concept, and who can see possib.lities for applications
from new material and structural developments. An example of such
studies is shown in‘*Figure 17, which illustrates a study made for
an advanced 150 KW space power system which would bYe deployed and
stabilized by rotation. It would be used as part of a large space-
craft power supply system for long space missions. It represents
a unique use for flexible high temperature materials such as some
of the new polybenzimidizols and polyimides, in composites with
other materials.

Studies like these must be able to express structural and matecial
performance requirements in parametric terms of significance to
the speciaiists in these disciplinary fields. Such parametric
requirements restrict the talent search even further. '

Following analytical and c¢onceptual development is the necessary
experimentai evidence tnat feasibility is at least achievable.
Since fabricated specimens are required, special fabrication
techniques may need to be developed. Accordingly, a developmental
program could be required if none exists. Such experimentation
produces feedback to steps 5 and 6 where a reexaminaticn of system
applications and a redefinition of guidelines is in o.der.

Evaluation of Needs

The remaining step, evaluation of needs, relates the factors of
cost, availability, persomnel factors, etc., to the merits of the
cptimized composites and the structural concepts. Two alternatives
will resuit. Desirable areas of improvement will become evident,
or perhaps existing methods will be shown in their true perspec~
tive with little need for improvement indicated. The former re-
sult will produce a re-cycling of the system to provide the needed
improvement. .

PO LR



Conclusions

A composife materials program for optimizing applications to struc-
tures is of complex nature and expected to be of lengthy duration.
The greatest obstacle to progress in such a program is the tendency
to diversion and specialization. One approach which has indicated
promise is that of the "team" concept. This concept involves the
free Flcw of information among the variocus investigators in the
separate organizations and research centers. On approximately a
semi-annual basis meetings can be heid where the printed reporting
is supplemented by an oral review of work accomplished and planned.
Included also is a statement of problem areas remaining for which
solutions are needed but not necessarily indicated. Such reports
are followed by liberal discussions of the solution approaches and
the problems in relationship to the broad objectives. This method
provides for a periodic reorienting of the program and for direct
application of the research talent to guidance. The role of the
technical administrator is broadened by the diverse talent available
without the usual recourse to all data and its significance being
judged solely by one man or office.

Summary

Structural requirements for space vehicles place great emphasis

on light-weight, high-strength, high-stiffness materials. Although
many single materials in metals, plastics, and ceramics have been
utilized in vehicle design, compusites of these materials offer
greater promise in achieving higher efficiencies by means of opti-
munm design. However, fundamental research in composite design is
necessary to understand the basic nature of theseematerials and
optimize them for future applications.

A program has been outlined which describes the essential steps in
improving the application of composites to space vehicle structures.
The primary problem of predicting composite properties based on the
characteristics of component materials requires both a mechanical
approach and a chemical approach. The various major classes of
composites are laminar, particulate, fiber, flake, and filled. A
different predictive analysis may be required for each type. There
are many characteristics materials possess which are of interest to
the structural designer, but the primary ones are strength and
stiffness, provided the others can be controlled or selected.

Research in filament or particle materials of various sizes and
shapes should be performed in anticipation of actual needs in order
to develop necessary technology. Examples of this include glass
filaments of various cross sectional geometries.

After the basic relationships for composites are established, the
fundamental requirements for a structure must be considered. An



example of a study of load irtensity versus material selection
shows that glass filament-wound structures are not competitive
for compresssively loaded shells unless improvements are made.

A team approach is required to achieve the basic objeciives in
optimized composite materials programs.
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