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FOREWORD
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a committee composed of: J. C. Bowman (Chairman) and G. B. Spence
(Program Supervisor) from Union Carbide; R. H. Thomas and L. A. Schmit
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W. H. Dukes and F. M. Anthony (Program Supervisor) from Bell
derosystems Company. During this reporting period, the Program
Supervisors were changed to H. F. Volk (Union Carbide); H. R. Nara
and T. P. Kicher, Associate Program Supervisor (Case Western Reserve
University); and D. P. Hanley.(Bell Aerosystems Company). Technical
personnel participating in the program are indicated as authors of
their portions of the report. The manuscript was released by the
authors August 1969 for publication.

This report covers work performed from July 1963 to June 1969
and is issued in three volumes. Volume I covers materials research;
Volume II, structural mechanics; and Volume III, structural compcnent
development.
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ABSTRACT

Tne surface characteristics of various carbon and
graphite f{lbers and the interfacial region between fibers and
resin in composites were investigaced by using electron micro-
scopy, electron diffraction and Raman spectroscopy. The latter
technique permits differentiation between graphite fibers of
different origin. Graphite fiber compcsites were prepared by
in gitu polymerization on nylon 6. This technique improves
the wetting of the fibers and ylelds void-free composltes.
Oriented crystallization of the monomers of nylon 6 and nylon 66
on graphite fibers and subsequent solid state reaction yielded
dimers and trimers, respectively, instead of the usual polymers,
thus showing a strong and specific efiect of surface interactiomns.
Sophisticated vacuum microbalance equipment has been constructed
to study the surface characteristics of graphite filbers by gas
adsorption. Work on graphite-fiber, nickel-matrix composites
was concerned with improvements in the electrodepcsition process,
the fabrication of larger test specimens, the fabrication of thin
tape which can be further processed into samples of more compli-
cated configurations, and the evaluation of composite properties.
The latter included measurements of the elastic properties,
stress-strain cuives and composite thermal expansion.

This abstract is subject to special export contrecls and each trans-

mittal to foreign governments or foreign nationals may be made only

with prlor approval of the Nonmetallic Materials Division, MAN, A.r

ﬁoice Materiais Laboratory, Wright-Patterson Air Force Base, Ohio
5433.
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SECTION I
INTRODUCTION

This report covers the fourth year's work of a program
which represents a novel approach designed to fulflll three differ-

ent, but clearly interdependent, needs of the Department of Defense:

a materials neew, a structural design capability need, and a need
for more scientists and engineers trained in applied materials
problems and advanced design methods. The Carbon Products Division
of Union Carbide Corporation, Case Western Reserve University, and
Bell Aerosystems Company have formed an Assoclation to meet these

needs.

The Asscoclation has formulated & broad program which in-
cludes 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
graphite fiber composites, (2) to extend the methods of structural
mechanics, (3) to identify DOD applications toward which the pro-
gram 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 irnclude material variables.

The primary responsibilities of Union Carbide Corporation,

Cz 'bon Producks Division, are the development and production of
composite materials and the measurement of those mechanica. and
thermal properties needed for the structural design work within
“he Associlation. The technical program at Union Carbide consists
of: (1) materials research, a basic research program to develop
new, improved composlites of high mocdulus graphite fibers in both
resin and metal matrices; (2) materials fabrication, an applied

research program to produce materials for the jolnt research programs

of the Assoclation and tu seek new ways of fabricating components
which better utillize the superior properties of composite mate-
rials; (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 determine experimentally
adequate failure criteria for anisotropic materials under multi-
xiali stress states and to find ways of representing the failure
surface which can be used by the designer in practical calculation.

The werk at Case Western Reserve University has two
major objectives. The first objective is to advance the basic
structural mechanics technology required for rational design with
composite materials. Composite materials offer the structural
design engineer the prospect of being able ultimately to carry on
simultaneously the design of the structural configuration and the
material. Achieving this capability will require fundamental
advances in structural synthesis as well as a substantially im-
proved understanding of the behavior of composite materials. The
goals of the structural mechanies research program at Case are
(1) the quantitative formulation and efficient solution of the
structural synthesis problem, Jinciuding material variables, for
elementary, but representative components fabricated from composite
materials; (2) experimental stress analysis studies and theoretical
investigations in micromechanics with the objective ~f improving
the measurement and calculation of stiffness properties and failure
mode criteria for composite materials; and (3) the uev:lopment of
improved analiysis methods for anisotropic, nonlinear, and noncon-
servative materials. The seccnd objective of the work at Case
Western Reserve University is to develop new or improved graphite
fibher-resin composites through materials research. At present,
the knowledge of flber suiface morphology and the relation between
fiber surface characteristics and interfacial adhesion to the resin
system(s) %s incomplete. A better understanding of these inter-
facial interactions will lead to improvements in pregently used
fiber resin composites and will ultimately permit the . judicious
selection of new resins and new fabrication methods, thus leading




to a second generation of advanced composites., The materials
research work at Case Western Reserve University has been initiated
during the second half of the report period. The present report
covers the program plans and some initvial results.

The primary purposes of Bell Aerosystems Company's
participation in this program are to interject user requirements
into the applied materlals research eftorts; fo apply, at the
prototype design level, the advanced analytical procedures and
improved understanding of material behavior whizch will result
from the research; and to establish application-related property
specifications for materials research activities. To attain
these objectives, a s?x-part technical program is being performed
by Bell: (1) application selection, the objective of which is to
Jefine representative configurations and environmental conditions
which reflect DOD requirements; (2) recognition of failure modes,
a task which involves the overall structural behavior such as
elastic instabllity, deformation limits, and fracture and the
material failure modes; (3) determination of the rnature of and
methods for the application of analytical tools needed to cope
with the anisotropic, anelastic, and nonconservative material
property behavior and the multiaxlal stress distributions antici-
pated in structural configurations assoclated with the use of the
subject materials; (4) structural synthesis, a task which involves
the application of structural synthesis techniques at the prac€ical
level to define the most desirable material compositions within a
particular class of composites; (5) study of creative design con-
cepts which will be required because of the complex material-be-
havior of composites; (6) testing to verify the value cf analysis
procedures used to design composite materials and the components
made from composite materials.

In contrast to the previous three Annual Reports,{'»2%:3)
which consisted of single volumes, the present report has been
divided in%to three volumes. Volume I covers the effort on mate-
rials research; Volume II covers the work on structural mechanics,
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analysis, and optimization; and Volume IIT covers the design,
fabrication, and testing of a representative subscale fuselage
component. This division was made because particular projects
might be of interest to a particular audience; this arrangement
also made possible the reduction of the physical size of each
volume. However, this introduction and the following Summary
(Section II) are common to each volume.
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SECTION II
SUMMARY

The activities of the Assoclation formed by Union Carbide
Corporation, Case Western Reserve University, and Bell Aercsystems
Company are directed toward designing, fabricating, and evaluating
a representative composite fuselage component; investigating
selected critical problem areas in advanced composite technology:
and involving students in an important new technology. The compo-
nent actlvity serves as a hardware performance demonstration and
also serves to reveal new, or to emphaslize suspected, technologlcal
shortcomings. 1Investlgations of these shortcomings and of other
problems which clearly imust be solved for the next generation of
advanced composite applications form the basic, long range studiles.
Through knowledge of the total program and by particlpation in
specific projects, the graduate students gain skill in advanced
composite technology and become better informed concerning the
nature of industrial research and development.

The experimental and theoretical work presented in this
report covers materials research in the following areas: graphite
fiber reinforced resin-matrix and metal-matrix composites, physical
properties and design data studles of fiber composites, the mech-
anics of fiber composites, advanced analysis and syuthesis, and
fabrication and testing of a representative fuselage component.
Although these projects are clearly related in their common obJjec-
tive of advancing the state of the art ol compcsite materials, the
Glversity and physical volume of this work made 1t desirable 1o
present the report in three volumes. Volumc I covers materialc

research on graphite fiber, resin-matrix and metal-matrix composites;

Volume II is concerned with the structural mechanics of composite
materials; and Volume III covers the structural development of a
representative, subscale fuselage component. The following para-
grap..- summarize the contents of each of the three volumes.
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Volume I: Materials Research

Techniques were developed to study the interfacial region
between {iber anc resin in composite materials. The tools used
Jere electren microscopy, electron diffraction, and laser excited
Raman spectroscopy. The electron microscope was used in the study
of epitaxial grcwth of polyetuyler:z on graphite fiber surfaces
(cieaned with boiling water) and on the 001 planes of graphite
single crystallites. Electron diffraction results indicate that
the crystals grown on the graphite single crystal surfaces are
oriented so that the molecules stand upright on the substrate.

A microsampling technique was developed for the Raman spectroscopy
studies. By thls technique, spectra of graphite fibers and graphite
single crystals cculd be obtained and compared. The spectra show
bands at 1580 cm™! and 1355 cm™!. The relative intensity of the

two bands 1s different for the various graphite samples, allowing
difrerentiation among fibers of different origin. The spectra

can be correlated with the presence of more or less graphitized
surfaces.

Graprhite-fiber, resin-matrix composites were prepared by
in situ polymerization of e-caprolactam (the monomer of nylon 6) on
“Thornel" 25 fibers (cleaned with .boiling water). The kinetics
of this anionic po.ymerization.of caprolactam, in which various
latent catalysts were used, were investigated. With a rnumber of
catalysts, the presence or absence.of water in the monomer was
found to affect the catalysis of polymerization. However, since
diethyl carbonate was found to.catalyze the polymerization under
both wet and dry conditions, this latent catalyst was used for
the preparation of composites. These composites were examined
by X-ray diffraction and electron microscopy. The examination
showed the complete absence of volds and confirmed the original
hypothesis that Zim gitu polymerization would lead to greater
wetting of the fibers by the polymer than that which resulted
from using conventional methods and would therefore yleld void-
free composites.
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The oriented crystallization and subsequent oriented
solid state reaction of the monomers of nylon 66 (hexamethylene-
diammoni''m adipate) and nylon 6 (6-aminocaproic acid) on "Thornei® 40
carbon fibers have been investigatved. The reaction of these mono-
mers, epitaxially crystallized on the carbon fiber substrate,
yields cyclic dimer and cyclic trimer, respectively, whereas reac-
vion in the absence of substrate under otherwise identical condi-
tions yields the respective polymers. The strong and specific
effect of surface interactions on these solid state reactions is
clearly demonstrated. In situ polymerization of these cyclic mate-
rials and other moncmers 1is belng investigated.

Sophisticated equipment has been constructed to char-
acterize the graphite fiber surfaces by measurements of adsorption
from the gas phase and from solution. A hilghly sensitive balance
capaple of detecting a weight change of 1 x 10~°% grams in a l-gram
sample was designed and constructed for use in this study.

raphite-fiber, nickel-matrix composites were fabricated
by electrodepositing nickel uniformly around each filament and hot-
pressing the precoated, prealigned filaments into fully densified
compesites. Previously, fabrication of large test specimens was
limited by the relatively slow electrodeposition process. This
problem was partially rectifled by construction of equipment which
can electrodeposit nickel continuously on two untwisted plies of
"Thornel" yarn. Higner deposition rates were also obtained by
applying current simultaneously to both ends ¢f the yarn as it
enters and leaves the plating bath, but the nickel distribution

was not uniform. The most uniform deposition of nickel around the
filaments is achieved if cathodic contact is employed only at the
entrance roller. The fabrication of larger specimens was extended
toc include uniaxial test bars up to three inches long and orthogo-
nal plates up to three inches square. Short sections of tape approxi-
mately 0.010 inch thick were also prepared and will be used for
further fabrication into laminates of complex geometry and configu-
ration. A problem of adherence between the graphite mold surface




and the tape after hot-pressing was overcome by using borcn nitride
at the interface. Three-inch square tape prepared by this process
showed minor delaminations parallel to the fibers. Studies of the
influence of fabrication variables (pressure, temperature, and time)
on properties of the composite were extended to include 1250°C as
a fabrication temperature. The average tensile strength (89,400 psi)
’ and Young's modulus (33.6 x 10° psi) are consisterit with previcusly

egtablished trends. The fiber morphology showed only slight change.

The elastic properties of unidirectionrnzl graphite-fiber,
nickel-matrix composites were obtained by static, sonic, and ultra-
sonic methods. The values derived from each of these methods are
in reasonable agreement. Experimental values of Young's moduius,
shear modulus, and Poisscn's ratio were correlated with predictions
based on Whitney's micromechanics model for orthotropic filaments.
All measured elastic propertles, with the exception of the trans-
verse modulus, can be reconciled with predicted values based on
fiber and matrix properties. Stress-strain data were obtalned on
uﬁidirectional specimens with fibers oriented at various angles to
the tensile axis. Strain at failure when the fibers are parallel
to the test axis is 0.4 percent. Deformation 1s considerably greater
at slight angles (v15°) and much less at the highest test angles
(>45°). Composites with 45 percent fibers are characterized by a
sharply defined yleld polnt at 12,000 psi and a secondary modulus.
The secondary modulus 1s stress dependent. If the matrix contri-
bution to the secondary modulus is assumed to be zero, the fiber:
modulus corresponds tv 36.5 x 10° psi at low stresses, a value which
gradu~1lly increases to 45 x 10° psi at 160,000 psi stress. The
composite modulus in compression 1s 28.7 x 10° psi, appreciably less
than the teneile modulus of 32.2 x 10® psi. Failure in compression
ceccurs at 96,000 psi, The constituent behavior during a strain
cycle experiment was analyzed from the known tensile and compression
stress-strain curves. The linear thermal expansion was measured
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between room temperature and 1000°C and found to be 0.5 x 10%/°C
and 20 x 10%/°C in the longitudinal and transverse directions,
respectively. The composite is highly anlisotropic and the thermal
expansion 1s controlled by tire thermal behavior of the graphite
fiber. Cyclic behavior and plastic deformation of the matrix were
also studied. Orthogonal laminates with 3-, 5-, and 7-ply config-
urations with orientations of 0%, L45°, and: 90° were tested in
tension to cbtain the static modulus, stress-strain behavior, ané
ultimate tensile strength. These properties ccrrelated well with
predictions based on uniaxial properties. This correlation indie
cates itnat, to a first approximation, microcracks caused by ther-
mal expansion differences of the laminate layers do 19t decrease
the composite strength and modulus properties. Attempts were made
to correlate the tensile strength values obtained on three-inch
long test specimens with data measured previously on one-inch bars.
The three-inch specimens, either dog-boned or of the IITRI tyre,
failed outsi le the gage section.

Volume II. Structural Mechanlcs

A finite element displacement analysis computer capa-
bility for the micrcstress analysis ol filorour compesites has been
developed. A speclalized finite element containing a circular
fiber in a firite elastic matrix 1s used as the basic analysis
block. Several test cases have been examined to assess the accu-
racy of the capability.

The investigation of stress and strain concentration
factors due to inclusions of various shapes in 2 physicaily non-
linear matrix has been continued. Emphasis was placed on develop-
ing 2 methed, that may be extended to nonlinear solids, for solving
linearly elastic Inclusion problems. Some success has been achieve.
in this respect. The general solution of thc elastic curvilinear
inclusion problem has been found 1h the case of antiplane, or
transverse, shear deformation. In the case of plane deformation,
only the general functional form of sclution for rigid curvilinear
inclusion and cavity has been found.
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The experimental methods and techriqgies necessa.sy to
atudy the plane strain fracture toughness of fiber composites as
related to the vold coantent have been developed. The¢ =ffect of
the width of the specimen on the fracture toughness has been deter-
mined. Work was also done in studying microscopically the effect
of voids n the fracture of compcsites.

Examination of the fractuie surfaces of cross-plied
"Thornel" fiber tensile specimens provided indications for the
fracture mechanism, which also accounts for the effent of specimen
width on the tensile strength. Results of creep studies on unildirec-
tional composites indicated that the matrix was in the plastic
region for a significant perliod of time before failure.

The stress-strain behavior and fracture strength under
uniaxial, torsional, aii. combined stresses have been determined for
"Thornel® 50 graphite fiber, epoxy-matxlx compesites. ‘The combined-
stress tests were conducted on four-ply (orthogonal) hoilow cylinders.
Torsional properties were measured on both orthogonal and on uniaxial
(hoop-wound) cyiinders. Uniaxial teﬁsile and compressive strengths
were determined on orthogonal p:ates. The experlmental fracture
strength was found to bte lower than that predicted by several
theories of fracture. This ressult is attributed mainly to a non-
homogeneous structure of the test specimens and in some cases, to
premature buckiing failure.

Test techniques have been devised for adapting the
scattered light method of photoelastic stress analysis to multi-
layered fiber composites. A special polariscope has been designed
and built to obtain the data from multilayered composite photo-
elastic models. A computation scheme empioying numerical methods
has been devised tou obtain the full stress tensor from the photo-

elastic data and the stress relations of elasticity. The experi-
mental ard computational techniques unave been tested by application

to a homogeneous model: a sphere in compression under two self-
2quilibrating concentrated loads while imposing the constraints of
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the multilayered composite. The results obtained were compared
with those ohtained by other investigators, and the agreement iws
considered good under the constraints imposed on the problem.

An experimental study of the vibrations of laminated
orthotropic plates has been completed. The exrerimental results
were rorrelaced with classical homogeneous plate theory. For
unbalanced plates, the reduced flexural stiffness vielded values
which indicated gocd correlation between theoretical and experi-
mental resuits.

A program for the prediction of post-buckling strengths
of composite plates which would increase the utility of composites
in aircraftv construction has been formulated. Classical methods
of post-buckling analysis for isotropic metallic plates have been
surveyed for possible extension to anlisotropic nonhomgeneuvus com-
posites.

An approximate solution for the eigenvaiue problem for
simply supported anisotropic plates has been suggested. The buckling
mode takes the form of a finite series which satisfies the buckling
equation throughouu the field and the boundary conditions at a finlte
number of points. DBetter approximations can be achleved by carrying
more terms in tile series to satisfy boundary conditions at more points.
If an infinite number of terms were used, the exact solution could
be obtained. The solution technique is applicable to any type of
bounidary conditions.

The analysis of unbalanced cross-plied elliptic plates
under uniform pressure has been extended to configurations where
the principal axes of the material are skewed to the semi-major axis
of the ellipse. The fully clamped boundary condition case has been
solved in closed form.

A finite deflection discrete =2lement analysls capability
for predicting displacement and force distributions in sandwich
plates and cylindrical structures with unbalanced laminated faces
has been completed. Correlation of the results with published
data and experiment results for "inornel" fiber composites show

excellent agreement.




Laminated filber composite plate and shell configurations
may be viewed as a collection of highly orthotropic lamina. If one
assumes that the layup 1s not unidirectional, the lamina are highly
heterogeneous through che thickness. An Investigation has been
initially aimed at critically assessing several basic assump..ons
upcon which current laminated plate and shell theory rests.

-A study of the accuracy of various shell theories when
applied to anisctroplc cylindrical shellc is currently underway.
Flugge's theory 1s accepted as a standard for comparison of several
approximate theories. The range of validity of the varlous approxi-
mate theorles will be determined.

A structural synthesis capability for stiffened fiber com-
posite cylindrical shells has been developed. The design variables
consist of both configuration and material parameters. The on*+inal
design problem is formulated as a nonlinear mathematical prograrming
problem, Numerical examples are discussed.

Volume III: Structural Component Development

The previous (third) annual report(®) described work on
the implementation of advanced structural analysis methods and
the materlial and structural element evaluations leading to final
design of a graphite-fiber, epoxy-resin composite fuselage section,
Initlal fabricationn activities and a tentative test program plan
for the fuselage ccmponent were also presented. Additional design

work and analysis studles were completed during the present report
period. A design solution was found for an interference fit prob-
lem concerned with insertion of the fiberglass block end buildups.

The basic fuselage structure was analyzed by the discrete element
method; stresses, displacements, and margin of safety predictions
were obtained for four loading conditions. Influence of the
stringer-ring-skin comblnation tie was studied with regard to the
performance expected of the structure during test. Ring-to-skin
bond loads due to Poisson effects were examlned; these bond stresses
should not cause problems during the fuselage component test.

-]12=




Several treated "Thornel" 50 stiffened panel end attach-
ment specimens were fabricated by using the firal shell geometry

and vezre tested. Ultimate strengths were 2710 and 3070 1lb/in. in
tension and compression, respectively; fallures occurred in the

gage sections. Effective elastic moduli of the specimens were
14,7 and 17.3 x 10® psi. The fallure levels were well above
design requirements and demonstrated stiffness and welght advan-
tages over conventional metallic construction. Based on these
design and analysis data and test results, fabrication of the

fuselage component was begun.

The representative fuselage componz:nt was fabricated
by using treated "Thornel" 50 graphite-fiber, ERL 2256 epoxy matrix
composites. A tapered, cylindrical fuselage skin, 48 inches long
with end diameters of 24 inches and 20 inches, was constructed by
using a fiber lay-up orientation of (90°,%15°,90°). The 90° layers
were wet-wound on a plaster mandrel, and the inner 15° layers
were constructed by hand lay-up of prepregged sheet. Forty-five
rat-shaped stringers, 50 to 52 iiicheg long, were molded from pre-
pregged sheet having a fiber corientation of (+10°,-10°,-10°,+10°),
and thelr properties were measured on coupons cut from cach end

of the stringers. Thirty-one of these stringers were bonded to
the fuselage skin by an adhesive consisting of 70 welght percent

Araldite 6005 epoxy resin and 30 weignt percent ZZL-0325 harderer.

Segmented ring stiffeners, consisting of a balsa wood core reinforced

with "Thornel"-fiber, epoxy-resin panels of (0°, +45°) orientation,
were fabricated and also bonded to the fuselage skin. The ends

of the fuselage component were reinforced with a lay-up of- fiber-
glass tape. Segmented aluminum rings, designed and fabricated

at Bell Aerosystems, were bonded to the fiberglass laminate. The
function of the fiberglass lay-up and aluminum rings is to permit
attachment of the fuselage component to the test stand. A weight

analysis of the representative fuselage component was also prepared.

~13-
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Inspection of the finisbhed fuselage component by visuai
and mechanical technigues revealed stringer debonding, minor ring
debonding, and ~racks 1in the shell skin and ring-stiffener shear
panels. These defects were more thoroughly characterized by other
inspection techniques such as helium leak detectlon, a contact
ultrasonic technique and an acoustic impact bond inspection method.
Correlations of data obtained from the various nondestructive
inspections were made.

Potential causes of the damage i.n the fuselage component
have been studied in both experimental and analytical investiga-

tions with empnasis on the problem of stringer-to-skin debonding.
Experiﬁental studies examined possibilities of surface contamina-
tion which may have affected the bond strength, bond line thick-
ness effects, pcssibility of adhegive embrittlement due to post-
cure, and other potential causes such as fizxturing expansion during
component cure_and air bubble entrapment within the adhesive. It
was .oncluded that thermal embrittlement of the adhesive and thermal
stresses in the Sond-line probably contributed most to the observed
debonding, althougn the influence of the other factors cannot be
completely discourited. Analytical studies were also made of thermal
stresses due t¢ elevated temperature exposures and of mechanical
stresses due to radius of curvature mismatches between the stringers
and shell skiin. The thermal analysis suggests that stresses in

the adhesivé were sufficiently large and, in conjunction with

end effectes, peeling actions, and possible adheslve embrittlement,
may have contributed significantly to the debonding. Predlcted

transverse stresses due to skin fabrication also appeared signifi-
cant and may be related to the observed skin cracks. Peel loads
due to the curvature mismatches between stringers and skin were
found to be small and were not likely to have contributed to the

stringer debonding.

~1i-




Repair of the fuselage component was successfully accom-
plished. The =tringers were rebonded to the skin using a room-
temperature curing adhesive (Scotchweld 2216 clear). For this
purpose, perforated polyethylene bladders were inserted into the
stringers, fillled with adhesive, and pressurized to force the adhe-
sive to flow into the debonded areas. After the bonding was com-
pleted, the bladders were removed, thus minimizing the quantity
of excess adhesive remaining in the stringer cavities. The ring
stiffeners were rebonded to the skin by using an overlay of fiber-
glass tape prepregged with room-temperature-curing Scotchweld 2216
gray. The craze cracks in the skin were similarly repaired by
patching with the same prepregged fiberglass tape. Prior to re-
bonding, both adhesive systems and the rebonding procedures were
extensively evaluated by tensile, lap shear, and bend peel tests;
compression tests on stringer stiffened plates were carried out,
and practice bonding runs of full length stringers bonded to an
aluminum mock-up of the component skin were made.

The shell loads for the -~omponent test evaluation have
been revised to reflect the mater‘al change from untreated "Thornel"
40 to treated "Thornel" 50. The instrumentation plan for respcase
and destructive testing of the component has been defined, and
fizxturing and test preparations have been made. Testing of the
repaired component 1is expected to tegin in the fall of 1G669.
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SECTION III

RESEARCH ON GRAPHITE-FIBER
RESIN-MATRIX COMPOSITES

A. New Physical Techniques To Elucidate the Structure of the Fiber-Resin

Interface
ofessors Baer and Koenig and Dr. F. Tuinstra, Case)

For a given fiber-polymer system, the structure within the fiber-
polymer interface region largely determines whether good or poor composite
performance is achieved. Questions of fundamental and practical importance
concern (1) the structure of the fiber surface compared with that of the
bulk fiker, (2) the nature of the fiber-polymer bond, and (3) changes in
the polymer morphology produced by the interfacial bond. Because of severe
experimental difliculties, very little is known of these phenomena for any
camposite system. The objectives of this project are, first, to develop
new tools or adapt old tools for studying the fiber-polymer interface
region and, second, to apply these tools to study graphite fiber composites.
Tools which may be investigated include X-ray diffraction, optical and elec-
tron microscopy, infrared spectroscopy, and laser-excited Raman spectroscopy.

Becguse of our special interest in surface and interfacial
regions of less than 1 um thick, the tools selected misi be modifisd to
allow microsampling. For this reason,we selccted the electron microscope
and the Raman-laser épectrometer as the most promising tools. The electron
microscope wiil give us information on the morphology of the surface; the
Raman-laser spectrometer will give us, together with the electron diffrac-
tion, structural information. The fibers used in this research were graphite
fibers.

1. Electron microscopy

1f we want to look at the surfaces of the graphite fibers, we
have to use replication-technidues because the fibers themselves are too
thick to be translucent to the electron beam. As the fibers have a diameter
of about 8 um, replicas of single fiber surfaces are difficylt to obtain.

-16-
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Therefore we developed the following technique. Fibers are glued to a
smooth surface (i.e. a glass slide) by a thin layer of glue. From the
surface of the formed "composite' a replica is made. While applying
this technique, we encountered some difficulties which are related to
the main subject of our research, to wit the resin-fiber bond.

The major difficulty was the choice of the vight glue. The
glue chosen must have an affinity to the fiber surface such that when
applied as a very thin layer it does not wet all the surface but, on the
other ha: ., it must cover and w¢t a reasonable area of the surface such
that the fiber is glued tightly to the underlying surface.. Several
types of glue were tried, among them commercial epoxy resins, solder,
different polymer solutions, etc. In some cases we got a replica of
the glue covering the fibers; in other cases the replica stuck to the
fibers again showing just the glue; in a third case, the fibers came
off with the replica. The only glues which gave occasional results
were waterglass (however, these were difficult to reproduce) and Araldite
(scientific grade), although gelatine may also be useful in some cases.
With waterglass we were able to obtain some micrographs of the fiber sur-
face, showing quite a lot of detail. In Figure 1 *%= high orientation of
the surface layer can be visualized. The picture shows the undulating
surface with microridges and grooves, both of which are highly oriented
along the fiber axis. The picture shows clearly the troubles with the
replication.

So that reproducible experiments could be achieved, we modified
the above technique. After the glue has set in the above procedure, a
top layeris scraped off from the 'composite'" with a knife. This procedure
gives us a number of flat surfaces of fibrous graphite which now coincide
with the surface of the bulk "composite'. These freshly scraped surfaces
allow easy replication. The micrographs show the same detailed structure
of the fiber as shown by nictures of the original outer fiber surfaces.

With this reproducible replication technique we tried to study the
crystal growth of polyethylene (P.E.) on these graphite surfaces. The
freshly scraped surfaces were then immersed for a period of 30 minutes in

a 0.1% solution of P.E. xylene at a temperature of 110°C. Deposits of
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crystalline P.E. were observed; however, the orientation of the crystallites
was not pronounced although a preference for perpendicular and parallel ori-
entaticn to the fiber axis was present.

So that informatiou about the crystal growth on the fibers couldbe
obtained, crystal growth at surfaces of single crystalline platelets of
natural graphite (Ticonderoga fiakes) were observed. These platelets were
furnished by Union Carbide Corporation. The platelets were put in a 0.1%
sclution of polyethylene in xylene and split in the solution to obtain fresh
and clean cleavage planes. The crystals were kept for 10 to 45 minutes in a
solution at temperatures ranging from 95°C up to as high as 115°C. The elec-
tron micrographs of replicas of the surface show a well-oriented network of
rodlike crystallites. The three preferred divections are clearly inclined to
each other at 60°, as shown in Figure 2. The shadowing gives good contrast,
usually for just two of the preferred directions.

Two urusual observations should be noted. First, it has been re-
ported(4) that at a temperature of 115° in the xylene solvent no epitaxial
crystallization of P.E. was observed using ailkali helides as substrates. In
order to exclude a possible deposition of P.E. from an evaporating droplet of
the solution which clung to the surface while the sample was pulled out of the
solution, a rinsing cycle was introduced. During the removal of the sample
from the solvent, its surface was rinsed with pure solvent at the appropriate
temperature. The difference between rinsed and unrinsed saiyles was negligi-
ble. This result suggests that deposition occurs during the exposure of the
cieaved graphite surface to the solution. So that deposition was prevented
until the sample reached the solution temperature, the graphite crystal was
hicated to the appropriate temperature befores cleaving.

The second unusual behavior was found when we obtained electron dif-
fraction patterns from the deposited layer. Most of the time a thin layer of
graphite was sticking to the replica, as were the P.E. crystallites. The
latter melt quickly if kept in the electron beam. We succeeded, however, in
getting a diffraction pattern of the deposited P.E. layer. The diffraction
pattern was a superposition of three P.E., diffraction patterns inclined to
euch other at 120°. This result shows that the morphological ‘‘hexagonal"
orientation corresponds to a structural orientation of the crystallites of
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P.E. However, the indexing of the reflections revealed that the crystallites
are oriented with respect to the substrate such that the molscular axes of the
P.E. are perpendicular to the substrate. In all xhe experi --nts reported on
overgrowth of P.E. on alkali halides, however, the molecules are always ori-

ented parallel to the substrate. We have to repeat this experiment so that ;
new light might be shed cn the graphite polymer bond.

2. Raman sni.troscopy

Because of our interest in spectra obtained from very thin layers
of material, it was to be expected that the usual bulk sampling techniques 4

' " EE-J“..

would fail here. Indeed with these methods we did get neither a spectrum
of graphite fibers nor of single crystals. A possible reason was absorptiou

S —

of the signal (if any) by the highly absorbing graphite. But, of course, nct

only was the Raman signal absorbed, even the incident laser beam (500 m.w.) |
was absorbed. This ef’ect caused great difficulties in attempts to cbserve

the spectrum of a thin layer of a polymer on the graphitc surface. The poly-

mer layer was made thick enough to show a spectrum, but when placed on the

graphite surf.ce it failed tc show a spectmm. Apparently the polymer s

meiting and evaporating on the hot graphite substrate, the latter being heated

by the laser beam.

So that this "heat .ng »nroblem'' could be avoided, we designed and
built a cell in which the sample is suspended in a liquid to conduct awzy the i
excess heat. The cell was constructed so that the liquid can be kept at any
temperature between 25°C and 140°C. The cell has been tested; spectra of good
quality can be obtained with it and the temperature can be contrclled within |
£.5°C or less.

We first had to use microsampl’ng techniques so that useful results
could be obtained with the heating cell. Because the Raman signal increases
with the intensity of the incident beam, it is worthwhile to increase the in-
tensity by decreasing the illuminated spot. The laser beam has the advanta-
geous feature of being coherent and linearly polarized. This feature allows
us to focus the beam down to & very smzll spot of extremely high intensity.
We designed a mount for a microscope on the spectrameter to aid us in
focusing the beam. The microscope permits the sarple to be seen at the
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same angle as the spectrometer sees the sample. The sample is illuminated by
the laser beam, and the image is projected through the microscone on a screen
to avoid eye damage to the observer (Figure 3). In this way we were able to
focus the laser beam onto the surface of the sample and illuminate an area of
cnly 25 um in diameter. After smoval of the microscope the very bright
spot is imaged on the entrance slit of the double-spectrometer. With this
set-up.we repeatéd the initial attemots to obtain the spectra of crystalline
graphite, which had first showed a spectrum consisting of several lines. All
but one of “hese bands proved to be due to the vibrational and rotational
spectra of N, and O, in the air surrounding the sample. After blowing helium
gas against the sampie, we got rid of these "impurities', and a single non-
polarized band was lefc. This single band is located at 1580 an'l.  After
this test, many types of graphite and carbon samples were tried, such as many
of the available types of graphite fibers, pyrolytic graphite, Madagascar
flakes, activated charcoal,and lamp black.

All of these samples showed the band near 1580 et but, in addition
to this band, another band at 1355 ent appeared. The relative intensity of
the two bands is different for all types of samples mentioned and is apparent-
ly characceristic of the fiber. Since the incident laser beam penetrates
only slightly into these highly absorbing media {and the scattered Raman .ght
escapes even from a thinner layer), the spectra will be characteristic
of the surface layer of these samples. The differences in the spectra of
graphite fibers obtained from different manufacturers show that this method is
a promising tool for the characterization of graphite fibers.

A preliminary calculation of the normal vibrations of graphite shows
that we could expect oue doubly degenerate Raman active band, whereas none of
the vibrational modes is infrared active. The single band is ths assigned
tc the graphite structure; the second band at 1355 cm'l which is clcse to
the diamond band of 1333 ant is attributed tn the vibratinons of a diamond-
like structuve. Figure 4 shows a comparison on a relative scale of a number

of the spectra obtained.
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Figure 4. Raman Spectra of Some Graphite and Other Carbon Samples.
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B.  Graphite rFiber - Polymer Matrix Composites
(Frofessor Litt and Dr. J.B. Shortili, Case)

1. Introduction

The purpose of this program was to study the viability of using
polymer systems such as polyamides and polyurethanes as the matrix element
in graphite fiber composites, a special aspect of the work being the
incorporation of the fibers in the polymer by "in situ" polymerization
on the fibers. It was anticipated that this method would lead to
greater wetting of the fibers by the polymer than would more conventional
methods and would also lead to the formation of void-free composites.

A further aspect of the work was to use as the graphite rein-
forcement in the composite not only graphite fibers but also graphite
papers of known aligament.

The graphite tibers which have been used so far are "Thornel'*
25, but the more recent''Thornel"'75 will be used as well as the various
Morganite** fibers and, it is hcped, graphite fibers procuced by Rolls
Royce Ltd.

The polyamide used so far is Nylon 6; polyurethanes used
will be based on polyfunctional ethers and aromatic diisocyanates. A
biock diagram of the steps involved in the preparation of a composite using
a nylon matrix and graphite fibers is shown in Figure Sa. A block diagram
of the steps involved in the preparation of a composite using a polyurethane
matrix and graphite fibers is shown in Figure Sb,

2 Thernel is a registered trademark of Union Carbide Corporation

**  Product of Morgan Crucible Company Ltd.




NYLON 6/CARBON FIBER COMPOSITE

k&x«JwER + COCATALYST CARBON FIBERS

= LACTAM ANION

QDICE OF SUITABLE WASH IF REQUIRED
LATENT CATALYST

LACTAM ANION + LAYERED ON JIS
MONOMER + LATENT CATALYST AND PLACED IN MOLD

X
B e FIBER + POLYMER

REACTED IN SITU IN
VACUUM OVLN
CURING STEP

OOMPOSITE

!

INVESTIGATION OF
PROPERTIES AND STUDY

OF INTERFACE

Figure 5a. Preparation of a Composite Using Nylon 6.
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FPigure 5b.

POLYURETHANE/CARBON FIBER COMPOSITE

POLYETHER + DIISOCYANATE
= POLYURETHANE

5

MIXTURE DEGASSED
COOLED AND STORED

CARBON FIBERS

WASH IF REQUIRED

!

LAYERED OM JIG AND
PLACED IN MOULD

FIBERS + POLYMER
REACTED IN SITU IN

VACUUM OVEN
CURING STEP

5

COMPOSITE

INVESTIGATION OF
PROPERTIES AND STUDY

OF INTERFACE

Preparation of a Composite Using a Polyurethane Matrix.
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2. Polymerization of e-Caprolactam to Nylon 6.

This polymerization is normally carried out by heating the sodium
5alt of e-caprolactam at temperatures above the melting point of the nylon.
In this case the induction period, before any polymer is formed,can be several
hours., If large quantities of sodium caprolactam are used, at temperatures
of about 270°C to 280°C, there is no induction period {Figure 6).

Neither of these alternatives is suitable for the method of
polymerization<n s<tuin which an induction peried of 10 to 20 minutes is
slow enough to give control over reaction conditions but sufficiently
fast to be a viable method.

To achieve such induction periods latent catalysts must be used in
the polymerication, and experiments have been carried out to study the
kinetics of the polymerization using such latent catalysts.

A true co-catalyst may be defined as a cata.yst which rapidly forms
acyl caprolactam which then catalyses the polymerization, whereas a latent
catalyst is a material which will trunsform slowly to acyllactam relative
to the rate of polymerization. '

A comprehensive literature search has revealed that many such
catalysts are available. Generally acylating agents, such as acid chlorides
and anhydrides, may be classed as co-catalysts. Other such catalysts are
nitrogen containing compounds in which the nitrogen atom is directly
attached to at least two radicals selected from the group consisting of
carbonyl, thio carbonyl, sulfonyl and nitroso radicals. Latent catalysts
which have been reported are carbon disulfide, carbon monoxide, isocyanates,
carbodiimides, cyanimides, nitriles, esters, carbonates, urea and thiourea
derivatives and perhalogenated ketones.

The catalyst itself in the polymerization reaction may be an
alkali or alkaline earth metal, e.g. sodium, potassium or lithiwn, either
in metallic form or as the hydrides, borohydride, oxide, hydroxide or
carbonate.

Many of these latent catalysts could be disregarded without further
consideration mainly because the polymerization takes place without the
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necessary induction period although polymerization is catalysed well below the
melting point of the polymer. Among these latent catalysts are the iso-
cyanates, carbon disulphide, carbon monoxide, perhalogenated ketones and
nitriles.

The latent catalysts which have been evaluated or :ire in the process
of being evaluated are: dimethyl urea, ethylene urea, methyl benzoate, N,
N-dimethyleacetemide, diphenyl thicurea, y-butrolactone, diethyl carbonate,
ethyl pivalate, ethyl isobutyrate and diphenyl carbazole. Propylene
carbonate was also evaluated but found to liberate carbon dioxide ai the
reaction temperature.

3. Results and Discussion

The apparatus for the experiments consisted of an oil filled
heating bath on a hot plate equipped with a magnetic stirrer. Four large
test tubes were suspended in the heating bath and contained glass wool as
insulating material. Smaller test tubes containing the lactam anion - e-
caprolactam mixtures were fitted into the glass wool. These inner test
tubes were fitted with a cork through which passéd a nitrogen inlet tube, a
thermocouple and a stirrer. When the temperature of the mixture reached
the temperature of the heating bath, the latent catalyst was added and
temperature measurements commenced.

Initial experiments suggested that water had an effect on the
reactivity of some of the latent catalysts tried. To overcome this effect
the e-caprolactam was purified by distillation under re iced pressure until
the water content was reduced to 50-60 ppm. The water content estimation
was carried out by the Karl Fischer method. This method is based essentially
on the reduction of iodine by sulphur dioxide in the prescence of water.

The reaction is quantitative when pyridine and methanol are present to react
with the sulphuric acid and hydroiodic acid formed.

Whea examination of the latent catalysts was conducted using impure
1actam it was found that methyl benzoate, N,N-dimethyl acetamide, y-butyroil-
actone and diphenyl thiourea did not catalyse polymerization with water
present. Dimethyl urea, ethylene urea, and diethyl carbonate did catalyse

-30-




S L

polymerization when water was present. In the absence of water, dimethyl
urea and diphenyl thiourea did not catalyse polymerization while diethyl
carbonate did. Ethylene urea, methyl benzoate, N, N-dimethyl ac.tamide, y
butrolactone =thyl pivalate, ethyl isobutyrate and diphenyl carl izole are to
be erxamined as possible latent catalysts in the absence of water. The
results of the experiments so far are given in Table I. Experiments have
been carried out to determine the viability of diethyl carborate as a latent
catalyst for water free materials.

These experiments were conducted at 186°C in anhydrous conditions
and ws r an atmosphere of nitrogen. The concentration of lactam anion was
1/40 mole per 1 mole of e-caprolactam. In experiments incorporating graphite
fibers, the fibers used were '"Thornel" 25 which had been washed in boiling

water.

Mixtures containing 1/200 M and 1/400 M ratio of diethyl carbonate
to caprolactam polymerized after about 6 and 9 minutes respectively (Figure
7). These conditions are ideal for polymerization in situ on the fibers.

However, a mixture containing a 1/400 M ratio of diethyl carbonate
and with a small amount of unwashed graphite fibers (graphite fibers coated
with polyvinyl alcohol) immersed in it, did not polymerize at 180°C.

When unwashed graphite fibers were immersed in a mixture containing
a 1/200 M ratio of diethylcarbonate polumerization still did not occur.

A mixture containing a 1/400 M ratio of diethyl carbonate and with
washed graphite fibers (washed by boiling in water followed by ovea drying at
120°C) immersed in it also did not polymerize, The addition of a 1/400 M
ratio of diethyl carbunate to this mixture after 90 minutes still did not
catalyse polymerization. This result could suggest that lactam anioii is ab-
scrbed on the graphite fibers and that any polymerization occurring is with the
the remaining unadsorbed anicn.

However, when washed graphite fibers were immersed in a mixture
centaining a 1/200 M ratio of diethyl carbonate, polymerization occurred after
about 10 minutes. By increasing the ratio of lactam anion to 1/30 M and using
a 1/200 M ratio of diethyl carbonate with washed graphite fibters immersed in
the mixture, polymerization occurred after about 6 minutes.
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TABLE I

EXPERIMENTS USING LATENT CATALYST

LATENT CATALYST RESULTS OF TO BE EVALUATED
EVALUATTON IN ABSENCE OF WATER
Isocyanates Too fast
Carbon disu‘lphide Too fast
Carbon monoxide Too fast
Perhalogenated ketones Too fast
Nitriles Toc fast
Dimethyl urea Only reacts in presence of
- water
Diphenylthio urea No reaction in presence or
absence of water
Ethylene urea Reacts in presence of water 4
Methyl benzoate No reaction in presence of
water 4
N, N dimethylacetamide No reaction in presence of
water Y
A butyro lactone No reaction in presence of
water Y
Diethyl carbonate Reacts in both wet and dry
corditions
Ethyl pivalate Not yet evaluated v/
Ethyl isobutyrate Not yet evaluated Y
Diphenyl carbozole Not yet evaluated v/
Propylene carbonate Liberates CC, at reaction
temperature
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The anicnic polymerization of e-caprolactam to nylon 6 usirg diethyl car-
bonate latent catalyst is shown by the following equations.
Initiation:

C=0 C=
| . - yd
CH)s_y—y N, > (@i y *+3H

0

The lactam anion acts as a catalyst for the anionj~ polymerization of capro-
clactam. It can be assumed that the latent catalyst reacts with the lactam
arion to give an acyl lactam (the reactive carbonyl group of the diethyl
carbonate is attacked by a lactam anion). This acyl lactam now reacts
further with the e-caprolactam, forming further lactam anion and acyl lactam:

B2t ot C=0

- =~ |

CH)s - y* * 0 » Oy N——c—oc
. 1 s

: 0C Hg 0

The lactam anion now acts us the primary catalyst for the anionic nnlymeri-
zaticn of this lactam by a“tacking the reactive carbonyl group.

C=0 C=
s 7N . . /i
CHDS v N v ) v —c—ocn
| ;
i
770K > |
@©Hy)s_N C N—C—-0C,H,
| . li -
0N 0 |

This reaction is followed by ring opening ind formation of a new acyl lactai
C=0 N
Y - |
2 5--1\———-(";——(CH2)5—-I~ —~~——(|3|—0C2H5

0 0

(CH

The propagation to polymer p-oceeds by step-wise additicn of <aprnlactam and
lactam anion
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C=0

by
C=0 5
(CH )/' (C), —N —— ¢ —oc.H
25 N— ¢ —(C1)) AR
I
. ©C 0

The rate of polymerization is proportional to [L ]2 [2c] [t ]

where L~ is lactam anion
¢ is latent catalyst
t is time

Therefore conversion is pruportional to L2 which means that at the begin-
ring ofthe reaction there is very little production of polymer and therefore
very little viscosity increase, allowing easy manipulation of the solution.

Using this method of polymerization, a composite has been prepared
in situ in the fcllowing way. The requisite quantities of lactam anion and
¢ -caprolactam were melted under vacuum in an oven maintained at 170°C;
melting under these conditions helped to degas the mixture. + .cn the
naterials had melted, at about 7G°C, the diethyl carbonate was added so that
the proportions of lactam anion to e-caprolactam to diethyl carbonate were in
the molar ratios 1/40 to 1 to 1/200.

After mixing well, the monomer solution was poured onto the graphite
fibers ( which were oriented in one direction) contained in a heat sink. The
heat sink consisted of a stzinless steel beaker filled with sand on which
vests an aluminum petri-dish containing the :ibers. The oven was agai-
evacuated for about three minutes; the vacuum was removed, and an inert
atmosphere ~* nitrogen nassed into the oven. At 170°% polymerization did
not occur even after four hours. ifowever, on increasing the oven tempera-
“ture to 200°C, polymerization occurred within one hour and the polymer
crystallized out. Raising the tempera‘ture probably melted low molecular
weight polymer which haa formed and allowed mplete polymerization to
occur.
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The composite is now in the process of being studied by electron
microscopy snd x-ray diffraction techniques. Slices less than 1000 R thick
have been microtomed prior o examination. Preliminary inspection of the
slices using an optical microscope shows the complete absence of voids, thus
confirming our initial hypothesis.

As a next stage in this work,composites will be made using other
latent catalysts which may prove suitable and which have a higher fiber
content than the approximate 20% fiber content obtained in the first composite.

~36-
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C. Crystallization and Reaction on Graphite-Like Fiber Surfaces

(Professor Lando and Mr. P. D, Frayer, Case)
1. Introduction

Many reactions in the solid state have been shown to proceed by a
topotacti. mechanism (5-8), i.e., the mclecular orientation of the product
can be correlated with the molecular orientations in the reactant crystal.
Epitaxial cr oriented crystallization of a material on a crystalline sub-
strate has also been demonstrated many times (9-11). In this phenomenon
the crystallography of the two substances can be correlated by lattice
matching (12); however, oriented crystallization of organic materials can
occur on crystalline substrates without this matching (11, 13). In our work
the possible correlation of topotaxy with epitaxy was investigated. We have
studied the deposition of crystaliine monomers on graphite-like fiber sur-
faces ("'Thornel" 40 fibers) followed by reactior. on the solid state. The
specific interacticn of the carbon fiber substrate witu the deposited crys-
talline monomers was found to affect the solid state reaction, determining
not only the reaction products but also their conformation. This investiga-
tion has given information about the carbon fiber surface which is in agree-
mert with recent studies on graphitic materials. The ultimate aim of this
work is to mzke unique polymer-carbon fiber composites.

2. Results

The deposition and reaction of two crystalline monomers will be dis-
cussed in detail. The two monomers are hexamethylenediammonium adipate (HMDA)
(Tm=197°C.) and 6-2minocaproic acid (ACA) Cﬁn=210°C.) which are the monomers
of nylon 66 and nylon 6, respectively. The substrate cn which the monomers
are crystaliized is ''Thornel" 40 graphite fibers which had been washed in
boiling water. Materials were crystallized from methanol and water solutions.
The deposited monomers were reacted at temperatures from 50°C to 100°C with
HC1 gas as a cataiyst and above 100°C without a catalyst.

The following tuols were used to study the deposition and the subse-
quent solid state reaction: wide angle x-ray (Debye-Scherrer powder camera
using Cr Ka radiation and Weissenberg cumera using Cu Ka radiation),
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infrared spectroscopy (Perkin-Elmer model 521 Infrared Spectrophotometer),
and differential thermal analysis (Du Pont model 900 Differential Thermal
Analyzer).

Figure 8 shows an x-ray pattern of a bundle of 'Thormel''graphite
fibers. The graphite-like crystal planes and the edges of these planes
are aligned along the carbon fiber axis. HMDA was found to crystallize
expitaxially (i.e. oriented) on the graphite fiber as shown in the x-ray
pattern cn Figure S. The HMDA was crystallized from methanol solution at
room temperature. The (201) reciprocal lattice direction of HMDA is aligned

along the carbon fiber axis. The b-axis of HMDA is perpendicular to the
carbon fiber axis. Weissenberg photographs have shown the b-axis of HVDA to
be randomly oriented around the carbon fiber (which is cylindrically sym-
metric). Figure 10 gives the projection of the HMDA molecules onto the ab-
plane from the crystal structure determination of Brown (14).

The solid state polymerization of HMDA has been studied in detail
(35). It was found that complete conversion to polymer could bs obtained by
heating single crystals of HMDA at 160°C for 24 hours, but there was nc ob-
served preferred direction of polymerization. For reaction temperatures
below 145°C the reaction yielded partially oriented polymer. No reaction
occurred below 120°C unless a catalyst was used. HMDA crystals in an HC1
gas atmosphere reacted by a topotactic mechanism at temperatures as low as
70°C. The material obtained was found to be polymer (nylon 66) and some
linear oligomer. Kinetic studies showed the reaction to be surface nucleated
1s).

The solid state reaction at 75°C in HC1 gas of HMDA which is crys-
tallized on the carbon fibers is topotactic as shown in the x-ray pattern of
Figure 11. However, the reaction does not yield either po.ymer or linear
oligomer, as it would in the absence of the substrate, but does yield a cyclic
dimer of HMDA. The polymerization reaction rate (absence of substrate) is
much slower than the dimer reaction rate (presence of substrate,. Thus, the
‘ cyclic dimer is also obtained at higher reaction temperatures (100-110°C)
without HC1 gas. Presumably, the surface interaction between the substrate
and the epitaxially crystallized monomer must be strong ecnough to control the
topotactic reaction. Since we are only now in the process of determining

-38=




’ Figure 8. X-ray Pattern of a Bundle of "Thornel" 40
Carbon Fibers.
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Figure 9.

e

X-ray Pattern of HMDA Epitaxially Crystallized
on the Carbon Fibers. .
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FIGURE 10. The ab-Plane Projection of the HMPA Molecules (Brown(8)).
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Figure 11. X-ray Pattern of the HMDA Reacted 1n tne Solild State
at 75°C with HCl Catalyst to Ferm Cyclic Dimer.
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crystal structure of the cyclic dimer, the correlation of the monomer
molecular orientation with that of the cyclic dimer has not been determined
unequivocally. Zahn et al. (16) have reported that the cyclic dimer has a
nmonoclinic unit c21l a=10./3 A, b=25,12 A, c=9.67 A, and 8=92°22'. Based
upon these data it was determined that the (201) reciprocal lattice direction
of the cyclic dimer is aligned along the carbon fiber axis. When the dimer
was deposited on the carbon fibers from methanol solution, it crystallized
epitaxially with the same preferred orientaticn as the dimer formed in the
solid state reaction on the carbon fiber surface. Therefore, the surface
interaction betwcen the substrate and the dimer must be specific and strong.

Figure 12 shows an X-ray pattern of monoclinic 6-aminocaproic acid
(ACA) which has been crystallized epitaxially on the'Thornel'40 fibers. The
crystal structure has been reported (17), and the topotactic polymerization
to nylon 6 has been described (8). This reaction may also be surface nucle-
ated. It was found that the (103) reciprocal lattice direction of ACA crys-
talliizes with a preferred orientation along the fiter axis. The b-axis of
ACA is found to be perpenaicular to and randomly orirnted around the carbon
fiber axis. The ACA was crystallized from water at room temperature by evap-

oration.

The solid state reaction is again topotactic and does not yield
either polymer or linear oligomer, but doecs yield a cyclic trimer of ACA.
The x-ray data obtained from the solid state prepared trimer on the carbon
fiters (53°C and HC1 catalyst), shown in igure 13, was found to match the
Debye-Scherrz: data of Hermanns (18). Hermanns' original paper called this
material a ''B-cyclic dimer,' but Rothe et al. (19) corrected the molecular
weight determination and found it to be a cyclic trimer. Again one must pos-

tulate a strong surface interaction to explain these results,

The IR spectra of the cyclic materials were compared with the
spectra of their corresponding polymers. Many similarities were observed.
The spectra of the cyclic dimer of MDA contains bands found in nylon §€

which have been assigned to the conformation of the fold in that polymer (20).

These bands are absent in the linear oligomers of nylcn 66. The cyclic dimer
can be isolated from the commercial polymer by extraction (21). This ex-
tracted dimer has been found to be of a different form than the solid state
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Figure 12. X-ray Pattern of ACA Epitaxially Crystallized
on the Cairbon Fibers.
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Figure 13. X-ray Pattern of ACA Reacted in the Solid
at 53°C with HCl Catalyst to Form Cyclic Trimer.
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prepared cyclic dimer as observed by IR and GiA. Figure 14 shows the IR
spectra of the cyclic dimer isolated by extraction (A) and prepared in

the solid state on the carbon fiber surface, (B). The extracted dimer is
seen to have the 1224 cm'l band whereas the solid state prepared dimer does
not. When the solid state dimer was dissolved and recrystallized from
water under the same conditions as the extracted dimer was crystallized, the
IR spectra were identical. Thus, a conformational difference involving a
centrcsymmetric and concentrosyrmetric dimer has been proposed (22). The
carbon fiber surface not .nly controls the nature of the product and its
orientation in the solid state reaction of HMDA but also the conformation of
the resulting dimer.

The carbon fiters have been found to affect both the crystallization
and the reaction of two monomers. The oriented crystallization suggests
some ‘nteresting features about the carbon fiber surface vhich are in com-
plete agreement with recent studies on graphitic materials. Coughlin et al.
(23) and other researchers in the field of absorption from solutior onto
various carbors have shown that the '"free valerces' at the edges of the
graphite planes arc reactive and form surface compounds or functional groups,
while foreign atoms or molecules are only weakly absorbed on the basal
planes. Ruland et al. (24) have studied the interstitial compounds of potas-
sium with''Thornel'carbon fibers, and also electron diffraction by these
fibers (25). Their work indicates that the graphite-like layers stack in
groups of about ten. A cross-sectional view of a carbon fiber would reveal
these stacks of layers to be randomly arranged with respect to one another;
hewever, the edges of the layers are preferentially aligned along the axis
of the carbon fiber. This morphology is apparent from Figure 8 which shows
that only (00 4) planes of graphite are oriented. The present work suggests
further that the monomers are attracted to various functional groups on
these layer edges of the graphite-like planes, crystallizing with a pre-
ferred orientation along the carbon fiber axis in order tc maximize the
monomk.r-substrate interaction. Tf crystallization occurredon the basal
faces of single crystals, one would expect. three preferred directions of
growth due to the hexagonal symmetry. If crystallization occurred on the
basal faces of the carbon fibers, one would expect no preferred directions
of growth because these faces are randomly oriented. Tuinstra (26) in our
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FIGURE 14A 1R Spectra of the Cyclic Dimer lsolated firom the
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FIGURE 14B IR Spectra of the Cyclic Dimer Prepared in the Solid
State (Reacted Crystals Removed with Tweezers).
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laboratories has, as expected, obtained three preferred directions of crystal-
lization of polyethylene on the basal faces of graphite single crystals.

[ The  -ults obtained on the crystallization and reaction of HMDA
and ACA strongly suggest that a relationshipn exists between epitaxial
crystallization and topotactic reaction. The substrate influence cn the

reaction can be explained by assuming that part of the driving force of a
topotactic reaction is the oriented crystallization of the product on
remaining reactant. In the case of a surface nucleated reaction, the
crystallization of the product on the substrate provides part of the
driving force. Thereafter, crystallization of the dimer on itself provides

I the reason for continued reaction to the dimer.
3. Future Plars

Evidence in the literature suggests that the cyclic oligomers
of nylons can be reacted to form high polymer although the process
may be an equilibrium reaction (27). This polymerization is being
investigated. In particular, the effects of temperature, hydrogen bonding
vapors, and decreased pressure will be investigated.

In addition to the two monomers which have been described in
detail, other monomers are being studied. One is 4-aminobutyric acid, the
precursor to forming nylon 4, another aliphatic polyamide. Three other

| moncmers which can form polyamides with exceptional thermal nroperties

; are p-aminobenzoic acid {PABA), hexamethylenediammonium terephthalate

1 (BMDT), and 1,4- aminomethylcyclohexanecarboxylic acid. Successful
epitaxial deposition has been obtaine. for PABA and HMDT. The solid state
reactions have not been investigated previously, and we are now studying
these reactions. Because the aromatic molecules are stiffer, it is proposed
that these monomers may polymerize rather than cyclize on the carbon

fiber surface.

48




-

SECTION 1V

ADSORPTION, WETTABILITY, AND ADHESION IN
FIBER PEINFORCED COMPOSITES

Professor Fort, Dr. R. J. Nash, and Mr. S. C. Sharma, Case

The weakest part of most fiber reinforced composite structures
is the interface between the fiber and the polymer matrix which surrounds
it. Meximum (theoretical) joint strength is seldom, if cver, achieved.
Reasons for failure may be poor contact of one phase with another (poor
wetting), weak boundary layers, stresses set up cn solidification of the
adhesive, or poor attraction of adhesive to adherend. All these failure
mechanisms are controlled by the surface character of the materials in
cortact. Knowledge of this surface character is necessary for systematic
optimization of fiber-polymer matrix adhesion and composite st ength.

The objectives of this research are to: (1) characteiize the
surface area, surface chemistry and surface roughness of selected, high
strength, thermally stable fi_crs; (2) relate these surface properties to

- fiber wettability, bulk morphology, and adhesion; (3) optimize fiber rein-

forced composite performance through use of the information obtained.
Present work is concerned with fiber surface characterization through

measurements of adsorption from the gas nhase and from solution.

A. Gas Adsorption Studies

A well-established method for determinin surface properties is to
study the interaction of the surface with various gases. A solid sample,
wher weighed in a gaseous atmosphere at ' arious pressures, will increase in
weight as the gas pressure is increased. The weight increase is caused by
the adsorption of gas molecules onto the surface of the sample. Knowing the
weight of one molecule, the number of adsorbed molecules can be calculated.
The relationship between the nunber of gas molecules adsorbed and the gas
pressure, at various temperatures, yields information about the nature and
ene;Jetics of the surface; e.g., whether the surface is porous or wonporous,
and whether it is energetically uniform or contains areas of high and low

energy.
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It is planned to use gravimetric gas adsorption measurements to
characterize the surface properties of carbon fibers. A system is being con-
structed which will allew these measurements to be carried out. Carbon fibers
have a small surface area and, consecuently, adsorb only small quastities of
gas molecules. To measure the small weight increase produced by such limited
adsorption it is necessary to employ a highly sensitive balance. Our design
incorporates a Cahn Electrobalance whicn is capable of detecting a weight

change of 1 x 107° grams in a 1-gram sample.

To make mesningful measurements it is necessary to install the
balance in a system free fruum contaminating vapors. These vapors include
those from the grease used to lubricate comventional vacuum valves, the oil
used in vacuum pumps, and the mercury used in wmanometers and diffusion pumps.
Our design is completely free of these contaminants. A Vac Sorb pump evac-

uates the system to 10'3 torr by adsorbing gas molecules onto molecular sie.e
at -1¥0°C. A Vac Ion pump removes gas molecules from the syztem by burying
them under evaporated layers of titanium. The vacuum taps are of all metal
construction. The apparatus is madc of stainless steel and Pyrex glass and
can be bake. out to 250°C during initial evacvation.

A mercury manometer, read by a cathetometer, is the most accurate
pressure measuring device for the pressure range to be used in the present
study. A spiral gauge will be used to keep the system free of mercury vapor.
A specially designed cryostat will be used to maintai: the carbon filament
sample at constant temperature.

R. Solution Adsorption Studies

The interactions at the interface in a fiber-reinforced composite
may be closely modeied by the interactions between a fiber surface and a mol-
ecule adsorbed from solution in a nonreactive solvent. Solution adsorntion
studies are, therefore, a useful way of characterizing a fiber surface. A
difficulty is that, because of the low (ca. 1 mfg.) specific surface of the
fibers, classical techniques caisiot be used to develop adsorption isotherms.




However, our preliminary experiments indicate that frontal analysis liquid
chromatography can give reliable quantitative information about adsorption on
fiber surfaces. Using this technique, the amount adsorbed can be calculated
from a knowledge of the dead space volume, the retention volume, an. the con-
centration of the solution stream contacting the fibers which act as the ad-
sorbing surface in the chromatograph.

Figure 16 shows a flow diagram of a liquid chromatographic appa-
ratus now under construction. The system may be cperated isotaermally over
a range of temperatures and pressures. It may also be heated and evacuated
for cleaning purposes between experuments.

The chromatographic column contains graphite fibers wound in a
spiral fashion around a glass or metal rod. This method of packing should re-
sult in a uniform and reproducible column. Application of pressure may be
necessary to avoid unduly long solution retention twuses. Dead volume will be
determined by using radioactively labelled solvent. Composition of the efflu-
ent stream will be monitored with a continuous recording differential refrac-
tometer.

First experiments will involve adsorption of long chain fatty acids
from their solutions in hydrocarbon solvents. The purpose is both to obtain
data and to test the new chromatographic system. Fatty acid adsorption onto
carbon powders has been previously studied, and the known adsorption iso-
themms will serve as a reference point for this work. Investigation of the
adsorption of low molecular weight polymers which closely model polymer mat-
rices used in fiber reinforced composites will then be initiated. Measure-
nents will be made at different temperatures using solutions of varying com-
position. From the resulting data, the nature and distribution of active
sites on the fiber surfaces will be determined.
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SHCTION V

RESEARCH ON GRAPHITE- FIBER, METAL-MATRIX COMPCQSITES

R. V. Sara, Union Carbide

A. Electrodeposition of Nickel on Graphite Yarn

The system for the continuon: <'e: .rodeposition of
nicxel on "Thornel" graphite yarn has been described in Secticn IIIX
of the Third Annual Report,(?) together with certain problems
whlch prevented the output of large quantities of plated yarn.
Several changes were made in that prccess for the specific pur-
poses of increasing the productlion rate of plated yarn and for
curtalling fiber breakage. The latter could not be related
specifically to the plating process because broken fllaments were
also detected in the uncoated yarn. As a precaution, however,
all guldance devices for the yarn with small radii of curvature
were replaced witn large radil configuratlonc.

Attempts were made to 1ncreace the nlckel deposition
rate by increasing the plating current; this was done by applying
the current simultaneousgly to both ends c¢f yarn. Thils procedure
resulted in improved deposition rates but photcmicrographs showed
some inhomogenelty in the nickel distribution. A more uniform
deposiiicn of nickel around the filaments 1s achleved 1f cathodic
contact 1s employed only at the first feed roller over the plating
bath, a result that confirms earlier observations.

The production rate of plated yarn was increased two-
fold by doubling the number of plles whilch are proccssed simul-
taneously. This arrangement required that the yarn be untwlsted
prior to storing on the feed spools, a slight modification from
earlier procedures. JSultable guldes were designed to keep the
strands 1in close proximity to each other wilthout overlapping.

The four-ply plated yarn 1s a ccherent, ribbon-like product simi-
lar to, but approximately twice as wide, as the previcus two-ply
plated yarn. Approxzimately 1500 feet of four-ply yarn have been
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plated with this revised process for subsequent use in fabrica-
tion of test plates. The yarn uscd throughout these metal-matrix
studles was "Thornel"” 50 graphlte yarn. The volume zontent of

nickel electrodeposited on the yarn corresponded to 43-46 percent,

b. Fabrication of Test Specimens

Several varileties of plate-like shapes were prepared
tor test purposes but in each instance het pressing was employed
to compress the nickel-coated yarns invo dense composites. All
specimens measurlng more than one inch in length were prepared
in 2 furnace having good (107~% torr) vacuum capabllity whereas the
one-inch specimens were pressed in a vacuum of appreoximately 20
micron pressure. Virtually all hot pressing was done a. a tempera-
ture of 1050°C for one hour, except for one series of one-inch
specimens. The latter were prepared at 1250°C as part of the
fabricatlion studies program. The pressures employed variec from
2000 tc 2500 psi. The lower range of pressures was used to press
1/16 x 1/2 » 3 inch bars; all others were pressed at 3000 to
3500 psi.

G Zlastic Prcperties of Unidirectional Graphite-Fiber,
Nockel--Matrix Composite

revious studies of the elastic properties of graphite-
fiber, nickel-matrix werc concerned primarily with sonic measure-
ments of the Young's modulus. This property was studied in con-
junction with fabrication processing variables. In addition, the
measured Young's modulus in composites with varying fiber contents
was correlated with rule-of-mixture predictions. The scnic proce-
dure for determining modulus was also adapted to off-axis specimens.
A significant factor which emerged from these evaluations 1s that
the measured modulus of elasticity was significantly lower Trom
values predicted at all test angies. For example, 39 x 10% psi was
calculated for E in a 45 v/o fiber composite. The measured values,
however, isvariably fall within the l1imits of 32 - 35 x 10° psi.




T

A simlilar difference was cbserved ln off-axls specimens. Ia an
effort to rationalize therz differences, the elastic measurements
and rolated experimen-: which are presented in subsequent sections
were conducted with tnis probiem in mind.

1, Elastic Stiffnesses of Graphite-Fiber,
Nickel~Matrix C.mpusite

A unidirectional block measuring 0.066 x 0.562 x 0,835
inch was fabricated for :ieasurement of stiffness constants by
ultrasonic methods. The tesc specimen was preparec by hot-
pressing six 1/16-inch thick uniaxial plates stacked together.

The composite was theoreticaily dense and contained 44 v/o "Thornel"
graphite flobers having a 50 x 10® psi odulus of elasticity. The
procedure adopted for determining elastic constarivs by veloclty
measurenents was deszribed previously in Section III of the Third
Annual Report.(®) A larger specimen was empleoyed at this time in
order that the scope and accuracy of these measurements could be

increased.

The elastic stiffness matrix for an orthotropic mate-
rial 1s the following:

C11 Ci2 Ci3 0 0 0
Ca2 Ca3 0 0 0
C33 0 0 0 .
€13 T cyw O O
css O
66

The lower half cf the matrices 1s not indicated since Ly is
symmeric. The subscript 1 corresponds to the Iiber directlon.

Values obtained experimentally for a nuiper of the
matrix components are showr in Table II.

The similarities between ¢z, and cj3; and between 55
and cgs indicate that the 2-3 plane is isotropic; the stiffness
matrix becomes
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| Ci1 Ci2 Ci2 0 0 0
C22 Cas 0 0 0
S22 0 0 0
°13 © (c22-c23)/2 0 0
cgs O
Css

It ies evident .rom Table II and the preceding matrix that three

of the five independent stiffness constants have been determined.
In orcer cto determine values for c¢,, and c,3, ultrasonic velocities
must be measured at U45° to the fiber direction. An attempt will

be made to measure these velocitles after appropriate changes

have oeen made in the specimen gecmetry.

TABLE II

ELASTIC STIFFNESS CONSTANTS OBTAINED FOR GRAPHITE-FIBER,
NICKEL-MATRIX COMPOSITES BY ULTRASONIC VELOCITY MEASUREMENTS

oy 10% psi
Ci1 34.1
C22 8.19
Ci3 8.20
Cuyy 2.17
Css 5.05
Cse 5.01

The cid's shown 1n Table II are not 1n complete agree-
ment with earlier data. In particular, c,. 1s significantly larger
and c¢ss 1s smaller than previously determined values. As a result
of these changes, the latter 1s 1n better agreement with .5 x
10® psi determined for 1/8ss by sonic methods. Although the rela-
ticn between c,, and 1/sz, 1s complicated by a coupling term
involving the three Poision's ratlos, the stiffness constant ci:
is generally only slightly greater than 1/s,2. The statue at
pres:nt is that cz» = 8.20 x 10%psi and 1/s,, = 5.0 x 10° psi.
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Similarly. c¢,; cannot be eguated directly to 1/s:: but the two
values in this instance compare favorably: 34.1 x 10° psi anda
33.4 x 10% psi for c;; and 1/s;,, respectively.

2. Young's Modulus Uetermined by Static Methods

The principal Young's moduli (engineering constants
E, and E,) are equivalent to iae reciprocals of the compliances
s11 and s»2, respectively. Representative values for these two
riodull, on the basis of sonic measurements, were cilted above,
The elastic stiffnesses c¢,, and ¢, define upper limits for
E, and E; if the Polsson ratios are zero. These limiting values
are still significantly smaller than modulil predicted for this
composite system.(?) As a final confirmation of the sonic and
ultrasonic elastic measurements, it seemed advisable that E,,
E, and the modulus of select cff-axls spccimens be determined
by static methods. Thils procedure seemed necess~ry even though
comparative tests made on graphite-fiber, resin matrix composites
under this contract established that statically and dynamically
measured moduli are similar.

The data shown in Table III are averaged resuits for
Your.g's moduli measured by the sonic method and witn strain cages.
Two strain gages were mounted on either side of the specimen and
connected in serles to cancel bending moments. The minimum number
of specimens, representing an average sonic value in Table III,
is five and the maximum 1is seven. The results of five 0° speci-
mens are averaged for the static case, three for 90° specimens,
and one each with 15° and 45° fiver orientations.

The Young's modulus values obtained by sonic and static
procedures are very similar as evidenred by the results in Table III.
This agreement indicates that the discrepency which exists between
measured and predicted values 1s real and unrelated to test methods.




COMPARISON
IN UNIDIRECTIONAL

TABLE ITI
BETWEEN SONIC AND STATIC YOUNG'S MODULUS

COMPOSITES HAVING DIFFERENT FIBER ORIENTATIONS

Young's Modulus Young's Modulus

Fiber Direction Sonic Static
(dez) (10% psi) (10% psi)
0 32.9 33.1
15 24,2 25.5
s 10.3 9.3
90 5.0 €.0

3. An.alytical Prediction of Elastic Constants

Additional consideration was given to correlating the
Young's modulus of off-axis test specimens with values predicted
on the basis of Whitney's model for orthotropic filaments.(2??)
In earlier work,(®) consideration was given principally to the

effect of longitudinal, EL’ and transverse, E fiber modulus on

]
Other fibgr and matrix proper-
ties used in those calculations are shown in Table IV. Values of
30 x 10% psi and 0.01 x 10° psi were used for EL and ET in addition
to other properties cited in the Table IV. In the present study,
the effect of Poisson ratio, vpq (0.05 and 0.95), was found to

have only minor influence on the modulus at high angles.

the pradicted off-axis properties.

A change
is the matrix modulus, EM’ effects the composite modulus at all

As shown in Filgure 17, agreement with ccmposite test data
is improved significantly if the nickel modulu:z is reduced from
the accepted value of 30 x 10° psi to 17 x J0°® psi. The most
obvious factor which could lower the matrix modulus to this extent

anglcs.,

is porosity, a supposition which is inconsistent with metallo-
graphic observations.
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TABLE IV

FIBER AND MATRIX PROPERTIES
USEP IN ANALYTICAL PREDICTIONS

Property ~ Matrix "Thornel" 50
EL 30 50
Ep
GLT 11.5 1
Vi .301 .25
Ve .25

Unit: Moduli - 10°® psi

The status of correlating the experimental Young's modu-
lus with predicted values is that satisfactory agreement has been
reached at all orlentations only when a lower matrix modulus is
assumed. For calculating the longitudinal modulus E
of-mixtures" relationship is a good szpproximation. Thus, it is
possible to establish agreement by recucing the fiber modulus
instead of the matrix. However, when %his approach is taken, the

L? the '"rule-

transverse Young's modulus cannot »¢ reconciled with experimental
data even'though most orthotropi:c properties of the filament were
evaluated. The exceptlion was Vige It 18 questionable that fiber
parameters of reasonable magnitude exist which might improve the
correlation of calculated values with experimental data.

The expression for calculating the shear modulus according
to Whitney(3®) 1s exactly the same expression as that ottained by
Hashin and Posen(®*®) even though orthotropic filaments were assumed.
For the case of GF and GM equal to 1 x 10° psi and 11.5 x 10°® psi
respectively, analytical results are shown in Figure 18, The
average experimentel shear modulua, 5.2 x 10°® psi, which is based
on numerous sonic measurements, is in good agreement with the
predicted value at 0° or 90°, The c¢ss value of 5.05 x 10° psi

indicated in Table II also ~zon2ury with these results.,

-6~




Young's Modulus (10° psi)

4o fm Curve A: Experimental Data
Curve B: E = 30 x 10° psi
Curve C: E: = 24 x 10°% psi
Curve D: E_ = 17 x 10* psi
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Pigure 17. Experimental and Predicted Variations in Young's
Modulus with Test Angle for a Uniaxial Composite.
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Shear Modulus G(10° psi)
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Figure 18. Experimental and Predicted Variations in Shear
Modulus with Test Angle for a Uniaxial Composite.




If the matrix modulus is in fact 17 x 10® psi, according
to "best fit" criteria, the shear modulus for this constituent is
6.5 x 10°¢ psi according to the equation

G = 8
2(1+v)

Accordingly, the composite shear modulus is 3.25 % 10% psi for
specimen test angles of 0° or 90°. This value is significantly
less than the measured 5.2 x 10° psi indicated in Figure 18.
Thus, a low matrix modulus improves the agreement between cal-
culated and experimental Young's moduli but not for the shear
modulus.

The variation of Poisson's ratio,yv , with test angle
is showin in Figure 19. The results are based on Whitney's
expression wrich closely resembles a "rule-of-mixtures" rclation-
ship. Standard vransformation formula was also employed. Ixperi-

mental resuits are shown only for test angles of 0° and 90°.
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Figure 19. Experimental and Predicted Variations in Poisson's
Ratio with Test Angle for a liniaxial Composite.
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Compesite Stress-Strain Behavior

1. Tensile Stress-3Strain Bebavior of Unidirectional
Composltes

Stress-strain data were cbtained on unidirectional
specimens with fiber orientaticns of 0°2,15°,45° and 90° to the
tensile axis. Two strain - _es, one oin each side of the - ecl-
men, were counected in series tc cancel bending momentg. [he
two straln gages also expedited alignment of the specimen in the
Instron test instrument. Occasionally the two gages were moni-
tored separately through the test cycle.

Stress-strain curves from two "dog-boned" specimens are
shown in Figure 20. The differences are significant and reflect
variations in microstructure, principally fiber alignment.

Curve A 1is representative of early specimens which had numerous
misaligned filaments whereas curve B 1s typical for composltes
currently being fabricated with untwisted yarn. It is evident
from curve B that a yield point is riore sharply defined and the
tangent modulus of the recent composites does not decrease at the
highest stress. The change in slope at 12,000 psi 1s associated
with the elastic~plastic transition or yield point of nickel.
Lower yield strengths (6000 psi) were observed in straight-sided
IITRI-type specimens. The stress-strain behavior of ofi-axis
specimens is shown in Figure 21. The 15° specimen 1s capable of
being deformed to an exceptional degree before fallure occurs.
Strain at failure for the 90° specimen is dependent on the speci-
men gage width to a certain extent as shown in Figure 22. OSpeci-
mens with gauge sections less than 1/4 inch x 1/16 inch fall at
lower stresses and appear to have slightly lower modulus of
elasticity.

The 0° and 15° specimens have a secondary modulus when
the yield strength of nickel is excceded. The expression applic-
able to this situation is:

do )
L E S - ._il
E VeEo + (2 Vf) (

§ by dcm,

Gl
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da \
Tne term (EE&> applies to plastically deforming nickel but 1is
AN
essentlally zero. Consequently, the secondary modulus expression
reduces to:

hs = '\lf..uf.

An approximate value for Eq in 0° specimens is 19 x 10° psi.

4 close examination cf the experimental results has

shown a dependency of secondary modulus on stress. Figure 20
shows that, as stress 1s Increased, according to curve B, the
tangent modulus also increases. This non-linear behavior mignt
be related to the unigue "non-Hcokeanr'" effect cbserved in graphite
fibers by workers at Harwell, England (%®°). 1If the matrix contri-
bution(ggg)to the secondary modulus 1s assumed to be zero,

m
a relationship between fiber modulus and stress exists as shown
by curve A in Figure 23. The flber modulus at lowest stress levels
was calculated by rule-of-mixtures considerations by using static
and dynamic composite modulus values. The results show that,
at zero stress, the fiber modulus is 36.5 x 10° psi; at 160,000
psi, the fiber modulus has increased to 45.0 x 10°® psi. The linear
portion of the curve represents a least squares fit to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>