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FOREWORD

The Advanced Research Projects Agency hars advanced the concept that an
effective technigue for developing a new field of technology in materiais research
is to couple an industrial Jaboratory with its counterpart in a university in order
to create an environment which will generate a well balanced center of excellence
in the chosen field. General goals and expectations {or materials research in an
industry-university coupling program, along with specific plans and objectives
for the Monsanto/Washington University program, were pregented and discussed
at a symposium (1) held 10 November 1965 in 8t. Louis, Missouri. The
Monsante/ Washington University ARPA program in "High Performance Composites

at

15 designed to test the coupling concept,

This second annual report is an overall review of the Monsante/Washington
University ARPA Association and its activities for the second year. The report
is a ce mpilation of papers covering prograrns conducted by the Association,

About two-thirds of the papers were presented orally at the Annual Review Meeting
held 12 July 1967 in St. louis, Mo. The report emphasizes the three areag of
prime concern: research, education, and communication. This project is
sponsored by the Advanced Research Projects Agency, Departme it of Defense
through a contract with the Office of Naval Research, N{OOD14-67-C-0218

(formerly NQOOG14-66-C-0045), ARPA order no. 873, entitled "Development of
High Performance Co-nposites. "

The prime contre ctor is Monsanto Research Corporation. The Program
Manager is Dr. John D. Calfee, Monsanto Company, Central Research Deparunent,
St. Louis, Missouri, phone 314-Oxford 4-4721.

The Contract peviod is 30 June 1965 to 38 April 1969. The amount of the
contract is $4, 009, 000.
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ABSTRACT

The purpose of the Monsanto/Washington University ARPA prograr y
Performance Comporites, " ig to demonstrate through accomplishments
research, education, and cornmunication that university-industry coupling is
an effective system {or doing advanced materials research. Thig report is
an accounting {or the second year of the project.

In Mechanics, the finite-element method vas used to calculate the longitudinal
stiffness of short fiber composites; the instabilily of parallel edge cracks
determined from the energy concept and the strength and inherent crack size
obtained from the sgtability calculations; Young's modulus calculated for randomly
oriented fibrecus composites; a mathematical approach proposed for calculating
stiress fields around interior cracks; and invariant properties of a laminated

composite derived from the transformation equations of the anisotropic moduli.

In the Physics and Chemistry Section, the electron scanning microscope
provided insight into fracture mechanics; composites were improved by in-
corporating a flexible layer around the fiber; polyacrylic acid reacted with
ZnO to produce a aigh modulus, temperature -resistant matrix, data obtained
indiciting silane couplers decrease water diffusion at the interface; a decrease
in fracture toughness associated with a change in crack propagation mechanism;
and the viscosity of aggregate suspensions described by the Mooney eguation.

In Fabrication and Processing, techniques were developed for whiskey
fiber classification; strands of well-oriented whisker fibers made and fabricated
into high performance compasites; x-ray diffraction techniques applied to
measuring fiber orientation, property maps developed for short fiber composites;
short boron fiters encapslated to n.ake a pre-preg molding compound in bead
form,; fiber-matrix dry mix molding explored; and data obtained relating matrix
properties to fatigue characteristics,

in educaticn, a graduate program in materials soience was put into ofiect
by the university; two one-semesier seminar courses conducted for the Assosation

LU S P garnnged,

students and acientists; and a sumraey workshop i meci
In communication, the second annual symposicm on high performance corm-

. e T N
A fEw journal, Jounr

posites was held;, pablivation o

begun:, and five papers published
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1. SUMMARY {J. 1 Calfee}

The overall chiective of the Monssnte Company/Washington Univeraity
ARPA Association is {0 create a nationally rucognized center of excellence
for high performance composites by roupling the capabilities of Monsanto
Company and Washington University to!

1. Make significant research advances in the science of high performance

Ccomposites,

2. Apply research information generated to the development of new composite

materials having value to government and industiy,

3. Train students in the field of advanced materials science,

4 Serve as a center of communications for scientific information on
composite materials.

The Agsociation is now two years old. This report covers work conducted
during the second year of the project, places the work in perspective relative to
short and long term goals, and relates individual researches to basic problems
involved in develoring a new area in the field of high performance composites.

The format of the report is to discuss Association accomplishments and prob-
lems: a) coupling, communication, and educstion in a general treatrnent, and
b) research through presentation of technical papers.

Asscoiation yesearch 18 concerned primarily with high performance com-
pusites reinforced with discontinuous fibers of controlled morphelogy. Orientation
f the research ig such that the science and technology developed will yield
fabrication techniques, eugineering analyses {or elemental shapes, and performance
dates appiivabie to meeting signifrcant aerospace needs 10 materials, paris, and

research s argamved around theece discipline s mechanics,

struciares.,

physres and chemastey, and fabrication and processing., The structure of the

reseatch and vithration of special skitls withio the discoypline s are designed to
provide, 1o fact demandg, university -industry coupling at every Teved,

T Line wiath the "Center of Bxcellen o concept, the work must be of such
crealivity, duabity, and depth that it 18 soitable tor publication o the most dermand -

sng praisssronal vournais, Accordingly work s presented ie pavers Lo bhe sub-

nutted for pablivation or, o0 er to provide early reporting encd/ or greater
b ] ¥ L
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for by eaditeed Ylter Dy the authors for oubloation,




Il ORGANIZATION - F

COMMUNICATION-C

QUPLING

{J. M. McKelvey)

During the first two vears of its existence, the ARPA sponsored M/WU

Association has made ¢:nsiderable progress toward its chjective of becoming

a major center of research and educatior dedicated to the advancement of the

technology of high-performance composite structurs ! materials.

An organization

structure which integrates the acads mic and industrial personnel into a cohevrent

research community has evolved, as well as an internal structure within the

university which has sccommodated itself to both the research and educational

objectives of the Assgociation,

Both are described in this paper.

In addition, significant progress has been made in the graduate level

academic program in materials gscience and engineering.

reviewed,

information are also described.

Organization

Its current status is

The mechanisms established for the dissemination of scientific

During the past two years we have beeu particularly concerned with devising

an organizational fr.mework for the Association that would enable a true research

commaunity to develop.

It is -learly recognized that, if the Association should

become compartmentalized into an acacemic section concerned with "basic’

research and arn industry frection concerned with

experiment,
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primarily with rescarch policies but may review other matters concerning the
operation of the Association.
In general, we have found this vrganizational structure woerks effectively.
It 16 our Judgrment that the Assoctativn, having passed through the initial and
judg B 13
difficult formeative stapges, 18 now {unctioning as a coherent organization.
;’ o p\

The Matesrials Research Laboratory

In August of 1966, and in large part because of the M/WU ARPA Association,
Washington University established the Materials Rescarch Jaboratory (MR L)
as a division of the School of Engineering and Applied Science, with
Dyr. Stephen W. Tsai ae director. The function of MR L is to manage contract
research iu the field of structural materials., It is intended that the research
activities of MR I, be of such a nature that they complement the academic programs
of the School of Engineering and Applied Science.

The Laberatory, under Dr. Tsai, manages the Washington University portion
of the ARPA contract and hence forms a primary interface between Washington
University and the Monsanto Company. The laboratory nas its own full-time
professional staff plus a number of regular faculty members on a part-time
basis. It is the primary research base for graduate students working on
composite materials,

se s

Because of severe space problems at Washington Usiversity which wil’ not

be alleviated for about two years {when the new engineesing building wiil be

completed) the ARPA Association staff of MR 1L occupies Inboratory and office

¥

space at three different Jocatyons.,  The staff has about 2500 sguare feet of
laboratory and office spare withan the engineering complex on the main campus,
rents 12060 squuare feet of oifice space on landoperpbh DBoulevard neasy the Monsanto

Comparny, and occupies ¢ module o the Monsanto Research Center,

Graduate §)r()grexn‘1 rence and F'.n&mvex‘xnhf

&

vear s Annuval Report, the ARPA contract was o osognidy

cant facior i the Washington University decision 1o eetablish vescarch and
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‘ e roe S | The program is headed by Professor
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| { s the training of materials i2chnolegists who
) are broally educated, but with depth in at
Figure 2 Materials Science least one area of specialization. Our ke

and Engineeving Frogram at

; - . : areas of strength at the present time are
Washington University and its i g ¢ P

Relation to the Monsanto/ polymer science and micromechanics.
Washington University ARPA

Association Participating i this program scxt year
in the capacity of Affil’ate Professors
will be three Monsanto scientists. A l:sting of faculty and students is given
below:
GRADUATE DEGREE PROGRAM IN MATERIA LS 5CIFENCE AND ENGINEERING
WASHINGTON UNIVERSITY

Faculty

Name Title __I)cpa rtment Freld

DiBenedetto® Asscc. Prof. Chem. Fngr. Chem. Engr.
Bagley Professor Chewm, Engr. Fhys, Chem.
Gulbransen Professor S. M. AL “Avtallurgy

vey Peeiassor Che.n. Engr. Chem. ngr.

Tsas Professor S.ORLDA Mechanics
Kardos fisst, Prof. Chetn, Engr. Polyiner boayns,

i Affihate T rof. SN, S P hamics

e sen Affihate Protf. Chevrr, Bngr. Plive. Chers,
&
M e Athiliate Prof. S.0M, AL Metallurpy
Prograya chyecior

'3




radaate Students
'Na‘xx:e _____ - Previous Degree Candidats for
Droste M, 5 (U, of Wis.} 1966, Ch.E. . 5¢.
Wambach B3 {7 of Wis. ) 1965, Ch. B, 0. 8¢,
Trachte B, 5. {U, of Wia.)} 1966, Th. E. D. Sc.
Kaas B. 5. (U, of Wis,) 1966, Th., E. . Sc,
MeDonnell B. 5. ((Z}ul M’im?s) 1964, Pet. Engr. M. 8.
o (Tentative) M. 5. (W, va. U.) 1961, M, E. D, Be.
Lin RS, (V.EFUL) 1966, Ch, i, . Bec.
Dhingra M, S, (W. U.) 1966, Mei. Erpr. . Sc.
Chatterjee M. S, (L L T.) 1964, Met. Enge. . Sc.
Degrzes Granted
Name Advisor Degree Present Location

Diamond Alkali Co.

Monsanto Ceo,

.
S

S

M.
Ad.

Kardos
McKelvey

Infurmation on the graduate study

J. Joseph
D. ILudwig

program in materials science and

engineering has been given wide cir-

culaticn. The reproduction of the cover
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AND ENGINEERING

Fina it awt s pvsdabie through
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of a bulletin is seen 1n Figure 3.
During the fall of 1967, a vigorous
off -campus program for recruitment

of strong graduate scudents vwill be

undertaken,

The koaterads Sence et fnge
Ao i) Brogree BT Waeshiogton

Diasermination of Scientific rmation

Agr has

the M/WU Association conmiders that

of

3N E

cenler tor the

ita key functiosns

dreses e

been mentionod previously,

pation o

Serve

Lhshvertty B oo W asrsepaertmerant
ey desigeret! 10 a0 Curage
eracty sncd ceseiat b the sres ot
ot el STawtehe

Studenis with undsrgradusie
dogeoos by COginmeenig ety
oo, Chomisdry pRVESE O fw
Mg SCREOCES BTV anitesd (o sy
for grochaat snaly  weg 1o
bt 85 R andd O SC depawa

s A

{ o serentfio

Peat? sred isodlittee avw evidiebde for procdhests sty b
et of w\wm &g IMM\W mﬁurgv &t 1ne- m

Vhesrica! Enginsenng enxd Sys

Ve Mischene sl ancd Amospacs
Engroosoing and seo ol e
thivveraity s Mateoisis  Soonmcsh
{ by gty

The Monsenic Washingion
trshomraiy ANPR Propct on Mg
Partuemec-m O ninposite blots

ey Boa ke eotheRy of Whae
b wbowy

L]

intormation ahout composite rnade vials, ot bis | nars mote jraibthenhas
g f%&n\hﬂ& st Bporbvere e FPEY vRes heste

There are touy ways o whaeh the

Assoosation is e ciing thiy responsthiiity

A i pubbhie s ta Ao reriiive guarte ey, Fagure 4

i, 5 B .
i O YAy H ) EEEN LMY
) L , o .
g F BTN ;! A 3 K I e - an oy
SRR Sriw iy A S N i HR R By B &
5 3 § g . i 2 . £y ooy oo @
i Py b : iy H 1 N
1o kot "




o §y

aneoursges ite own regearch staff to publish significant results in the open

scientific litevature as soon as 1t is practicable. These activities are described

>

i more detail below:

¥
A

v

The Journal of Composite Materials:

disciplinary journal-of-record for the publication of original research
and review avticles pertaining tn the science and technology of composite

v

mate rals,

The first jasue of JOM apperared in Jaouary 1967. The 1967
volwne, consisting of four issues, will total about 400 pages. As

of June 1, 1967 there were 550 paid subscribers. The initial costs

of establishing JOM are being borne by Monsanto and Washington
University, outside of the ARPA contract. It is anticipated that JCM
will be financially self-sustaining in about two years, Figure 4 shows
the members of the editorial advisory beard established for JCM
whije Figure 5 shows the Table of Contents for the second issuve and

illustrates the nature and scone of the articles appearing in JCM.
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Annual Symposium on Composite Materials

The second annual symposium, ""Basic Strengthening Mechanisms
in High Performance Composites’”, waa held October 20-21, 1966
and attracted a national audience of about d00 scientists and engineers.
The third annual sympesium on composite waterials will be held at
Washington University on October 26-27, 1967. Ap shown in Figure 6,
itg theme will be the design and fabrication of high performance
composite materials,
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intormal courses and Seminars:

This surnmer the MW U Association will offer from July 13 to 21,

w oworkshop on the "Phy sical Adpects of Composite Materials™. lLectures

g

will bhe given by & munbey of outstanding experis, as shown in Figuve 7,

The amasnnum narnber of @aitendee s that can be accommuodated i 50,
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4.  FPublications
The following papers have been published by the Association:

1y Chen, P. E. "Stress fields around parallel edge cracks
in a tensile specimen.” J. of Composite Materials 1,
41, January 1967,

2} Fairing, J. D. "Examination of fracture surfaces by scanning
electron microscopy.’ Note to the editor, Journal of
Composite Materials 1, $#2, April 1967.

3 Tolbert, T. I. '"Matrix studies in the Monsanto/Washington
University ARPA project.” U. 5. AF Mat'ls. Lab.
Advanced Composite Hardware, 1966.

4) Tsai, S, W, "A review of strength theories of composite
materials. " U. S. AF Mat'ls. Lab. Advanced Composite

5) Tgai, 5. W, "An advancing technology.” J. of Composite
Materials 1, #1, January 1967,

These have been submitted for publication:

1} Anderson, R. M. "Some major factors controlling torsional
fatigue life of fiber reinforced plastic composites,

2) Kenyon, A. 5. and Duffey, H. J. "Properties of a particulate
filled polymer. "

3) Nieleen, L. E. and Chen, P. E. " Young's modulus of
randomly oriented fiber-filled composites. "

4) Tsai, S. W. and Chen, P. E. '"Longitudinal stiffness of
discontinuous fiber composites, "

As research stands at tirme of preparation of this report, 8 papers
will be submitted during the next 4 months and approximately 10 papers

the following 8 months.

Coupling

I shall now speculate about the Jong-term significance of the conpling concep:
My frame of reference is that of the untversity, but I will comment briefly on
its significance for corporations dealing in advanced technologies.

Two years age | was convianced that @ compelling argumient could be made

for coupling from the engineering «ducator’s point of view. This argument
has been made and T owiil ondy brietly veview 10 here. To appreciale 11 one inuse

 hried, engines g

underatand what is happening today in engireering education.

o

eduacalion 3a ranidly beoomang gravoeste sducation, as shown in Prgure B, [ty




G
TREMDS IN ENGIMEIRING EDUCATION 1980 the production of graduate degrees in
o’ SR Rhe o 93 deyies engineering may reach 50, 000 compared
- {53, onvonl growrh) -
Nuswber of M.5. degoss to 8§, 000 or 9, 000 in 1960.
{199 anownd grommsh)
Many of these graduate students and
4
i . .19 . .
Musber of Duciora! dugrenn their profesesors will be involved in
{129 st growil)
laboratory research of some kind or another.
I~ There is potential bere for an educational
disaster. If these graduate students and
their professors choouse to try to imitate
4
[ .
Nusbor of Doctarst Tatitutions the “"pure' research being done next door
(4% onowsi goonwihi i .
in the departments of natural science, the
o country will find itself with a generation of
"engineers' who are not problem oriented
and who could have erroneous ideas as to
e 4 the function and role of engineering and its
L BT N 7 g O
relationship to technology.
Figure 8 The ARFPA coupling programsé can have

a very direct and beneficial effect on this
problerm. By coupling graduate research to the demands of modern technology,
engineers have a much better chan~e ~f emerging from graduate schools as
first class technologists,

In conclusion, the ARPA sponsored M/WU association has committed itself
to hecoming a "center of excellence' in the new and important field of composite
materials technology. It expects to make contribulions on three fronts: education,
research, and the disssmination of scientific information. [ have reviewed some
of our accomplishments in the education and communications area. To re-
capitulate briefly, we are dedivcated to producring materials technologists, broadly
educated, but with depth in at least one area ¢f speciaiizalion, whoee education

and gradusic experience will orient them toward pressing iechnological problerm s,




~10-

111, MECHANICS {S. W. Tsai and P. E. Chen)

Although high performance composite materials have been of interest
for over 10 years, research in the mechanice of composites was initiated
only in the last five years, A number of earlier works were intended to
describe the mechanical behavior of fiber-reinforced composites, an example
of which is the netting analysis pioneered by Young in the U, S., and Cox and
Gordon in England, Netting analysis may be interpreted as a special case of
the continuuwrm model, but in the process of simplification some basic principles
of mechanics are violated., Netting analysis cannot siraultaneocusly satisfy
equilibrium, compatibility, and the constitutive equations. It is formulated
with the assumption that only the filaments carry load and the matrix is
ineffective, which contradicts the physical reality. Howsver, some researchers
atill find it difficult to discard the theory, because a theoretically sound approach
like that of continuurmn mechanics, requirea considerably more mathematical
discipline, In cur ARFA program, we are trying to project the importance of
mechanics in the research of composite materials to a level not yet generally
accepted in the field, The underlying philosophy is that mechanics represents
an essential discipline in the design and understanding of comyposites. It follows
that engineering data and material characterigation must be properly coordinated
with the needs of the designer. In the Monsanto/ Washington University ARPA
program, mechanics is recognized as one of the three basic disciplines,
Attempts are made to insure that our graduate students in the Materials Science
and Lngineering Frogram have a basic understanding and a working knowledge
of the mechanics principles.

The mechardes regearch in componiie rmateviale is ntended to achisve the

following objectives:

i, To eswablisbh the structural performance of composites, Cwmposites
Belfong G clave of mmaterisis basically difteveut from crdinary
% o tural toral mrials bee o dhedr o biad




properties.  Advanced methodology in testing will be developed

so that the structural performance of the composites can be
better undersiood. New engincering data will be generated sc
that such materials can be beiter designed,

Z. To establish analytically and verify experimentally the contribu-
tion of the constituent materials to the gross behavior of the
compesite, Critical factors which must be investigated include
the mechanical and geometrical properties of the constituents and
the strength of the interface {including a narrow zone which may
exist at the interface)., The irvegular shapes and the random
packing of the reinforcing phase and voida in the matrix will also
be investigated, The results of this investigation may be used

as guidelines for materials design, i.e., the selection of com-

patible constitutent materials, their geometric shapes, and the
controlled interface,

3. To establish a bas’'c mathematical rnsodel from which the reliability
of composites can be established. In this area of investigation,
environmental effects due to cyclic and impact loadings, corrosive
atmosphere, and creep will be included. The basic approach will

rely on nonlinear viscoelastic theories and fracture mechanics,

4, Totrans ate the resuits of research into the design criteria of
matervials which can be used te meet aerospace needs,

Reviewing the work in the Mechanmics Section, Drs, S, W Tsai and

B Ghen are using the fintte celement rmethod (o study the strers distrihution

EI

wocomposites rey “orced by short enrdivectional fibecs and sabjected to longitu-

dinal toad. Phe effecie of stafiness ratio, vorlume fraciions of the constitanents,

ge gliioess Ares ol

shatesd,

- 3 . S N e - ey T Do w \ N N .
and the Hber aspect ratue on the longitudinal cor oy

i voet howl i ynore

Lomparisons with sxperimental results hav e fadicated thai
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approach, it can be used to eliminate unnecessary laboratory work and
eptimize the use of the constituent materials.

Dr. Chen has calculated the stress fields around pavallel edge cracks in
a tensile specimen from the eguilibrium and compat ibility conditions, and
determined the instability of such cracks from the snergy concept, hased on
the Griffith-Qrowan theory, Fromn the stability calculation, the strengt™ and
inherent crack 2ize of the immaterial can be obtained., On the other hand, it can
also be used to calculate the modulus of elasticity or effective surface energy
when the other parameters are known.

For many structural applications, the random orientation of the fibers may
be desirable since in the plare of the sheet the elastic maodulus is the sam~ in
all directions. The Young's modulus of tiber-filled composites in which the
fibers are randomly ori ented in a plane has been calculated by Drs, Nielsen
and Chen using equaticns based on the classical theory of elasticity. For fibers
with moduli yuch greater than that of the matrix, randormly oriented fibers
give moduli much smaller than the moduli measured on composites containing
fibers all aligned paratlel to the direction of the applied tensile stress, Une
has thus (raded great stifiness in one dirvection for much less stiffness in all
directions in going from oviented fibheva to a random disiribution of fibers,

Jeing Michell's continuity egaarions for the sinygle-valuedness of rotations
and dasplacements, and extending Praver’s met hod Yor catculaning the plane
elastic steains v doubly -connected repions . e, Chen bas propoased a mathe -
maticat approach Yoo solving the S8 rean Delds around intevior cracke. Though

the compute s propran: gmd the ewample presented arve that of & sangle imterior

crack, the method on applicable for the more general caeee of rmaltiple mntecioy
crarks A compacigon bocbwe e the theoresioat aod rrpe e rntal resuits 1o
e tuded,  The roatherratical model wsll be urad to stady the inderaciion asorny
nle v ioe v e T A whing 31 ots vifal S the wepde vetanching of the sirenpth of
REASRREETERN IR
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Invariant properties of a laminated composite have been derived by
Drs, §. W. Tsaiand N. J, Pagano (AFML) from the transformation equations
of the anisotropic moduli., These properties may be considered intrinsic
because they are independent of the crientations and thicknesses of the consti-
tuent layers. These properties are useful for comparing the performance of
composite materials with that of homogeneous and isotropic materials, and
can also serve as a bagis for design optimization,

Currently the Mechanics Section is using the continuum mechanice approach
to expand the study of factors affecting the stiffness and strength of disconiinuous
fiber composites; statistically analyzing the effect of irregular fiber spacings
an the transverse stiffness of compesites; ccouatinuing the calculations of stress
telds around interacting ¢racks and inclusions; and coordinating and translating
research results into the language of the desigp engineer,

Fuature projects will include variable interface, fracture of composites
under comhbined loading, reliability and fatigue behavior, testing of elemental
shapes, and etructural evalusion " wmetallic conposites, Mr. Rodney L. Thomas,
Dra, Edward M. Wu and Ori Tshai will join the staff of the Mechanics Section

th sasmmer,

DISCONTINUOU

S FIBRER OO
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{Then)

(e st resys and dedformation of composites retnforced with discont inuous

trhera have besp o studred woing shear lag analysis, which 1s based on the

b, 2,3
wlorspth-otanaterials theory, Since thes anadysis has been extensively reported
‘ b,
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on composite materials ig explicitly and implicitly deduced from the shear lag
analyzis, examples of which include the load-transfer and reinforcing mech-
anisme, the concepts of critical aspect ratio and critical fiber volume, the role
of the interface and the matrix, the rule-of-mixtures relations, and so on. A
more accurate method than the shear lag analysis will improve the understanding
nf composite materialsg,

{Our method is based on the finite-element technique, which is 2 numerical
approach based on the fundamental concepts of equilibrium and compatibility,
for determining stresses and deformations in complex structures. It is particu-
larly suited to the treatiment of problems of composite materials because
multiphase materials can be handied in a straight-forward fashion. A discon-
tinuous fiber composite is represented in Figure !, The usual assumptions of
plane elasticity are used., Perfect interfacial bonding ise assumed unless otherwise
indicated. Cther assurnptions include the idealized packing arrangement of the
fibers, and that both constituents are homogeneous, isotropic and linearly elastic,
Uniform loading is applied along the axes of the fibers, The present study is
restricted to the effects of stiffness ratio EffEm. aspect ratio L/, and fiber
volume fraction V., For the sake of completeness, the basic theory of the

finite-element method is outlined in the next section,

Theory
snn -
The finite-element method has been known 1o stress analvsts for mores

than a decwde n ats apuplicotions to the ANAIvE1s ol larpe complex Sstritehires,
¥ B o X

The validity of this method has been repeatediy vertfied by experiroents

The mrethod 1s based on the divrect sitdfness concept! whickh considers the

wbrusture as an assembizpe of rdealicod alastic elements assaned 1o be Jorited
togother gt dhsorele nodes . By adding togethe v ot each rovde the strifnesy

coefQicients of adiacent eleeents o stiffneas matvix for the structure s obtaiwe

pedafes the evternal forces actitg on The node s 0 the

Thiw sitfivess ooad

cerrmye g of f

e
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By inverting the stiffucss matrix one obtaing an influence matrix which

gives the nodal displacemenis as a function of the external forces or loads

acting on the «fiugcivi,
£ ) c e} . \
{8} = k] (F} ()
g Using the same strain pattern for the elastic element that was assumed
for deriving its stiffness coefficients, oue can derive a matrix of stress
g
‘ coefficients which gives the stresses in the element as a function of its nodal
displacements,
1 e 3
i {s 3 = [s 110} {3)
N T n
Therefore, once equation {2} has been solved for the nodal displacermnents,
the stresses in the n-th element are given by equation {3}, where fSn} ie the
st iffness matrix for the element and & are its nodal displacements.
n
: Analysis of the Fundamental Region
8 o
i The idealized fiber packing is shown in Figure I. In order to facilitate the
computation of the effective stiffness and the distribution of stresses and deforma-
. 2 tior in the composite, the svrmmetry and compatibility reguirements of a
¥
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the interaction amoag fibers, which {8 very essentin! in the rtudy of practical

g compoesite materials, The procedare for analrzing this lindamental region

by auperposition follows that of Reforence 14 and bawguantly desaribed,

|
e

~
Since gyrmmetry conditions of the fundamental veglon reguire a displace -
. ment boundary formulation, superposition of the finlte-slemen soltions must

¥

tiw to aolve a typical probivm aghown as Problem § in

b emploved, The obijec

Figure 3 where arbhitrary normal

toadings ¥ and ¥ at infiaity ave
x5 v

given. It is desired to obtain the

[}

-
;.-..-..,,....w.,v; oy

RNy

b o e e

distributiona of stress snd straiu in

the fundamenisl region,  One crvess

straight-forward method is to aoive

Ad

Problemz | and &, shown also in

Figure } e rpasition of Finiis -

Figure 3, and by superposition Eisment Solutions,

Ereblem . 18 solved

The boundaxy conditions and results for these problem=s a

Froblem i

[P —

Son oAt v o= 0, b

T = 0 throughout the boundary

COMAINeg ave ., vy, &, 9 0 v, and
N v HYL X o

‘ P i thrvoughout the bonndary,

Thve yvepoits obbtamed are o, v, Y 08

A &




Asgpuming th  cach fundamental region is wei -homogeneaus and ortho-

opic, the effective gtiffness of the region must satisfy the generalized Hoolke's

iaws

g
=
#

1
™
it

e
ot
-
e

where Q. 5 €« cadmetn {see Reference 13},
ij ii Ciy

Thus from Problem i,

€ = u fa, € = D
o

3

ined by marris fov
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if arbitrary average strevses ¢ and ¥ are fmposed on the fundamental
: 3 A2

region,

%
&t

- 8, T 4 8§, T
B3 3 b2

E Erd d‘a! o § Szg 'ﬁr "

The displacements u, at x = a ard v, at v = b are:

Substijuting these into the previous equations and after rearranging:

; (6 & . & ¥ ]/
u,/uu N [ﬁvz X3 p mJ/x

m

i

T3 v,e,”v 28 {_‘E; . g + § E‘ :S { L
- O yi o »n3 X y3

where A}

2]

Once m and n are known, where subscri is | and , refer to the average stresses
obtained from Problems 1 and &. and subscript ; retersg to the impoesed siresses
at infinity, then the resulting disnlacementa sad slvesses at each point of the

rEs of Problerns

furdamental region carn be obtalned Ly supurposition of &

1 ana 2:

i et zmui 4 I,
v mv, + &y,
b o o &
K ¥ Kz
oy rxy 2F Lo W

wy vy Xz

Froblem 3 omay iavolve seoveral combinations of the aoro

foaarngs at
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Fipure 4 shows the camparison berween

»l Tyson's and Davis® experimental results
. . Z,3 :
.o e RYNRR. shown as circles’ '~ and the cor =spondine
] M_;' w warers GEROTTE ~ BLAPAERY
= AN S BATARIAENTAY curve calculated by the finite-element method
wE e
. N for the distribution of shearing stress at the
A s, m"‘"""""‘"“"—nﬂm_..,&_._&_‘
0} vvvvv T T fiber-matrix interface parallel to the intevface.
BIEUANER PROMW BUTR GO (mew The results are for an araldite matrix with an
aluminum fiber, and correspocnd to the case
Figure 4 Comparison of of "fiber end bonded to the matrix, "
Experimental Results With
Theoretical Curve for 3@y e e e

Interfacial Shear. 2.3

EMB ADHILION BROKYR.

Figuve 5 shows the comparison between D INETS - GLEMERS

3 e GHOAR LAY
‘he results of the shear lag analysis and 10

t

|

|

1

|
‘he corresponding results of the finite- "r ‘

st e e
slerment method for the interfacial shear, ® ° "o ' b

DLSVANCE SROM YI00W END (e

The resulits are also for araldite matrix
s . " R i co 5 s 18 Oy O

with an aluminum fiber, hut end adhesion Figure 5 Comparison of R,egulta
From Shear lLag Analysis and

g assumed to be broken, Finite- Element Method for Inter-
factal Shear,
[t shouid also be pointed out that the tiber end adhesion must be assumed to
tre broken in the shear lag analvsis, whereas the finite-elerment method can be

used to comne the stresses and deformations for both the "fiber end bonded”

and "fiher end adhesion hroken' cases,

N
&

Figure & phows the suiffness wtilication factor ag a function of aspect ratio
tor different stifiness vatios and fibere voluwme fractions,  Utilization factor is
defined as the satro of rhe longitudinal stUfiness 0 g discortianons fiber compoaite

and that of a contiveous fiber composite with the same siiffness ratio eand fibery

seolitgrie,  Four andtinbess ratios, vig,, b6, 2¢
.

G0 oare shown,  They nvay

¥

vepresent homogeasovs materisgl, bovon-abeodourn, glass ~spowy and boron-e ooy
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" AYEDIRETY composi fes, vespectively., Two fiber volume
?n HTAR 4 TION -
§ BARTR®, 8 /N,
W A — Y fractions, approximately 40 percent and 70
) y /f percent, ave included. The calculation here
s Vi ) ! :
e’ '/ ig based on perfect interfacial bond, including
- “t * i / SRl LT the encs, This assumption is believed o be
[N / g 4 B0 %
2 et more realistic for the determination of the
»-/..—/
s
- T T e T ieee composgite stiffness. It roay be pointed out
/0 . ] . is
that the resulia recently reported by Foye
. Figure & Stiffnesa Utiliza- for boron-~epoxy composite, and aspect ratio

tion Factor as a Function of

Aspect Ratio, Stiffness Ratio up to 4 agree well with the present theoretical
’ : 1

. and Fiber Volume Fraction, prediction,
o PTMBDL NOMINAL L D
R : FLT)
Figure 7 is a plot of fiber volume s0 :
- : -]
fraction versus the longitudinal stiffness seb
of boron-epoxy composites with various "
aspect raties, Limited data of discon- 0t
tinuous boron-epoxy composites are LRI
B AN -]
also shown in various symbols corres - 1o i //
ponding to different aspect ratios ‘yé::-;»—---
D) ?
. .y . e M,
indicated on the figure, The data were
: : Svgy . By - Ty vt 51 acti ,
obtained in the Monsanto/ Washington Figure 7 Fibe © Volume Fraction
Versus lLongitudinal Stiffness of
Upiversity program. Recent measure- Boron- Epoxy Composites With
14 , Various Aspect Ratios - Theoxvy

ments by Fane  for L/I¥ = 180 a0e
Vergus Fxper:ment,

ais o shown,
Figure 8 ghows the comparison between the results of stiffness caloulations

1

from the shear fag analysis, which s represented by Flouation {9, 4} on page 124
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becomes relatively immamaterial for high
[82] values, Significant difference is
seen for low aspect ratios. As the
stiffress rativ and/or aspect ratio
increases, the difference between the
results from the two methods is

reduced,
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Figure 8 Comparison Between the
Results of Stiffness and Calculations
From the Shear Lag Analysis and
Finite-Element Method for EJ/E =

& and 120, and V. = 40 percernt,

In Figure 9, the normal stress in the

fiber, Of. is shown as & solid line, This

Figure 9 Longitudinal Stress
Variation Along a Fiber,

case corresponds to a stiffness ratio of

120 (a typical boron-epoxy composite},

aspect ratio of 20 and fiber volume of 40 percent, The Poisson's ratios for both

the fiber and matrix are 0.3, Shown as a dashed line is the normal stress profile

carnputed from the shear lag analysis, with the plateau representing the fiber

gtregs derived from the rule-of -mixtures equation, that

o= BFHv.oR 4oV

i,

! x i f T

[A—
o
i
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Figure 10 shows rthe utilization factor of longitudinal strength as a function

)

of Gihe e aspect ratio {or the case of o AT

§

compasite), and Vo= 50 percent. The ¢

f

ahea

= 3 {a typical tungsten-copper

arves renregsnt the results of the

rofag analysls from Dow, and Kelly and Tyson as reported by W H Sutton

in Chapter 9 of Referencea 17, The dots represent data reporied by Kelly and




R

R

AT
e

2

Zin

e T

v

BIASMDYN
EnSaiien 21
- i Tyson . The strength utilization
/’l'" e
.-L/ o . factor is defined as the strength
- Triom.; | AnsuRmmuwres ratic of the discontinuous to the
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s e continuous fiber composites,
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Figure 10 Strength Utilication
Factor Versus Aspect Ratio,

Discussion

iR S O

The results of the finite-element method compare closely with the photo-
elaatic model of single inclusion by Tyson and Daviss, as shown in Figure 4,
Figure 5 shows the comparison of interfacial shear stress between the present
method and the shear lag analysis, both of which correspond to the end broken
case. Our resuits show a maximum shear stress six times as large as that by
the shear lag analysis. This will be a significant consideration in the urder -
standing of the load~transfer mechanism and the strength of a discontinuous
fiber composites,

The utilization factor for the longitudinal stiffness as a function of atiffness
ratio, fiver volume fraction and the aspect ratio is ghown in Figure 6. The
present method of computation is based on the theory of elasticity, as oppoaed
to the strength-of-materials appreach of the shear lag analysis. The principal
difference is that the interaction among fibers is taken into account in our
method, This 18 important because most composites of intervest contain large
fiber volume fractions and interaction among fibers must be corsidered, Com-
parison of the analyvtical prediction with available expertmental results of
boron-epoxy composites are shown in Figure 7. The agreernent, with the
enception of one point, 18 amaingly close,

in Figure H  the results of the shear {ag analysis are tompared with the
finate veferment riethod an terms of vthe utilivation factor of the lomndudinald

sriffness,.  The il srence betw

> ¥ : 1 % \
the fwo mmerhosie dor wigh
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relatively small., This, however, is not sufficient to juetify the wvalidity of
the shear lag analysis, A similar situation exists in the computation of the
trangverse stiffness of a umidirectional composite, It is known that numerous
atrength-of-materials approaches agree reasonably well with elasticity aolu-
tions. An acceptable explanation may be that the gross elastic moduli of
composites are not significantly affected by the local stress distribution.
Figure 2 shows the difference between the average fiber stress computed from
the two methods, The stress profile does not show abrupt changes {rom which
critical fiber aspect ratio can be defined, Secondly, the peak fiber stress can
exceed the maximum ‘evel permitted by the shear lag analysis, Equation (4}.
Figure 5 also shows a significant difference in the predicted interiacial shear
stress, The important point is that the shear lag analysis cannot be used for
the determination of the local stress distribution,

We believe that the understanding of the behavior of discontinuous fiber
compoesites should be interpreted in the light of more exact methods than the
shear Jag analysis, From the givess disiribution in the {iber, the matrix, and
at the interface, the mechanism of load transfer and composite strength may
he explained. Although this work s atill in progress, we have sufficient
information to show that the strength of discontinuous tiber Composites is not
necessarily governed by the average fiber stress, Using fiber fallure as the

hasis of streapgth calealation, the shear lag analvaig would predict the results

»
. ‘ ) i : o
shoewn 11 Figure 10, Note that experimeatal data are sagnificantly different
from either prediction of the aspect ratio by orders of magnitudes,  Thus, the

concept of vritical aspect ratio and foad-tranefer mechanigmsy, and strength of

vomposites should be reexarsine:d

Hased on our resulis, the {ollowing conedo s1ons ooy e staded:

i, Phe shear g analvsis de ol provide relable anfornmation on the
streas distonbalion oo Giac ontinooas fiber ot Phe wive
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2. Critical aspect ratios should be defined in terms of utilization factors
for stiffness, strength, and other possible criteria.

3, The role of fibers in a compoesite is to increase the stiffness and/or
the strength of the camposite, For light-weight materials, the
stiffening aspect is often more important than the strengthening aspect
Discontinuous fiber composites seem to have high utilization factors
for the longitudinal stiffness, but relatively lower utilization factors
for strerngth. A strong matrix and a strong interfacial bond are both
necessary to fully utilize the high strength of the fibers,
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Nomenciature
& b = Length and width of the fundarnental region,
E{ i« Young's modulus f the fibers.
.«Sw = Yourg's moduius of the ratrix,
A
EI o = Effective longitudinal modul us calculated from the rule-of-
4t
mixtures equation for continuous fiber composite,
Ei D = Effective Jonpitudinal modul us calculated by the finite-element
method for discontinuous fiber compoaite.
D = Diameter of fibey,
L. = Length of {iber,
LD = Aspect ratio of fiber,
u, v & Meplacements 1n x- and yv-directions.
V-{ & Joturme fraction of the fibecs,
Xy Hectangular coord
g o, 0 - Mormnal stresses in v oand v oddieotions
u 3
g W : Ave vy Fooandg Y s Pt imfroaste
ik oo AU SNV




€ , € = Normeal strains in x- and y-directions,

Xy

¥ = Shearing stressg in xy-plane parallel to x- or y-axis.

xy

Ti Shearing siress at the fiber-matrix interface parallel to the

interface,

{rl}

Force vector.

[kl @ Stiffness matrix,

{Gn} = Stress vector for the n-th element,

{6} = Displacement vector,

[Sn] = Stiffness matrix for the n-th element,
{5“} = Displacement vector for the n-th element,

References

A et e bt

1. Helliday, L., Ed. Composite Materials, Elsevier (1966},

. Keliy, A. Strong Solids, Clarendon, Oxford (1966).

3, Tyson, W. R, and (., J. Davis. "A rhotoelastic study of the ahear siresses
associated with the transfer of atress during {iber reinforcement, ' British
T Applied Physics, 16, 199 71965).

4. McDaneis, D, 1.., R. W. Jech and J W. Weeton. "Stress ~strain behavior
of tungsten-fiber-reinforced copper composites, ' NASA TN D-1881 {1963},
S, Tarner, M. T, R, W, Clough, H, . Martin and L. J, Topj. Stiffness

and deflection analyss of complex structures, " J, Aeronautical Scisnces,

HoR (13546)

6, Clough. R, W, “The fintte plerment method in plane stress analysis, ' NSF
Report, Regearch Grant CGo7 337 {(1960).
Aticity pyablerog and the direct stiffoeas methad,
Untvergity of Washington {(I1961) p. 5.
conside vatio o ?Eﬁ]"‘aéuww 3

L

e A et e L o g R AL




19,

11,

12,

13.

14,

15,

16,

~db-

Turner, M. J., E. H. Dill, H, €., Martin and R. J. Melosh., "Larze
deflections of structures subjected to heating and external loads, " J. Aern/

Spi ce Sciences, 27, 96 (1960). T

Eggwertz, S, and B. R, Notmn, '"Stress and deflection measurements on &
multicell cantilever box heam with 30° sweep, " The Aeronautical Research
Institute of Sweden, Report 53, Stockholm (1954).

Fggwertz, 5, "Calculation of stresses in a swept muiticell cantilever box
beam with ribs perpendicular to the spavs and comparison with test resalts,
The Aercnautical Research Institute of Sweden, Report 54, Stockholm {1954),

Tsai, S. W., D. F. Adams and D, R. Doner. '"Effect of constituent material
properties on the strength of fiber-reinforced composite materials, *'
AFML.-TR-66-190 (1966).

Tsai, S. W. "“Mechanics of composite materials, "' AFML-TR-66-194,
Part II, 51 {1966},

Kane, J. L. "Oriented noncontinuous boron composites, ' J. Composite
Materiais, 1, 42 (1967).

Foye, R. L. "Structural composites, ' North American Aviat ion/Columbus
Division Quarterly Progress Report No, 2 for Contract No. AF33(615)-5150

(1966).

Weetan, J W, and R. A. Signoreili. ""Fiber-metai composite materials,
NASA TN D-3530 (1366),

Am. Soc, Metals, Fiber Composite Materials, A, S. M. {1965},

Rogen, B, W,, N F, Dow and 7, Hashan, "Mevhanical properties of

fibrons composites, ' NASA CR-31 {1964},

PDow, N, F. “Study of stresses near o digcontinuity in a filameni-reinfore ed
o

compesite metad, Y General Bleoivie Heport REISD6T (1963,

EO SR LV

P . 2 EEY L e 2§ PR
Vs oo, feastle propevin

Kellv, A, and W, H, © 5
fech, §"}§)“\,‘-‘$§-“ f‘_":aaz{fﬁ‘.‘-i,_ AW 14

coppertungesten and copper/rmolybdenam. 3 R

{UaNY,

clastivaly and strength of paper and other fthrous materinls,

of fiber -remnforved met als:

'




]
P

{
=d

ON THE INSTABILITY OF PARALLEL EDGE CRACKS {¥. F. Chen}

A numnerical approach igs proposed in this paper for determining the
instability of parallel edge cracks in a tensile specimen. These cracks are
likely to develop from two free surfaces or edges in the matrix of & compos ite
maierial which may lead to the ultimate failure of the cmnposite. The {vee
surfaces or edges are intended to simulate the (nitial interfacial defect or
bond failure of neighboring inclusions in a composite,

From the stability calculation, the sirength and inherent crack size of the
material can be readily obtained. On the other hand, it can also bhe used to
calculate the modulua of elasticity or effective surface enervgy when the other
pgarameters are known,

The miathematical model for the stress fields is hased on the biharmonic

e ek

equation for the stress function with appropriate beundary conditions. Isotropy,
homogeneity, linearity, as well as plane state of stress are assumed, Photo-
elastic experiments had been conducted on CR-49 specimens under uniaxial
tension, The details of the experiments and the comparison between theoretical
and experimental results we e reported in a previesns paper .

Mathematicu’ Model

. : ‘ . y
The tensile specimen nnder conaid- !
eration is shown in Figure 1 where the ] &é_wn»l* _*1 .
voordinate axes are chosen surh that the o t ! T =
T E i (T e
, . . - p i i o o
x~-axis comcides with one of the fres ] ! l st r- |
R Wi LU b b .
edges of the specipven, and the half- M ’
',u " 4
domain on the right of the y-axis
Frgure Tensile Specimen,

coincides with that on the left after
being rotated 1807 about the center of the domain,  The spacimen s loaded at the

perpendt alar to the free asdges,
) 3 2% ¢

Eas




By mtroducing & strega function § one can write the bihavrmonic squation

i grd % = QEP

which satisfies both the equidibriom and compatibility equations, In terms of

the stress function, the boundary conditions can be expressed as

LT
gy ¥ Zeideve rywhere on the boundary, {2}
b

a8

Ay

it

"30 {y - LO) on EF, {3)

= ¢ j. on ABCDE, {4)
o o

L

i

-0 1, on QF, {5} §
¢ Q

Fe

and also that alony EF

"
{5 = LO - o 2 D ogos
.‘f:Lo)r + LG ). {6)

g
-
=

i

, {
§ . ¢ Ly -0 Lt {8}
)

conee rarthoc (s uged o caloalate the distribution of the

stress funcoon i he dosain, The stress components are then calculated

frove the alues o6 @ g
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The Griffith thecvy can also be applied to brittie-like fracture involving
A

plastic deformation, Orowan has shown that ween plastic deformation is
concentrated in a reglon whose thichness is small Sompared (o the length of
a crack, the work of plastic deformation moy be treated as a conteibution fo
the offective surface epnergy of “se crack. Thus, one can simpty add a plastic
work factor P te the urface fension 7, and uses ¥ = P 4+ '”i”q as the effectiive
surface energy per un { area,

From the Criffith theoyr, the point of ingtabil™ty can be caiculated from

the following equation:

a
30 (~V\fE + W's) = 0 {9)

where W  will be defined in the Griffith-Orowan sense, The above energy
$

balance equation is illustrated schematically in Fiovre 2,
“I
Applying the Griffith-Uvrowan theory to the A . '
3 -
w rd
parallel edge cracks, W will be deflined as tue e
= /"‘nusu.: €
” ELLRGY

effective surface energy gained by creating the e

new surfaces of bhot™ cracks, W the strain " i
e o

M‘ - g LAy
ST ) TR MG
T RIS TREIETY
"~ %

energy increase of the entire doman, znd o ‘ ~ grerpe

ER

the tota! length of both cracks, ‘ \.
At aTe e

For plane state of stress, the strain ‘ NN

n be caloulated

enerpy per umit volume Vo o«
H I

frorn

Faigure & Energy Balance

of Urack,
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In ordes to evaluate the Youong's nodulus E or the effective surface energy

per anit area Y, the following vquation may be used:

T = K (Oyfc)? {(12)

nensloniess factor deter -

where T is *he critical tensiie strese. avg Wis a
minesd by the details of the mode! and the applied load,

Results

BTN b YRR

A computer program was wriliva to carry ot the calculations of the
mathematical model and the elsstis strain snevgy,

The program has been used (o caloulate rhe novmal stvesses and the shear-
ing stresses in the entire domain for variovs crack lengths and spacings. The
resuirs of geveral typical cases ave included here to ilustrate the effects of
spacing aud overiap,. \ "v% ! o

Figures 3, 4 and % show \ |
the distributions of & /0

x ©
around the cracke for crack
spacing » w/4, and crack
lengthe ranging from Tw/lb t:

P1w/1l6 with w being the widir

of the gpecimen,

Figures 6 through % show

the disvribuations of C"}‘_f":‘

{ LW

acrogs the net section through

the crack tp for various

crack spacings, and (rack

o,

R NI - S T
fengths canging fromm w/id o

o,
e,
T
o,
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Distribution of

gure 5
a {6 Around Cracks for
X Y( . .
Crack Length = Yiw/fié and
Crack Spacing = w/4 {w =
5, cimen Width),

Figure 4 Distribution of

¢ /o Avound Cracke for
Crack Length = 9w/ié and

Crack Spacing = wi/d (w=
Specimen Width).
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Figures 11 through 14 show the compariscns between the theorstical and
the experimental results for the dependence of icarile sirength on crack-size

in polymethyl methacrylate (PMMA) and polystyrene (*S) samples. The

26 .

8.9 -
POLYNE THYL METHACRILATE )

Ere30%) 60 0w’
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¥Figure 11 The Dependence of Tensile Strength on Crack-
Size in PMMA Samples, {Theoretical results are shown
as the curve in boldface, Experiroental data were obtained
from various sam-~le cross sections and extension rates as
reporvted by J, FP. Bervy.)

experimental data are as veported by Berey .,  In the theoretical work, e

Young's modulus and the effective surface energy per unit area for PMMA are
b . . - e N . . N
asaumed o be 4 x 107 psi and 1.6 in-lbg/ln® vespectivel v, and that the same

for PS5 are assumed {0 be 2, 8 x 107 pst and 13 in-1bs/in® respectively,

2t vhe atreas {lelds around

The vresults of our caloufations have shown t)

the vravks remain practically snchanged when the crack spacing ioncreases [oom
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20 POLYSTYRENE

EXTENSION RATES:O DA 0.02 "/ 0K

H

R ]

oma 02774

EV+3.620 4x 40" ovmes om®
Y=i.7¢0.6 :50°ERGS /CH ®

Figure 12

reported by J. F, Berry.)

Figure 13 The Dependence of
Tensile Strength of PMMA
{Theoretical resalts are shown
as the curve in boldface,
Experlvental data ave as
vepovied by J. P, Berry.)
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{Theoretical results are shown as the curve in boldface,
were obtained from various sample cross sections and extention rates 23
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The Dependence of Tensile Strength on Crack Size in PS Samyples,

Experimental data
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Figure 14 The Dependence of Tensile Strength on Crack-
Size in PS and PMMA hHamples, (Theoretical results are
shown as the curves in boldface, Experimenial curves
are as reporied by J. P, Berry.)

various peointz along the net section approach certain asymptotic values when
crack spacing beocomes equal to or greater than w/Z2, Interaction betwesn the

cracks ogcure when the spacing becomes smaller than this value, & show
M re when ti [ ) rrvall th ihas i As show

1 & through %, the disrribation of O /8 across the net section through
N X v
the ool tip varies ax the specing decreases,  This varidtion must be accom-

change sl s concentration af the crack tip bemuse of ;

Dbvviumn comende eationg, Howsver, the elostiec sirain enercgy of the system

doe s vot Change anprecuably with the orack apac i,

Shbongh e Slvocth o s ros e belweedn o dheovstiend resalts Lor the
strengih- ovavk atve refntionehip {or the adge

sxpr curienial dai oy s not possible becavse of the fack of such data, they soem
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crack size rvrve for the edge cracks is generally lower than the same for
the single inle lor crack, which have been quite often treated alike,

FPerhaps, .. should also be pointed out that the Griffith-Irwin theuryb for
the single interior crack neglects the effect of transverse stresses o the
sirain energy release rate, while our calculation includes the effect of longitu-
dinal, transverse, as well as shearing stresaes,. The lowering of the strength-
crack size curve for the edge cracks may be partly due to different crack
me vphology and to the increase in strain energy thus calculated, This seems
to indicate that the edge cracks are more detrimensal than the compatible
interior crack in a tensile specimen,

For a tensile specimen as cdescribed in this paper, the increase in overlap
betwesrn cracks is accompanied by the reduction in net section through the crack
tip and the increase in the moment at the net section, Consequently, the inter-
action between the cracks i2 at least partially compensated by the change in the
strese field due to such reasons, I® musi then be pointed out that the situation
here is somewhat different from that for the int rior crack in an infinite mat ri«,

Our caleulations also indicate that the elasy ¢ model, without directly

considering the plastic enclave in the atvess field caiculat-on but including its

‘4 in the effective surface ensrygy as proposed by ODrowan, seermnms to be able
to predict fairly weil the strength-crack size behavior under the previously
descymbed Iimtations,

Achnowlodgmeniy

Thanks are doue v, Lawrence B, Nielsen, Sentov Screnisd, Monsanto
Companv, for his valuable contributions and interest,  The xuthor alao wishes
fo thand e, ML Willtames for his sugyesttons concerning the exisenaion of
enry waoark on the strepa fields around parvaliel edpe cracks to fraciure mechanios
apphications, The assisiance of Meas Barbara Booarger s greatly appreciated,
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M = Number of divigions in the finite-difference network in the

half-length of the specimen,

NMumber of divisions in the finite-difierence network in the 2

Z
#

width of the specimen,

N = Number of divisions in the finite~difference network in the

net section,

4 = Strese function,

dx, ov = Normal components of stress parallel to x- and y-axes, i

Txv = Shearing stress in xy-plane parallel to x~ or y-axis,

00 = Uniformly distributed tension at the ends of the specimen, o

vi = L.aplacian operator “jzi + laz . i
dx? _é?

W = Increase in etrain energy.

WS = Effective surface energy as defined by Orowan, .'i:

I = Plastic work per unit area, L

T@ = Surface tension per unit area,

Y = Effective surface energy per unit are a,

C = Total length of cracks,

Vm = Strawn energy per unit volume,

I = Young's ywodulus

& shear moduius,

v : Poissonty vatio,

T = Tensile strvanuth,

1N ke Ceelficient for tensyie strength,

W Width of the speounen,
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STRESS FIELD AROUND INTERIOR CRACK {F, E. Chenj

Using Micheil‘:}zh 59 continuity equations for the single-valuedness of
rotat icns and displacements, and extending I ag@r'sd method for calculating
the plane elastic strains in doubly-connected domains, a mathematical approach
is proposed for solving the problem of sirvess {ields around interior cracke.

Based on the general approach, a comnputer program has been written to
calcul te the stress field around single interior crack in a teasile specimen,
Photoeinistic experiments have buen conducted on CR-39 allyl diglycol carhonate
specimens under uniaxial tension, The theoretical and cxperimental rvesults are
compared,

it is assumed thai (1) the materials is isotropic, homogeneous and obeve

Hooke's law, (2) the straine are infinitesimal. (3} the body forces arve negligible,
(4) the epacimen i3 in a plane state of stress v 2train, and {5) the cracks
ponetrate through the thivknesas of the specimen,

The demain under consideration is shown in Figure 1, Instead of having a
]

N wd . ;3
sitnpl cooonectid region ag in the case of edge vracks . we now have a mudtiply-
N NS W - :
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X = O cog¥ + 7T rpin?¥ {1A}
* xy

Y & 2 8in¥ 3 T cos¥, (1B}
¥ Xy

In terms of the stress funciion #, the above eguations can be expressed as
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single-val nedness of rotations and displacements, the following contimuity

egusiicns must be seailedod for each inte rnal boundary:

B

Y

S )

3 ik

"=fida = 0 .

’ " I ik .
(ﬁ Lo 5 (‘e’&@} xé‘; qﬂf'“%}j ds = @ (7

& )
I " L&, D G 2
g (¢ e (BN g w e (TR - ;1
o Lo ym QJ‘)@, R (73 1 de = 0 ]

where
o
4 i the lin: integral over the i th inieranl boundary,
V¢ is the Laplacian opersior,
and i wvaries from 1 through N, assuming that there are N internal

boundaries,
Equation {6) represents ihe rotation condition, and eguations {7} and (8) the
displacement conditions. These equations can be derived by the variationa:

method, utilizing the principle of minbmum energy and Green's thaorem for

the plare,

» : 5 ve the biharmionic fonctis
Let ® . 8y, 8,0 By, 0L ‘?N?‘ %‘N?, ?yy be the kiharmonic fonctions

defined by the following boundary conditions:
{1y @C and 8@0}’3)*@ have the prescribed boundary values on the loanded
1 . .

boundary curve C = and veaish on the other boundary curves Oy, G,
, \

O e

{23 & M/ s 0 onC L T Oy L ol. C©

1§ ]

0 ¢ x and 3%, /dn

{53 %, = 28,70 = 0 :
&, = v oand 2,730 = on,, un
- Ne S _—
3 ?““‘ & ..\H\‘“M*H SIS TS U Loy y LY
i
p .
Tooo o= booand 8% Sy b 0
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a&zzlaﬂi = O on COE Cl’ {:’:3@ PP i,,@Np

]

(6} &

= y and 38,./2n 2 ny, on O

L

(7) Q‘Zﬂ 3 Bﬁzsg’an = & o5n (:G" Cg' Cgp PR (;KJ.
8 = 1 and 3%,,/0n = 0 on Op
etc,

where the nijia are owe normal derivatives of the i‘ij‘s to be calculai: 2 “rom
equation {3}
Substituting
N
¥ - & 4+ T (ai*. + B & 4 Y, Qix‘) {(9)

=2 . iy it 12
ED ]

int 0 equa*ions (6), (7} and {8), we obtain a set of 3N simultaneous linear
equations from which the coefficients ai"af 3.1 ‘o and ‘v’i’a can be determined,
Syrnmetry and other conditions can be utilized to simplify the solution.

An Example

Applying the Love theor . 2 computer program has been written to
calculate the stress field around an inferior crack in a tensile gpecimen for

various crack lengths. As shown in Figure 3. the crack is assumed 10 be

perpendicular to the applied sitress Cf’(;, .
* i
o . b LR -
and the reference frame is chosen such i |
i i
: . iy * Yooy
that both the c¢rack and the domain are 2 : LI A
"o . P ;
o s : . . . fgm A TN
symmetrvical with respect to the = Ll
o ; Iz
. . - i [
coordinate axes, DDue to twofold - ; -
symmetry, the coefficients O, and £, Figure 3 Single Interior Crask

bevomes goaro, and the digplarsment woa Peasile Specimen.,
condi tiens {7} and (8} are automalivally satislied, Hence the stress funcfion

Can be sxpressea an
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al ong G
o
crﬂyz‘, <2 » 0, {11}

along BC
2 4@
T a ﬂ = < a, (is’.’)

T

=

2
o}

o
along QA

? (1)

L1

o Or "5‘;;’" = 0 ]
¢, is the biharmonic function defined by the foliowing boundary conditions:

along UD
QR = o, e = 0., (15)

along BC
od ,
é 0. b =0, (16)

along QA
. 3¢ ‘-
Q’.g = ie ‘5-;& = LU (A?)

and ar A

, & é X

8 4 = 0, 18
b, "g?y i (3 )

while the coefficient ¥ 8 to be determined from

(v CHNFSRARS Vds = 0
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The results of a typical case ave included here for illustrative purposes,

in this case, the width of the specimen
the length of each division equal to A,
32 A, and the length of the crack 8 A,

g o ratios are given in Figure 4,
X 0

kAL o €

Experiment

The st ess fields around interior
cracks have also been studied experi-
mentally using the phoiocslasticity
techniques. Biack and white pictures
of the isochromatic fringe patterns for
the difference between the principal
stresses are taken fromm a mono-
chromutic light source., Kodak
Fanatomic-¥ 35 mm {ilms are uzed on
Leica camera with {-8 lens opening
and {Q-second time exposure, The
tensile specimens ave cut fron 1210
thick (CR-39 plates made by the
Homalite Corporation in Wilsmiagton,
G

DNeawnve., Each specimen s 8,

iong and 28" wide,  The narr-ow

portion of the specimen iy 6, 37 long
amdd haw 2 aorninogl wod
The Cracks are ioirodun

S SO F ot d oo
radian frliels,

i based o the tene ton s othod, Uhie ot

Streas ¢ yntours,

is divided into 32 egual divisions with
The length of the specirnen is equal to

representing various
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hinge support sqgual to one-thivd of the span length., In oerder to achisve more

uniform load distribution, the tensile specimen is suspended at the top from

the loading frame and attached at the bottom to the cantilever beam through

two pairs of steel clamping plates., Two 3/8" shoulder bolts with washers and

ruts are used at each end to connect the specimen to the clamping plates,

An Exampie

i e T TR AL o i AR

Th's corresponds to the example nentioned previously {for the theoretical

approach,

0. 373"

i

Froure

(R34

NMivlser,

Livee

The width of the specumen is 1, 490", and the length of the crack is

Thanks
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A picture of the isochromatic fringe pattern. as shown in Figure 5,

was taken under applied stress 7 equal to 90 Ibs.

per in,, thus the first fringe represents U, -7, 2 ¥
: - [

Comparison

[ETPTIERARIEIE _E

The thecretical and expe rimental results for
(’JI-G‘,_),"'C-’ Cdiviribution alone she net sechion adjacent
to the crack tip of ihe tvpical case are shown in

Figure 6 where point A is at the crack tip, The

apreement is gooa,
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L Nomenclature

Ke ¥ = Rectangular coordinates,
X ¥ = we and y-components of the regultant surface force per unit areas,
$ = Stress functiom.

NG = Normal componenis of atress parailel co x- and y-axis,

x v

T‘W = Shearing stress in xy-plane parallel to x- or y-axis,

Direction of the outward norvmal at the boundary of the region,

-
£}

K] = Direction of the tangen! ar the boundary of the region.
Y = Angle between the x-axiz and the ocutward normal,

Fooooat
L

&) = Uniformly distributed tensgion at the ends of the specimen,
¢
Feo € = Principal stresses, 1
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YOUNG'S MODULUS OF RANDOMLY ORIENTED FIBER-FILLED COMPOSITES
(L. E. Nielsen and P, E. Chen)

The theory of the longitudinal and transverse Young's moduius of oriented

‘ . . , , . i £ i :
or aligned fiber-filled composites is fairly well worked out™’ Likewise, the

mathematical theory of the elastic modulus of an oriented fiber-filied compos:te
as a function of the angle between the fibers and the direction of the applied

- r - z ,q' 5! b E
tensile load has been derived™’ . Apparently, however, no one izs gone

one step farther and calcvlated the Young's modulus from basic elastic constants

of the constituents for the case where the fibers are oriented ai random in a

erials duc

plane, T e equations derived by Horio and Onogl ‘ for fibrous mas
as paper are not exact and are only good approximations when the anisotropy

18 amall compared to the results often found in fiber-{illed composites, For
many applications, the random orientation of the fibers ynay be destrabke

since in the p'a 3 the sheet the elasiic modulus is the same in all directions.

W Phis eriy Y

& computer | rogram oooling nse of the classical theory of elasticity
caleulate the coxpecied dependeance of Young's moduius on the amouni of lang

fibevs in the composite and the vatio of the modals of the fiber phave Lo that of

A 83

the matsiv whase.,  The fibers need oot he tnfinitely long but ondy long saough to

length wheve modudus becames neavly indepesrdent o cagth.

B abigws the o fiogl
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.E“ is Young's modulus of a fiber-filled componite in the direction parallel

to the aligned fibers, i.e., 0= 0®,

% is Young's modulus of a fiber-filled composite measu-ed in the direction
perpendicular to the fibers, i,e., &= 90°,

5 i the shear modulus of the composite with respect to the direction parallel

and perpendicular to the fibers,

vy, is the major Poisson's ratio of the composite,

The quantities E“ ; E,L + G, and v, can be experimentally determined
values, or they can be estimated from such as the following theoretical
i,3

equations assuming periect adhesion between the fibers and the nmiat rix :

E : E & + E,¢§ (2)

JIMM, + Gy) - Gi(M; - M
EE H -V, -vy) @ ateMy } Ll di 3
201-v, 4 (vy-vy) 4 ] (2M, + G,) + 2(M; - M;) §, *)

P C}L - (GZ“GJ) ﬁ_.l (4}

“ I W e (RN B
vy,  E M, Y ‘:EM& he %3) LF. :’?'!;lfs,(;{‘ia t G) ¥ (5}
MM, ¢ G - Gy, - ALY E
‘\.&’hi‘ﬁi"i"
M, ang i, = .
$, and ¥, sve the volume terctions of mab v1x and b oo respe Hvety e Mo
arve o ares! rmodall, e (Gl are shooy roodicdr . aned the vis oo Forssen's atios)
the aubscripts | oaned , Sfos o vefer o the satro s phono and the fibe o regpectively,

value of the modulos for the case o vandoraly vriented hers o he
Y

o revasing the value of the ruodal us L, soven tnoeguaiaon {1} over all
cwdoues of the angle 8 Thoas,
N
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(Ee} is the Young's modulus for the case of random orientation of fibers in a

plane,

Equation (6) was scolved by computer for a number of values of fiber con-

centration §, and modu! us ratio E,/E;. The values of E, were calculated from

i

equation {2}, The values of E, and G were calculated by equations {3} and (4},

4

. . - o .
Typical values for polymers were used, i, e,, G=1l x 10t dynes!cmz, Ey =

2.70 x 10"° dynes/cm?, and Yy, = 0. 35, Figures 1, 2 and 3 give some of the

E y-g, we
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Figure 1} Rativ of the Randomly Figure Modulug Ratio (Ea;"fi'iij%
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Oriented Fiber Composite Young's as a Function of the Fiber-Maivix
Mu.los of the Parallel Oriented Young's Modulus Ratic B,/ E, for
Mouulus, i, e, "E );";r‘::“ , as a Different Values of the Volume
Funciion of the V Jduwmwe Fraction ¥Fraction of Fibers,

of Fibers in the Composite {or
Different Values of E,/ E,.

results in terms of (E.)/£ and F, where F is a fiber afficiency factor relative

LS Tt
-
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to criented f{ibers as defined by the following equation
+ FOES, . L

The fignres show that the fiber efficiency factor F /5 a wlowly varving footion

For mogt camposiie

eh o of Braciec s andsrrest,

of ¥; as well as a function of E,

¥ varies {rom about 0, 15 to 0. 60 and <E€~‘>'{ EH varies frorm about 9,1

Especially for very atiff fibers, i, e., values of K,/ ¥, greater thav 5, the randow

case gives a much smaller modulus than .Fé.i‘g for the oviented fibey cvase, Thu
¥

is illustrated in Figure 4, One hae traded great stiffness o one dirvection for

%

much less stiffness in all directions in going {rom coriented fibere to 2 randown
distribution of fibers,
Figure 4 The paraliel oriented and rancounly

criented fiber composite moduly rolative o
the matrix rmodulus &5 a funcrion of volume

fraciion of fibevs, Two values of fibere

matmy modiddus
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and 30° to the fibera., Also, it s ar umed that B, and EA ars expervimnmestally
determined values vather tham calculated from the constituent proparties,

Yquation (8} predicts thab

o \j*'fg
- (& o)

T

svived Dvom equetion {1}, As

rather than the much more complicated reaul ts

a first approximation, equation {9} gives a good estimate of {E‘:QM'E” : *he

Wl = 4, 12 parcent for EL/E, = 10, and 28
¥ ; 24

o

7
wp
“xd

error is roughly 5 percent for
percent for E,/E, = 100.

For a quasi~inotropic laminate which consists of three or more layers of
unidirectional fiber-rilled systemns oriented at equal angles between the principal

direcvtions of adjacent layers, the i'%;lﬁ} value a8 calculated by the method pre-

gented in this paper iz in good agreement with the result obtained from the
2

eguations given by Fischer aws calidated by the experimental data of the Forest
o

Products L.aboratory

Lo Hermans, J. 4 {(submitted for pubiication to Proc, Amsterdam Acad, ),

W.  "Mater:al properties of veinforced plastics. " Trans, SPE,

¥
oo
{1964},
3. Usai, 5, %, “lrructural pehavier of camposite materials, ' NASA CR-T1
{(1964)
4. Teair, 5 W Faper preseswaed at Sievh Anpual Syroposiem of Fuament
- oy gire, New Mexico (1965),
5 o, L A G, ML dhete, B, Uhaprer 1
P, torhin
{ R L
Al 4




B, Fischer, L. "Optimization of crthotropic larninates, ' ASME Journal

LS N A S R

of Engineering for Industry, WA/RP-5 {1966},

I, Werrean, P, and C. B, Norris, “Mechanical properties of a laminate
designed to be isotropic, " FPL 1841 (1957),

INVARI: NT PROPERTIES OF COMPOSITE MATERIALSS (5. W. Tsai and
N. J. Paganco -~ AFMI.)

The supericr performance of composite materials over light-weight metals
has been well publicized in recent years, Composites have been claimed to
pussess improvements in stifiness and in strength of several told over crdinary
materials, The claim, however, is based »on either the properties of the fihers
alone or the longitudinal properties of a2 unidirecztional composite againat thouae
of the raetals. Since composites are normally used in laminated forms which
consist of jayers of a unidirectional composite, a more realistic messure of the
performance of the composites than that based on the fiber or longitudinal pro-
perties is needed,

In this work, the transformation propertivs of unidivectional and larinated
compuosites are derived using multiple angles, inztead of the classical relations
using powers of sines and cosines, The effect of larminy orientation s then
examined, It is shown that the invariant properties of both the unidirectional

and laminated composites have the same components. and can be used as an

effective measure of the performance of the compusites. Simple formulas for

<
these mvariant properiies are derived,
rrrespechive of the laming orientation, c¢an be determuned from the properties of
the consitutents,  This work sahould be of value to systern analysts whoe muast
evatuate the performance of compasites, 1o giruvctural destzners whno must

establish a rattonal design vrocedure, and Lo materialy erginee 1 who mrdy beed
& 1 : ¥

vrtance in the selection and fabricaiion of cormaposite mate vials,

from w aich the performance of composites,




fhe elastic modull of laminated composites have been reported by many
investigaters o recent years, examples of which jnclude Relssver and Stavshy
. 2 N . 3v A 4 . ; .
Dong, et al. o and Teai . The upual agsumntions in all these studies ave:

{a} All layers a.e in a atate of plane stress, relative to the x-y or 1-2

plane, that
[44 = ol = o~ - 0 ’
3 a0 % )
iby All lavers are bonded toygether and he strain components in the } -4
plane are linear functions of =z,

. )

T EAELY (2)

-

where : = 1, 2 refers to the normal componente, and i « 6, the
engineering shear strain componsnt,

{c} AIll layers obey the generalized Hooke's law,
i i {3)
With these assumptions, the constitutive equation {or a laminated composite can

he derived, The stress-strain relation for the assumed plane stress condition

including the thermal effect for each layer in

e .
v P . - - . o
vihe ve o, = C.H i '“*""‘_;::-‘""*L" = reduced stiifness matriv, {,‘1}
i i Caq
L = anisatropie thevmal expangion sl oy
. §

T = temperature increase from a reference intress -{ree)

o

LS RS SR i) (R A S

Stress vesultants (V) and streas couplea (MY cap he defined an:




“‘: = ; Aéu o "k':t
Mg = NS + Ni Aiﬁ ¢ 4 Sig ki
(7}

. T
Moo= M, + M = B, ¢ 0k,

i i i iy I

whe e
7 h,/2

[N.?,7 M§ ] = i Q;. w 10,2l dr (8)

¥ _.,h/z (]

h/2 5

:AQ‘F aa-& Q,,l = f Q.». {.'p 4 Z.l ] d .4 (()‘

oo N “h/2 vl

The brackets above and for the remaining part of this paper are symbuolic rather
than operational; the equality applies to the corresponding terms in the bracket,
The limits of integration are from ~h/2 to h/2, and will remain the same in this
paper unless otherwise specified.

The constitutive equations of laminated composites are given by Equations
{7}, and the material coefficients are expressed by the A, B, and Y matrices,
Qur present work Is concerned with the nature of the {3, A, B, and I} matrices,

Tranaformation of G .

— 5]

We would like to establish the transformation property of the reduced

stifiness matrix . This can be done by use of FEguation (5) and the transforma-
i

tion equations for ¢ tabulated by Hearmow |, and Tsai . A typical example is

£}

as follows:




n
e

3 . 1. i N 2. . 4
todm nC,, t dnn O . oF 43 + n (.23 1‘.23*m1{;.,363

c 2 ) e
o4 Sz 22 13t
m (CH )+ 2mTn <C”12 o

“33 33 (i 0l
2 2

. C
4 :
+n (c L) - 2 ) + J&"zn‘z(cfﬁ - 36)

KX 633

cya oy
+ 4m3w (Cﬁé - '%*---éé-) + 4mn3 (C26
33 33

(o)

!

.4 22 4 . 22
= Q”*Zmn Qmﬂnﬁazszn Qéﬁ

3 3
+ 4m nQ}ﬁ + 4mn Q?é

The transformation of the other components of (3 cau aleo be shown, The trana-
il

A

{ormation is a rotation through an angle ¥ about the 3.axis, for which C‘U = CA%;

¥ ¥ 2 X
invariant, and m o= cos Y and n o= sin Y. Ii s assurned that a plane of symmetry
~xiais dn the -4 plane.  Based on the resull of Equation {10} and similar results

for the other componenta of () ., we conclude thar (2 transforms the same as
; ; iy

¢ . Having satabbished the tvansfory at1on proaperty, we can apply the usual
i
rnaterial sormmeiries like ovtholropy, tsofrany, &t . At snvarianis of (e

iransfovmation,
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ot
‘I»n
4 , . -
- m W {344 coe20 + cos 48) B
3 )
vy o = (2ein 20 4+ jin 48) /8
22 , {11
m ﬂn = {} - coy 449) /B ()
3 . +
e = (2 sin 20 - 3in 40) /8
4 -
n = {I-4dcos® 4 cos 48) /B

By direct substitution of Equation (1) into the conventional transformation

equations, a new form of transformation equations for Qi' (and CU) can be
1

o

derived with the results shown in Table I,

Table | Transformation Equations of Q1.

L}
Corstant cos 28 sin 28 cos 46 sin 4@
Q‘l 1 U‘ U2 2Ué U3 U?.
[ Yy e i
Qgg Ui L 2 ZZ'i,b U3 L7
i Q. U 0 0 A -,




N7

where G, = (3«;;;” K, f 2R, ¥ 4, ) /8
g‘ - l'(t“‘v - o £
j.? \u’i i i 22),“'.?
4 r A Y . o £ j
e mw {:;;22 mu A@QM} /8 J
’ | 1)
j (€,, + + & - i
4 ! ;’e ] Qzﬁs m‘azz méé)’ 8

+ O -
2 T Wy, t A, ) /8

2

b, = (QM + Q?é)/?

. o= (Q - (‘)‘*/)‘/2
From Table | and rquation {{.}, the following two invariants can be establis ed

by obseyvation:

L, = Qi‘; + Q;?;_’ + 2@2:‘

&

= TR
2“! 14,

ot ) -
Gy Q@ v,

{13}

i, = ' - Ut
2 Qaé Q@ 2
A,
JS U 4
3
se Yo

By cennbituing Fopations (12) and {13}, we can show that amonyg the s
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M

- are invariant as expected because they are the constant terms in Table 1. But
only two of tharn are independent because

) U, = (Ua - 04).&: {15)

‘U“ U'i' U;, and U.y, on the other hand, are not irvariant,
A - 31

i€ ¢y, s orthotropic,
i)

‘ w . = 0
Mg * M
from Equation (12}, we sece that !
Ué = U7 = 0 .
i Q. 1s sotropic,
1] '
Q” = sz
. iy G Ve {(16)
Yt UL 1oy
“e 7 Qe 2 0
From Equation (12), we see that
1 =
Ll QH
u =
g T 9y, (17)
I =z | - =
Ug = 1Qp = Q)2 = G
T s ¥ o2
. 3} {; ¢

Tne components 0of Q) can be eoxpressed in terms of engineering constants if and
i}

oniy if Qg‘ s orthotropic:

j
Oy 7 hy v
(. f A § BV
P s 2% i”}
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We have shiown in this section the transformation squations of 3 in terma of
ij

o

multiple angles, and the meaning of the coefficients in

Transformation of A, B, D Matrices

If a luninated composite consigis of constituent layers of the same ortho.

tropic material {"Vf = U“f = 0} with arbitrary larina orientations, and thicknesses,

]

the elastic moduli ¥ the jaminated composite A'j' Bli and Di
} i ;

f u

; from Egquation (9}

can he expresged, for example:

) .2 (19
A, By, Dyl fc’n (1, z, 2°1 dz g

Since Q“ i# a function z, i, e,, it varies from layer to layer because of the vary-

ing lamina orientations. From Table I [where Q“ in Equation (19} is actually

[ }
Ql i
¥
Q,, = + U, cos 20 + U cos 48
n U] 9 ‘\«43 % (?‘O)
The transformation of QQ consiats of one constant plus two cyclic terms, [l the

11
sarmne materigl is used in a laminated composite, say. boron-epoxy composite,

UlF U, and UJ remain constant for all the layers, Eguation {19} can be expanded,

in terms of multiple angles, 25 follows:

Ay B 00 = [0 0,527 2 Uy e 260, 2
+ U, cos 48 [}, z, 21 ) dz
5 ) {&1
U, Th, 0 K221+ ‘5‘ cos 29 {1, 7, 27 de
; i ‘ 2
U, cos 48 L1, =, 271 dr
The garme dervation can bhe applied 1o the othey components of A H arad I
i ]

artd fhe fival reladions are summmacized 1o PYable 1L
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where the {J are the same as those in
i

defined as follog
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V. . v
Gfa, 8,0} 1A, 8,01
¥ U

g 2
U! mU2

U o

(¢,

<
2

, 3.
[n, 0, "V
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Since # is constant for the entire larninated composite, thuas, independent

of z:
A!i = UE h 4 UZ cos 2 9 fm':-s 28 iz + UZ sin 2 & isin 20 dz
+ UB cos 4 @ ‘[cos@céz + U.ﬁind@ j sin 40 dz
{2 6)
= U*g h + L32 V!A cos 2 € + L52 VL?A sin 2 &
+ U3V3A cos 4 @ + U3V4A sin 2 ¢
where peee V represent the integrals defined in Equation (23) or the sum-

v

1A 4A
rnations in (24), and the subscript A significe thai a component of Aij is being
evaluated., Similar resulis can be obtained for the other components of &, .

i}

The final transformation equations for A” can he shown in tabu.ar form:

Table i1} Transformation Equations of Aii

Constant cos 2 O sin 2 @ cos 4D sin 4 @

A YiVoa Us¥ya YUsVon Y3V aa YyYaa
U Vou UVoa UV, UV,

Ao Ya¥ou v UaVan VA
LY 5«'» Ufs Yy 0A 0 *«t,iav " "Uiﬁz\"fm
_g’,»-’\,g {; { U 5 V:A - ?\‘i ” FU 3\*“ 4A -2 P;V 1A
A Iy i G 24 L)E\e"g & -3 Ufi 1% A E’l..f_}‘\f "
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The transformation sguations for B and [ arve the same as those shown in
- ij Ej

must be replaced by Viﬂ and ViD" respectively, where

Table T except the Vm

P= 0, b, 2, 30 4, Comparing Tables I and II1, in coenjunctior with Table [I, the

- A

coevresponding trans ormation relations are identical, 1 and ‘i.:’? do not appear

N

in Table Il because we are investigating the case of  , being orthotropic, Thus
1}

A, transforms the same as Q ., Similariy, it can he shown that B, and I also
kK 1} i} 1}
transforme like (... The transformation iz needed for esta lishing the material

symmetries like corthotropy, icotropy, etc,, and the invariants of this transfor-

mation, From Tables II and 11l and Equation (14), the following invariants exist:

I

P A v A+ 28 = Lh = (Q tQ,,t 2@3}2”1

1 1 22 12 1 11 22
A A h : (27)
Py = Bge 7" Az 7 R T @ - Qo

Similarly, invariants for Bii and DD are:
] 1]

Fa ™ By * By * 28, =0

(28)

There are several features of the imvartants abhove,
{a) The invarianis for the A and D matrices are the sione as those for the

Oanatvin excepl for corveciion taatorys invalving the thickness h,

th) T he vecariants of the &, R and D omatrices gnpoge definite limits on
thie waviabisd OF theetr cormuonents, 1A v A ar e selected o

i

mert cerigin boading regairements, we no longer have any {reedom in
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B,, = = 0.

1z = Pee
Thus, in a lamina optimization procedure of 3 given material, sav, a
boron-epoxy composite, the range of variability of the elastic properties is
predetermined. As  wown in Table (I, each of the six independent components
of the A, B, D mafrices is governed by a constant terrn, which ia not affected

by lamina orientation, and variable terms expressed by Vi[ in Equations

A, B, D]
{23) and (24},

Special Properties of Laminated Composites

We will examine a number of special laminated compoesites and hope to shed
light on the nature of ViiA, 5. DY in this secticn. Since the limits of integration
are ih!;l, intagration of an odd funciion (antisymmetric function with respect
to z = 0) will be zerxro; that of an even function, not zer(.). L.et us examine the
following cases:

{(2) If ©is an odd i - .. 0 of 2, which may be represented by a Z-layer
angie -ply with 4 Y orientation shown in Figure la, the following
integrands are odd:

cos pb [z gin pb [1, z.z\j .

The {following i "ands are even:
The following integrands a even

p
Loy ) ;
cos p@ i1 2] sinp9iz]

where p = & or 4.
That, the following integrals among those in Equation {23) vanigh:

o = \’v - Y u V = \é" . = R‘P' e “ (ii{,)"
Vin ip o T 2A 2D 44 4Dy 0 (%)

2 A = i
S o b
0y Ty ¥ i { '
[ [ u 3 {3 3
R 2 1 06 '
o
I :'\;\
P A Pt ! AT




cos pf [z sin p® Lz}

The following integrands are even:
o

»
cos p@ {1, 271 sin p8 L1, =

Thus, the following integrals among those in Equation {2

=

vV =V = V = V = 0 31
B ‘B B 48 (31)

From Table Il
B =0 132)
L)

which means that there ig no coupling between beading and extension
in the laminated composite., And Aij and Dij are, in general, aniso~
trop.c,

(c) Let 8§ be a random function of 2, i,e,, layers are randomly oriented,
as shown in Figure lc, and defined Vi as the average value:

V., = - vV de

t w

(33)

(C.OS pQ) [V, z, ETE} fr &
sin pB

|-
T
; y
3 r
"“ﬂ

where poas cven,  We have dropped the second subsoript in 'V,
! ilA, B, D]

gince 18 s imunaterial here, Interchanging the order of integration,

Wi gt

L, o)
b . W d
-~ | e cot p@ 2
V.o f TUPEy g T ‘Y 4y
: W o . . (ﬁgg ;‘9 R ..i-,» I, z } s
s

0
Pl for candoin ertenty the comstituent tayers, all the ¥ with
i
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and from the above and Equation {15}

- (36)

A = A
11 12 &6

which satisfies the condition of isotropy of Aij' The isotropy of Aij

only implies that the moduli of a laminated composite are isotropic.
The stress distribut »a, however, is not the same as¢ that in a homo-

Reneous, isotropic hody, Similarly it can be shown that

B )
N . (37)
D o= A

B i}

Thus [y  is also wotropic,  The laminated composite satisfies the
ii

condition of homopeneity as weil, althouph the stress distribution is
different from that in a hormogeneous material,

I oa laminited componsite has n sgual Tavers n 2 &) and the orisntatica
4 1 \ § ]

af lavers are at inc rement of Wa, the integral v}

v Hone Dwin b cos AT Y L L L cos 2wl hn (318}

TA

From Phrevoe ' table {4th Hdition), formala

vV N may be expressed as




SHT.

Forx = 2 %/n

VM = 1/2 - 142 = ©

Similarly. from Pierce, Formula (037},

n "
sin x $in =x
2 2

sin X +sindx. . e x=

(10)

. &
gin =
3

Forx = 27/n

\I“SA. = 0

Using Equation (32) and {40), we can show for x = 4 ™/

V.= V
2A aan =0

Since ViA vanish for this type of laminated compeoaite, Aij is iaotropic,
The same relations as those in Equations (35) and (36) are obtained.
This, of course, ia the well-known result of the in-plane quasi-isotropic
composites where the larnina orientations are: {-&0) - 0 - 60, {-99} -
(-45) - 0 - 45, etc., shown in Figures 1d and le, Bij and Dij can be

made quasi-isot opic by more complex gtacking zeguences than that

for A ..
i

o
Finally, the area under the A;‘ versus § curve from & = 0 to ® = 27 can be
obtained by the intepration of the r.:angﬁw.matian equations listed in Table I,
Since,

2%

o5 p & _ .
i Nad 1 %
j{) inp @ a@ = 0 {41}

where pis evern, only the constant reros remain, Thas the areas under the .t\i*

epies

are consiant and the awv

wonmane Tical values are the sotropico consiants o
Equation (35} for the randomiy artented lamisa composites and those quasi-
ipGtoopip lanteaios descitbed in the previous subsection,  This leads to the
conclasion that the invariant pro

perlien o conwiants 1) woet E
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as ¢ varies but the area under the curve remains constant. We can alsu cun

clude that the area under the B;j curve is zero and that under F);,, constant,
x

Invariant Propertiea

We hove shiowa that the clasiic properties of o unidirecnonal cotmpDsiic are

strongly influenced by two independent invarianis,

= {3 3 4+ 20 4+ 4(C 8 42}
U} (Q“ + QM, +¢JJH + &)66)/ (42}

U Q, +Q -2Q, 4Q, /8 (43

5 1 s

For laminated composgites, the same invarianty exist, excopt that corvctions for
thickneas of h and h3/22. must be applied for the A and D matrices, respectively,
The invariants for Bi' are identically zero, as shown in Equation {28).

If the material is isotropic, the resulting relations shovn in Equaticn (i7)

are:

) = 1 - .
{1 Q“» 'L' Q(wb {44}

Because UI and U‘S reduce to the stiffness and shear rigidity of an isotropic

material, we shall designate U  and U_ defined in Eqguations (42} and {(43) as the
o

1

isotropic stiffness and isotropic chear rigidity, reapectively, These isotropic
properties, which are specific combinations of orthotrop e properties, represent
a realistic measure of the stiffness capability of composite materials, which can

be compared diveotly with motropic matertals,  This measure of gtiffness is

different from the common practicve af comparing the lonpitudinag! stiffnees 14, l
k

with igrotropic materials.  Although Q| for many mode en compogsites can e
i ’

svveral times higher than Light-weight metals oo the werght basig, this is pot a

fair « CHMPA TS On heocause the weakness of rmoos! ¢ orocasiies 10 braftave rse stiffness

arvd sheay crgidity (s fwgnored,

By adelition 1o 4 reabisite basis of Bors ot yopeds shate riale, the

of mmvariany or asoebrape properiies may Tead tooa befrer anderatanling
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-6 -
A o= Q ,h
1) 1}
any change in fiber orie tinon of some jayers within the same composite will ;
;. \ j

change A"i according to Table ¥, These changes are governed by the integrals ‘;
LR 3

vl, V), V’% and V4, while V‘qs Ledug dhie leuiiupic wuusieibis, remains invariant,
The V's dictate the magnitude of the variability in the elastic propertics of a ‘
!

laminated composite and the variation oscillates above or below the isolropic
congtanis, Since the absolute value of sine and cosine functions are bounded
between D and 1, the variability of the Vs are also bounded,

The concept of invaviant properties may simplify lamina optimization
process, Structural ovtimization should begin with the isotropic constants,
They should represent the minimum stiffness of composite materials, Any
itamina degign that falis below the performance of that based on igotropic con-

stanta should be automatically rejected,

\
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Figure £ shows the transformation relations of & for various horon.spoxgy
e . £ ¥
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Figure 2 A' 'h for Variouvs Boron-Epoxy
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L.aminated Composites

The unidirectional and ieotropic composites are shown in both csagrams, On

the left diagram, two cross-ply composites with crose-ply ratio m equal to |

and 3 ave also ahown, Cross-ply raiio is the ratio of the thickness of the (7 to
3¢0° layers. On the right diagram, two angle-ply composites with helical angle

% eqgual to 30° and 4%, Angle-plv compogites conaist of equal numbers of layers
ortented & and -8, These diagrarms {llustrate that the areas under ali the Aii
curves are the same, I a cross-ply with m 2 1 is combined with an angle-ply
with @ « 457, the repmuliing comporite ia tsotropic,  This agrees with the con-
clugion of the previous section amd v shaown 1 Figure e ALL the cross - ply

can be shovwn foom The fvans -

cornponites have the same value at & o Jn"
formaiion equation,  Fimally, it can be meen when the number of larmina ovientations
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It may be useful to determine approximately the numerical values for the

invariant properties represented by Fauations (42) and (43). We will define
g = G (46)

For highly orthotropic comporites like glase-~epoxy and boren-epoxy compoesites

Q. = B, 0, % E, (47)

hecause the minagr Yoisson's ratio v?ﬁ is usually lese than 0,1, 144 ‘Ji , 18 .3,
» £

-y V.Z] > .97, ‘The apprcxirnation of Equation (47) introduces an error less

than 3 percent., From elasticity solutiorns by Adama and Doner on longitudinal

f . R . . .
shear and transverse loading of a unidirectional composite,

G = G /G = F_(GIG , v

Qﬁb/ ™m 12,/ m kl (CfK m ‘f} (48)
{E = K { F = M Y 49
uﬁ& oo’ Z.Z,IFm FZ (Lf/ﬁ'm vf) (49)

functional relations F‘ and ¥ are approximately the sames which can be shown
3 (5
by comparing Figure 5 of {7} with Figure 4 of (8}, For a fibrer volurne of 70 percent

or leas, the ervor introduced by letting

P {50)
H &
i L0 percent or less, Nince
( SR R A S {511
i 1y ryy
we obtain, for v 2 L33, feom Faoaations {48 and (43}
vy / '
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Isotropic Stiffness s E = E. {54)

E (55}

it
Gl
]
W= C0F
ot
i
A I
B
B

[sotropic Shear Rigidity

These approximate equations are simple to use and give reasonable values to

represent the invariant proparties., For borom-spoxy composites,

EH ® 403&}5}6 pei

EZZ x 4% 106 psi
' (56)
= 25
Y2

GIZ = 1.5 % 106 psi

A comparison of the laminated composites analys i53 with the approximate vela~
tionae above are:
E G
Method of Reference 3 16 x 106 psi 5
Approx. {(Eq., 54 and 55} 17.5 % 19& pei 6.0 x 10 psi

Error B% 14,

Cox derived tgotroplc constants for randorniy oriented fiberous comuosites

R

£ = ¥ /3, S (*

92
e
et

e 2
[hese values are lower than those of Fguations {53} aml {558}, Loewenctein }
slee anowed the 38 factor foy tn-plane random ovientation {the {ransvergs d
‘ . LN ;
ariffncse x taken to he waral,  Bashoy alpo devived a theovy
rezilary o thal reportsd by Loecsastein | Both Befsrencen ¢ ancd 10 may be :
5 i i
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i MLy, Bowewe e, [T R A ERS v
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An approvimate estimate of the performance of fiber-reinforced composite
iz shown in termsa of invariant properties in Figure 3, The normalized £ and

G are derived from Eguation (54

- 3 5
2 = {g /E .= AR I 59
"’!Esm 8 { 1% Fm) g \F;&;&f}ms (%)
= = {i-v)sv EBEIE ] oF
g Ly v BJE 1+ & F,

where, the rule-of-mixtures equations is used:

i P 1~V ®
Eyy o= (1 vf)h,m + v.E, {60)

and F_ is expressed in Equation {49}, the numerical values of which are obtained
L

from Reference 8, From Equation {55},

GIG_ = = (1-vf)+vfzf1\bm3 t - F, {(61)

where Equation (51} is used with vVt 0.33. Compar.ng Yguauons {59y and {61},

we notice that for £/ FE of values between & and 120,

{62

H
;:‘}
o

E/E

Figure 3 shows the normalized £ and G {for fibevr-reinfoveed comnorites
wth ve o P0and 40 percent.  For coupvenience, absolute unite for E are also
saown for horvonr-aluminum, glags-epoxy, and boron-epozry compositey,

Figure } represents the mintmuom capabilities of the composite materials; the

srdvrantage of designed anisotropy o meel a specific Inadmy condition has not

haown cialimed, ..

¥

Figure 3 faotvopie
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Summary

PR ———-

We have shown thae the transformation equations of tensors can be expressed
in multiple angles instead of the usual powers of sines and ~osinces. In the multiple
angle representation, the transforwmation nroperties consist of invariant termas,
which correspond to the isotropic constants, and cyclic terms. which control the
variation and directionality of properties dus to anisotropy, The transformation

equations for two-dimensional layers (Qij) an' the laminated composites Aii’

B . and D . can be readily derived,
i ij
The elastic propevties of laminated composites as functions of lamina orien-

tation i8 shown in Table I, The components of Aiiy B, and i"ij are poverned by
A L)

invariant terme, plus variable terms in terms of integrals \"i, It is proposed
tha® {sotropic properties for anisotlropic materials be used as a measure of the
mi. .imum stiffness capability. They may be considered intrinsic properties of
the material because they are independent of the lamina orientations and can thus

represent the capability of 2 given amisotropic material in all forms of lamination

inctuding the unidirectional case. Direct comparison: of the stiffness represented

by E and G with isotropic materials appear to be more realistic than the nse of
the longitudinal <iiffness >f unidirectional composites, Appcroximate expressions
for these fgorropic constante are shown in Eguations {54) and (%-"5\}y and their
nurmerical resulte, 1 Figure 3. The rvesulis mecay bhe helpfod i svstemns applica-
tion of composits oate rials, The relative merits of controliable varrables ke
i’{ﬁ,a" b and v can be determidned directly from Figare @ which should be of vatare
vooratenialyg enganice ra

inatiy, the bazas o Tarmina optitmization may be move cadidy carvied oas and

Better andevatood by the moultiple - anple relations than the conventions! treaiment,

dfvorn the vabives of the intepralse ¥
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to larmina optimization procedures, For practical design. the munberof laming
orientations in a laminated composite may be kept to, say, no more than 4
orientations. The variation of the properties may be more ¢ffectively con-
trolled through the lamina thickness than the orientation. The reduction in
lamina orientations may introduce immediate simplification in structural
analysis, design procedures and automaied fabrication techniques of laminated
composites. The present concept may lead to an optimum design based on
strain energy from which desired anisotropy in a composite material may be

determined, A similar approachi the problem of strength seerns possible,

Nomenclature

A, B, D Elastic constants of laminated composites, Equation (19),
ij ij i
C.. Elastic stiffness matrix of 3-dimensional bodies.
1J
Q.. Reduced stiffness matrix for bodies under plane stress,
13
P L Invarianws of Q. .,
i 2 i}
Uson o Uy Coefficients of tranaformation equations in Table I, defined
) i by Equation (i4).
v, Isotropic « onstants for A, B and 1)  defined by Equation (22},
$ ijh i) i
'V‘, .. V 4 Integrals defirod by FEgueation (fi)
N Stiress reaultants,
3
A Btreuss couple s,
¥
k Coovrrpronye it s oof ey alyre
3
: : ! T Caticeowhich ss the tatio betweern the ihickness

o PR KT Y
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PR .
T Temperature,
v Volume fractions,
o, Thermal expansion coeflicients,
i !
ﬁi Strain componenis,
ci Stress components,
Y Poiason's ratio,
9, § Angles of rotation,
subscript { Pertaining to fibers.
subscript m Pertaining to matrix,
bar Average quantities or isoiropic constants,
prime Transformed component,
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IV, PHYSICS AND CHEMISTRY {L.. E. Nielsen and
A. T. DiBenedetto)

The major effort of the Physics and Chemistry group has been directed
toward developing an understanding of the effects of interaction between a filler

and an organis matrix on the mechanical behavior and environmental stability
of compesite materialse, Qur primary objectives mzy be listed as follows:

1. Todiscover the mode and extent of interaction between phases and

to determine the effects of interaction on physical properties,

) 2. To examine the mechanism and quantify the variables for crack propa-
- gation and catastrophic failure.
. 3, To examine the effects of veids and other structural defects on the
. properties,
4, To investigate the environmental stability of composites.
- 5. To determine the effects of filler aggregation, shape and orientation

on the properties of filled systems,

Investigations made to dute have been on "prototype' organic resins and
glass fillers, However, with appropriate fabrication and measurement
techniques developed and basic concepts cenfirmed, emphasis will be shifted
to the study of the properties of composites with boron, praphite, and whisker
reinforcement,

Fracture and Mechanical Behavior

Considerable effort has gone into developing composites that exbibit tmproved
response and anto developing an andevaianding of fracture phenomena
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A great deal of progress has been made in understanding the behavior of
thick elastic interface composites, Dras. A, 5. Kenvon and R, J. Slocombe
have developed techniques for applyiag silane conpling agents, flexible inner-
laver reains and cigid outlayer resin coatings to glass beads and chopped glase
fibers, Experimental data show that improved physical properties are directly
related to improved adhesion and presence of the flexible innerlayer. Electron
scanning microscopy techniques are used to show the improved adhesion between
phases due to specific coupling agents and to show the changes in {racture
mechanism caused by this adhegion,

The polyelectrolyte work conducted by Drs, L. E. Nielsen and J. E. Fields
has been an attempt to produce a high modulus, high temperature-resistant
matrix by forming jonically bonded metal salts with an organic polvmer, The
primary emphasis has been on reacting polyacrylic acid with a zinc oxide powder
and filling the resulting matrix with aluminum flake, ironflake, lead nowder and
boron filaments, Composite shear moduli up to 1,5 ~1“7:(106ps§at360‘c,
compression strengths approa. hing 60, 000 pei, and thermal expansion coefficients
of roughly 1/5 to 1/10 of normal organic polymers (in the range of some metals)
are attainable, Application of this work to the fabrication of useful shapes is
aiscussed in the Fabrication Section,

The tracture characteristics of edge-notched composite sheets have been
investigated by Megsrs, A, M Wambach and K, 1., Trachte, They have shown
that at jow Joadings the fracture toughness of a particulate reinforced composite
riatertal mav be gignificantly lowered by an improvement in adhesion helween
phases,  Fleciron microscopy v wsed to show that this decreass in {fractares
tounghness s associated with a change 'n the mechanmism of crack propagation
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a glass-epoxy interface. In the absence of detectable cracks and voids, it
appearsg that ir contrast to work reported by others, silane treatments decrease
the rate o. diffusion of water along the interface,

Yeyser’s work emphasizes again the need for accurate measurement of the
defect content in composgites, Some recent results {premature for coverage by
a paper in this report] of the Washington University group lead us to believe that
the measurement of internal pressure above the glass transition temperature of
the polymer i3 a very sensitive means of detecting voids in the concentration
range of 0. 10% void content and less. This may be a very simple and very
reliable way of detecting structural soundness of thermoplastics, B-staged
resing, and lightly crosslinked structures,

Interactions. Aggregates and Networks

Dr. T. B. Lewis has studied the effects of inter-particle forces and particle
size on the mechanical properties of composites, The initial work was conducted
on a system of Arocinr {chiorinated biphenyl) filled with glass beads. Measure-
iments were made on dispersed systems, in which filler particie interactions
were negligibie, on agglomerated systems, in which there were weak cohesive
forces between particles in an agglomerate, and on aggregated systems, in which
there were strong cohegive forces betwean particles in an aggregate, He found
that spheres of uniform size, distributions of sphere sizes and aggregates of
sinteved spheres can be described by the Mooney equaticn for the viscosity of
suspensiong,  He also found that suspensions of aggregales become non-Newtonian
it lower volume fractions than do suspensions of amiform spherves, and that
agplomerates held together by weak furces aot more Hike antform dispersed
spheres than they <o ke strong agyregaiers,

.
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In a closely related project, D, Droste has been studying the effects of
filler-matrix interactions on the thermodynamic and mechanical properties of
filled thermoplastice. An increase in glass transition ternperature with increas-

ing filler concentration for phenoxy-attapulgite composites and Epon 1831 -

attapulgite composites indicates a change in the polymer matrix because of the

presence of the filler,

Tersion pendulun. data on the phenoxy-attapulgite composites confirm the
shift in glass transitions ohserved by differential thermal analysie. Changes
in the loss moduli and damping capacities with increasing filler concentration
over tae whole temperature range studied indicate that the filler particles ar=
influencing the rheologic properties of the polymer phase,

Mr. J. R. Joseph has completed his Master's thesis =ntitled, "The Growth,
Morphology and Reinforcement Potential of Low Molecular Weight Crystals in
Amorphous Polymeric Media.'" A rigid amorphous polymer {styrene-acrylo-
nitrile copolymer) and low molecular weight ~ompounds {acetanilide and
anthracene) scluble in the polymer at fabrication temperature and crystallizing
out of the viscous melt at lower temperatures was employed as a prototype
svatem, In general Joseph has shown that in-situ growth of low molecular
weight crystals in polymers 18 a feasible tochnique for fabricating composite
materials as long as certain compatihility requirements are satiafied, Since
the maorpholopy of the precipitated phase is strongly dependent on cryetallization
vate and temperature, this techmque may also be a poweriul tool for atudying
the effeves of filler shape and orentalion on the propervties of componites,
Puafure Bemphasis
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1. An effort will be raade to study the relation of mechanical properties
to the morphology of the filler. Work on spheres and fibers will be
extended to fiskes, mats, interlocking networks and complex dendritic
shapes,

2, Work will be expanded in trying to reiate the interfacial studies to
problems in fracture mechanics, QOur ability to do a wide variety of
fractography experiments will be utilized to its maximum on a wide
variety of composite systemas, ,

3. Environmental stability and material reliability will be investigated to
a greater extent, The effects of water arnd oil environments are of

special concern in organic matrix composites, i

4. In the near future we will probably want to investigate transport
propertiesg, It is very likely that the detailed nature of the interaction
between prhases and the presence of voids and other structural defects
affect volume resisilvity, thermal conductivity and the dielectric
character of a comnposite,  The use of these and other transport proper-
ties may possibly be valuable {or non-destructively evaluating the

soundress of 4 rrale vial,
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they cannot be used to examnine a fracture surface divectly withoat replication.

Satisfactory replication is generally resivicted to compogites containing

particulate fillers only a8 the tendency for composites reinforced with fibers is
to yield fracture surfaces resarmnbling & porcupine’s back,

To study composite {raciure surfaces succesafully an instrument is requiyasd
that will permit direct examination of the sampils, withouwl replication. at
magnificatioas from less than 200 to weall over 20, 060 times, and that will pro-

vide a lavge depth of field at all magnifications, The varied nature of the

surfaces encountered reguires the exarnination of relatively large areas to aveid
hias, Furthermore, it is desirable to be abie to look at the surface from various
angles, Asg a corsequence of the required large depth of field, object planes will
not be separated, Steroscopic viewing 18 veguired to avoid misinterpreiation,
>

The Scanning Electron Microscope described by Smith” and C?m.lsayq' 7
satisfies the requirements for the stu., of composite materials fractegraphy.
frn this insiroment a beam of 20, 000 volt electronag is focused ta a spot 70 to
L00 A n diam ster oo the sample surface and ie gcanned over the surface in a
raster of 1, 000 to 4,500 lines, This primary beam causes the sample to emit
apcondary electrons with an average energy of & e v, . which arve collected.
amiplified, and voed {0 rocdulate a cathode ray tube scanrang in synchronization
with the prirnary beam,  The ratio of the tlength of the scanning Line on the ORT
o ochat on ne sample suttace determines the magmiication, e varvation wn the
nuavee v of gecondasry elecirons collected s 2 functiorn of surface contour; as a

cove e rnee the displayed smmage revernbles the oplical appesrance of the sarfsce,

Ve U POl GO IR Y Y e Te nt 13 May oe expressen, (08 trved AT PN Y B

i * TN

Triary proo owrvvirateewyy
b 5 §
N R £

ce e S am Yhoe arogle Detweee s (e nriivvary Dearn and fhe oucfac e and Yeoanstants '
£ ‘i CoopdoEr L T I B I T I TR T e N T T O R T
Tvaty Moa HERY o g WA ' RN i Vitgs 13Ty 4 @ E ey 3
I A L e s Aot gy SR m i« P bl 2 et et et o e B AN 4 0 K R




.

coliector veltage and geomatry, and other parametars, The relative change in
coliected secondary current with changs in surface angle, and therefore, the
change in brightness of the image on the CRT (that ir, the image forming process)

i ogiven by aguatiom {2},

s B Cot ¥ Aa (2)
. m--'w ¥ g\?sﬂ @ Ry

1§

By making reasonable asgwnptions about the relative values of 0 and B (e, g, G<<H;
X [l } 4 : ;

eg-ations (1) and (2) may be reduned to the simplified spproximations given by

8 » K Cosec §

224 w6588 for 200 = 8 sgqp°
]

Although the image dispiayed by the scanning microscope clocely reserabies
an optical one, there are peoings of difference, the most important being the
apprarance of » charp edge. 1 an edgs or a thin part of the sample i3 oriented
to the slectron beary and o the colloctor in suth 4 way an to enable secondary
elecirens to cuoerge from both sides of the eddge, excessive brighwtess wiil
veault and WU detail will be lust on this bright area. It s this Yedyge effect” tha

causes the white Iine aroun. many of the fibers an the pictures shown,
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The applicanility of the acanning eleci on microscope 1o coavposite {vactos

graphy can be demonstrated readily vy & cumparison with an optical micros

COpe,
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anatrix surrounding the Diber as Mustrated in Figures 7, 8, 9 and 10. The
width of this zone, as well ae the frequency of its occurrance appears to .acrease

with incregaing bond sivength and is clearly defined only in those systems char-

acterized by good adhesion,

o o - i

Figure J Tensile Fracture
Burface of an Epoxy Com-
posite Reinforeced with
Discontinuous Glass Fibers
Coated with a Flexible
Interlayer, Note Fractured
Fiber and Zone of Influence
in Matmx, 1, 800 X,
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Figure 9 Ar Enclarged View of
Figure 8, 900 X.

The strong interaction
between reinforcerre nt and
matrix in a weil bonded
systern causes the fracture
to be displaced away from the
reinforcing elements without
exposing them, as demonstrated
by Kenyon and S.‘locombe( for
beads, or to intersect them at
acute angles to their surface
as depicted in Figures 11 and
12, Finally, the fracture sur-
faces of such samples exhibit
many large and small secondary
fractures or cracks in the
matrix which are not seen

~ial hond

when a weak nter{:
exists,

Seldom, if ever, does any
single surface display criteria
of only good or only poor bond-
tng: soine indicanions of both

tyvpes can be found, althoueh
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and undoubtedly only some of the
significant characieristics of the
surface have been defined.

This work is continuing on
characterizing fracture curface
marphology of composites and
correlating it with physical pro-
perties and types of induced
failure, Its objective is the

stablishment of the failure
mechanisms of composite

rnaterials by scanning electron

fractography, similar to that

Figure 11

done for metals by electron
transmission fractography.,
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COMPOSITES WITH FLEXIBLE INNERLAY ERS (A. S. Kenyon and R. J. Slocombe)

In this work primary significance 18 attached to the thin layer of matrix resin
which surrounds the reinforcing agent in organic mailrix composite sysgtems. [If
it has a suitable structure, this innerlayer of resin is viewed as being in position
to promote stress distribution, improve adhes:ion and reduce voids at the interface,
A preferred ordering of molecular structure is also possible through the operation

of forcea at the interface when the tnnerlayer 15 deposited., These views on streaa
) i
digtribution are supported by the preliminary studies of Kenvon |, and by theoretical

conside rations by Matonis and Small and Gaonkar . Factors related to adhesion

and interfacial voids have been surveyed by Zisman  and some aapects of the

otrentation of polviner molecndes ot interfaces surnarised by strombery and

5 b
Kline and by Kaphing 0 Froom a synthosis viewpoint, molecular species may be

Jeveloped g resin mne riave o hat do ol exist in the hulk matviz resine Cone
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In recognition of these possibilities, initial experimentation has been

directed to exploration of relationships between synthesis variables and to
obtain positive indications of performance potentials, Basically, the synthesis
procedures were designed to allow control of the thickness ind compogition of
innerlayers produced on chopped glass fibhers, QOperating procedures ware
designed and carried out as individual steps in the following sequence;

I. Preparation of outerlayer protomatrix resin,

2 Pre;)aration of silane~treated fibera,

3. Adding innerlayer to silane-treated fibers,

4 Adding outerlayer protomatrix resin to innervlayer-couated fibers and
working up the granular epoxy prepreg product,

5. Molding and curing the prepreg product inte test specimens,
Background studies for carrying out steps 1 aud 4 were described previously by
Slocombe .

Prior to their incorporation in the prepreg form of a composite, the resin
compounds were partially reacted to produce a relatively stable solution {proto-
matrix resin solution), The solvent used {or the reaction of the epoxide and
amine componenis was formulated to meet the solubility requirements and to
provide a hydrogen donor to catalyze their reaction, In its final form, the solution

of protomatrix resin wad produced with 50% solids in acetone, In addition tc

%

solubility requirercents, acetone was selected primarily for the stability ot affords
the protomatrix rexin, The stage of the chemical resction during the formation
and storage of the protomatrix resin solution was followed by dual titratione. The

4
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solvent and the solution volume required to produce a siur: o of individually
dispersed glass fibers. Maximum cure was the prime consideration rerognized
in selecting the curing cond’tions,

To obtain more specific information on adhesion and fracture bebavior,
sxperiments were subsrcguently carried out using glass beads which provided
an untreated glars surface of known geometry, Varicus silane couplers were
used with and without innerlaver in a matrix resin,

Preparation of Outerlayver Protomatlrix Resin

¥t following deecription applies specifically to the preparation of proto-
matrix solution No, 35 (PMS-35), However, it must be regarded as an exanple
typical of numerous runs,

Solution-A wag prepared by dissolving 75, 0 g. methyienedianiline in a
solution of 817,85 g, methano! and 114, 0 g. water. Sclution-B was prepared by
dissolving 249. 0 g. Epon-826 in 355, 0 g, xyiene, The A-poin anal-tical speci-
mens were taken from a mixture prepared at room temprrature using 33,3 g,
solution-A and 279, 0 g, solution-B, To produce the protomatrix vesin, a tared
one-neck three-liter flask fitted with a reflux condense attached through a
Y -adapter was charged with 966, 2 g, solution-A, The aolution was heated with
a Glas-C ol mantle and stirred with a magnet-driven bar., At the reflux point,
ETH.8 po o solution-B was added guickly trom a dropping funnel at the Y-adapter,
The fupnel was immediately replaced with a thermometer and to maintain a

solatrton jomperature of A8 reflusing quichly redtored as heating ontinmuaed,

Afier 10 manates, the B pomnt analytical specimmens were taken and the flask was

tos
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ransterred to o Rinco rotary evaporator to remove the solvents under redanced

pressuee, A owater bath at 807 was asend to heat the sk andd solvent removal
wiis owoorapleted oo by, e neeinanad roopndly capovived aod the solution
Dihvrouagh oaogerroet of portial sedscoithility, The femmpera
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The flank was weighed to determine the amount of syrup resnaining, and a
material balance was made assuming that the only resin components lost {rom

the reacior were those in the analytical specimens, This calculation showed

that the ayrup contavied 0. 942 g, resin components per gram of syrup, and
consequently, the 324 g, of product contained 305 g. resin components and 19 g.
residual solvent which was assumed to be xylene, By subtraction, it wag calcu-
latzd that 286 g. acetone should be added to give a solution with 50% eolids, The
D-point analytical specimens were taken after the dilution was made, The aolution
was sealed in pint bottles for future use with one bottle put in a refrigerator for
cold-storage testing, Solids determinations were made on the solution by drying
3.3 g. samples dispersed in small pans of sand in a vacuum oven. The test
showed 49, 89 and 49, 97% solids.

Analysis of Protomatrix Resin

The A- and B-point analytical specimens each consisted of two 10 mi.
samples, and the C- and D-point specimens each consisted of two 1 g, samples.
For each analytical point in the procedure, one of the specimens was titrated
with 0.% N, hydrobromic acid in zlacial acetic acid, and the other specimen was
titrated with 0,1 N, perchloric acid in glacial acetic acid,  Both of the rmagent
solntions were handled in avtomatic hureites o mimimize contamination and

rvaporation losses, They were standardized on the same day the analyses were

& made uning cortified aridimetric standavd grade of potassiam acid phthalate,

-

The titrations were made in 125 ml. (lasks with magnet-driven, Teflon-coated

B ativring bars, Hefors Ulrating, each specimen was difated with 50 ml. glacial
aveiic acid ard 8 or 6 drops of indicator added (0019 solution of crystal violst
wy placsal acetio acidd,

Anatvireal gats from the protormairis resin synthes g RS IS arve gliven in

Table I, and storape data on this same profomatyis soluhion are given o Vable 1

ki as
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innerlayer solution was then added and heated while stirriog gently, At about
40°, 28,75 g, triethyleneteframine was added and heating continued for a
specified period after reaching the retlux remperatare, 64°. The innerlayer
solution was then removed by suction with a filter stick and the fibers ringed

twice by swirling gently with a lifer of acetone,

Deposition of Outerkaver Fesin on Fibers

An acetone slurry containing 30 g, of 1/32" chopped glass fibers from
previous steps was transferred to 2 one-liter tared beaker and most of the
acetone removed by decantation, leaving about 100 to 120 g, to keep the fibers
wet. The protomatrix solution was weigned by difievence from a closed bottle
and added dropwise while gently mixing with a lifting motion to avoid balling the
fibers, The prepreg was precipitated in granuiar form by adding half of this
mixture in gmall portions with a spoon to cach of two four-liter beakers 2guipped
with a motor-driven paddle stirrer and containing th-ee liters of 0, 17% PDR-~14
solutior at 0° -5 €, The groduc was washed six timmes with about 3500 ml. ice-
cold water to he deo the resin and subsequently spread out on  fine -mesh sieve
over apsorbeni paper fo drain water from the porcus granules, The product wan
dried on Teflon rraye tn vacvuam ovens for about 16 hours at room termperature,

When 6 g, ol protomatrix solution was used, the vield of dry prepreg was about

S0 g, Samples showed 50-55% ash caontent {(fiher) upon ipnition.
H 3 14

the B repreg

Moldings were made by chargmg 23 g0 of freshly dried prepreg in a pugitive

Bressare mold with a2 6 cavity, Appreawable care and prepacking was neces -

fary o achocs e v Foran distrihit o S the snobd which hed boea previously

¢ oated A flaorocarbon vodease aeent DAMS A suptdied by Miiler -Stephens on
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made, The maximum oressure was maintained or ithe mold while it was cooled
to below 60°., Moldings were cured by heating for 3 hours at 150° followed by

3 hours at 80®., An unc.itical test gave better strength using this curing
segquence than when reve. sed, Two 3/4 x 6" sirips were cut from each molding,
and these sirips were routed to give specimens {or tonoile testing in an Instron
machire vith an extensometer to obtain streasg-~strain data given in Table IIL
The npoxy resin (Epon-8i5) and flexibilizer (EM-207} were used in the cation

shown in this table,

TARY 2

Tl SR L LT ERPILRE PO T STt

(“lase Beads With Couplers and Innerlayers

= - L e

Microbeads (Cataphote Corporation =L RS “"" ;?:3, b
STl = ¥ . S .e

Type 4000) having an average size of 3. 001" . ' i ,. Tl e .
and vanging from 0. 0605" to 0. 0015" were : e
surface treated by stirring in 1% solutions o : f ”

of various silanes, (Table IV) in a ratio of

I mi., per gram of beads at rown tempera-

tare for 30 minutes. The brads were removerd from the solutions and dried and

cured by baking at 140° for an hour., Some of the tres‘ments vielded aggiomerated
beads, However, they were readily

TABLE IV
dispersed in the matrix resin mixture

AT A W O WD
S A CRCRRTRS BN S R T IIOW O U35k et

i -1 e - or the annerlayer solution, For these
- . tests, the matrix resin mixture was
e
= . o ’ Fpon 815 and tricthyienstetcamme in
- . . a ratio of 7/1, In those examples
e i v . g -,
~ ‘ hiaving ananneviayer {(Table V) 100 g,
o - a e ot the dame ~freqied heads we e coated
R . . by stivering an o refluxane soelation of
the foliowing composition: 6,25 g,
Bloon 850 4000 w0 N0 G 50 rod, inperlayer wolvont maxture {7069 water,

67,29 o thanol, o, 29 a6 etone). After one hour, 1, 8 4, triethvienetetramine

woan addes s nd o et oy wase s oniinis D ter two hooars Tonper, The coated beads
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were separated from the solution by filtration on a Buchner funnel, dried for
15 hours at 70", and then dispersed in the matrix resin mixture, :

Rawv Materials

Fpon 81% and 826 are cormmmuarcially available resin components consisting
lareely of bis-phencli-A-diglycidyl ether., Epon 815 coniains sorne monofuncrional
cpoxy diluent. Both materials were obtained from Shell Cheinical Covnpany,
ps p'Methylenedianiline was obtained as a purified grede {rom Dow Chemical
Company, EWM-207 is a low molecular weight polyester abtained from Thiokol
Chemical Corporation, These resin comporents were analyzed by titrating with
tydrobromic acid by the precedure used for analysing the protomatrix sclution,
The gram-equivalent weights were as follows: 183 g. for Epc: 826, 187 g. for
Epon 815, 99,50 g. for methylenedianiline, and 6 x 10° for EM-207. Theoretical
gram-equivalent weights are 170.2 g, for Lis-phenol-A-diglycidy! ether and
99. 64 g. for methylenedianiline, A-1100is a commercial grade of Y~amino-
propyltriethoxysilane obtained from Union Carbide Corporation, A technical

prade of tricthylenetetramine was used as obtained from Fisher Scientific

Company., PDR-14 is a copuelymer of acrylic acid and Z-ethylhexylacrvlate in

a4 90/4 weight ratio obtained from Monsanto Company. Analytical reageat grades
of acetone and methanol we ce used as obtained from Mallinckrodi Chemical Works,
The {iber class, obtained as a 20-end roving from Ferro Corporation was designated

Type 1014 and had been treated with a silane coupler and cvoated with epoxy res.ins

by the producer, Strands of the roving were laid together and sandwiched hetwesrn

cellophane tape for chopping into 1/32' lengths with a guillotine-type chopper.

. The shredded tape was removed by sieving, The {iber diameter was meascrard

vath a microscope and found 0 be 9 anicrons,

LIS E TOR

Iy

Phe rendl o preosented 1o this paper should be vreparded as having more o7 the
character ot cvproratory findings vatner than a definitive study because the nun:her

af vartables anvolved o carrying out 2 thoroughly systernr-alio tnvestiyation s
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From a working viewpoint, the innerlayer i regarded as the malvix resin

that immediately surrounds the roinfovcersent and has structural and property
. chavacterigtics o ignificantly different {rom those of the major portion of resin

in the matrix, Basically, the svothesis procedures were designed to allow con-
trol ot factors related to the wmnickness and composilion of the innerlayer so that
test specirnens could be praduced for appraising the potew: -1 of flexible inner-
layers in digcontinious fiber systems.

The conatitution of freshly prepared proromatrix solution has been deduced
largely from consideration of initial and tinal values of the oxirane/amine
(Table I) and the known atoichiometry of the resin compoments, Y'nder the
conditions pruvided, it ir expected that the firgt reaction product between the
diamine and dispoxide should yield dirner-A and that the subseguent reaction of
this dimer wouid probably be either trimwer-B or trimer-C as shown schematically

in Figure 1. To satisfy the requirements

0
irnposed by the initial oxirane/amine ratio i
CHOH
< . . i
of 1.8 and the finai ratio of 1, 3 as shown in c. cry
£-C ;
. L . . N / Mit
Table I, the comi, osition of the protomatrix L —
‘e, \ o | TNy o -4)
sclution at this stage should consist largely AR AN
inming) ruponide} | o
oi dimer-A, triimer-B and unreacted e
L 4
dycpoxide monomer with small amounis of Crom i
(',HZ (“l
trimner-C aud higher sligomers, o o
L] ¥
Storage data on protomatvix solutions S KA
3 - - R . (L.i‘i; < H}
{Tanle II) show significant differences not i .
L I
only in the ra'e at which the changes ccour, ' T,
but also in the kind of changes. When
. Pesemr 8 Ay iongs L1
3 stored at 25°, the analyses showed equiva-
lent decreases n both the oxirane oxvgen s _ -
- “igure | Protomatrix Bogia
and the amine function., The net effect Synthesis,
E
k appeared as an increase in the oxirans/
amine ratio since the excesa of oxivane was proporiionately teoreasad by thin




reaction, From this, it was inferred that the epoxy-amine reaction had produced

macronalecules in which the amine groups were inaccesgible to the acidic
reagenis in acetic acid., In contrast, when the protomatrix solution was stored

at ©°*, the titratable amine content was esseutially constant throughout the test
pevivd, and the decrease in oxirane content was markedly slower, The net effect
of the changes at 5° appeared as a slow decrease in the oxirane/arnine ratio, and
{rorm this it was inferred that the epoxy-amine reaction had produced molecular
species in which the amine groups remained accessible to titration in acntic acid,
These interpretations suggest that different network structures can be produced
by controlling the solution storage ternperature, and thereby it may be possible to
produce resins with improved properties, All of the test specimens reported
herein were made frorm protomatrix solutions stored at room temperature, No
correlation was observed between the age and properties of resin specimena
prepared from protomatrix sciutions which had been stored a¢ room temperature
for variouvs time periods,

Table III gives the physical pioperties of composites made by mulding px “pregs
of 1/32" chopped glass fibers with and without flexible innerlayers in a rigid outer
matris resin, Improved rensi'e strength, modulus and elongation were found for
the composites containing the innerlayer, All samples in this series were molded
under the sarae condiiions so that the orientation of the fibers rhould be comparable,

Hielsen and Clmnzn have derived a relation for Young's modulue of randomly
oriented fiber filled composites in which the modulus values are a function of the
ratio of the modi!i of the filler to matrix and the volume fractions of the compo-
neuts. In the cueo of glass-epoxy system, the ratio E,/ [, is approxirnately 30,

and the ratio of the modulus at random angle to the modulus when all fibers are
(&
AV AR

]

oriented parallel to the dirsction of stress ic

From the equation,
\ [fa 0y =3 k"l g“ & j" .Es? g",
pifiviency tactor, the velues for o caloulated modiutas and

wine e ¢ s the fib

fiber facior can he detervinined,  Table ¥V shows the caloalated values compaved
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with the experimental. In three of
the four cases, the calculated values o
GLASS FIBER - EMOXY COMPOISIES
for the modulus and fiber factor is
. Polprer . few e fa e
lower than the observed values. In
GEC 43 2.6 2.03 1.8 .3 ) N
. No inowrsyor »
the case where the fiber manufac- !
GEC d0R »? 2.2% L . .30 A
) ' U1 beeaddayer
turer's surface treatment was
Gt 97 4.t .08 1.8 ar x
. 1.2 bongelaper
destroyed by heat cleaning, the
GeC 82 2.5 3 .34 xn .x23
N No breoriepr
calculated and observed values agree, ¥eat Cleoned
As a consequence of the com-
pression molding operation, the
short fibers did show partial alignment in planes parallel to the platens of the
mold. Even with this very limited orientation, the observed modulus values :
were higher than expected and also higher than predicted for specimens with :
a high degree of pianar orientation. Further work may show that these higher |
values can be attributed to better adhesion and improved stress distribution at
the interfaces.
An examination of innerlayer-coated fibers by phase contrast micrescopy
showed rounded deposgits of resin on the fiber ends, whereas fibers free of
innerlayer have sharp edges which could cause high stress concentrations, The ,
reduction of fiber end-effects by an innerlayer coating could contribute signifi-
cantly to iraproved performance of the composites, As subsequently confirmed =
with beads, iumyproved adhesion of the matrix resin tc the fibers by the use of :

flexible Innerlavers coald contribute 1o improved composite perforimance by

tae following:

1. Heduction of flaws at the interface,
Z, Alteration of the stress distribuation and =iress transfer,
3. Modification of the resinan the vicinity of the intertace through preferred

orientaiton of the maolecuies,

: i 3 . N L vy % 5 - TR v oo Y b S
With regord to this latter point, the wae of & flexible imnertayve r atlows the sone
j
- [ i e T ST [ S SEEIN — i . N H T . 3
of influcnee resuliang from pretervental adsorstion {«r be extondea iuio the
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For detailed study of adhesion and firacture behavior, glass beads were
selected for use as the filler since they present surfaces with known geometry

and known composgition and thereby reduce the number of variables encountered

in fiber systems,
1
Kenyon and Duffey 2 studied the physical properties of a glass bead filled

polymer at filier loadings up to 50 volume fraction, They showed composite

containing beads treated with Y-glycidoxypropyltriethoxysilane had greater
elongation than predicted, based upon no alteration of the base resin, and cited
this as evidence of a change in the resin by preferential adsorption., In this

study the effects of surface treatiments were established by using different silanes

as coupling agents.
STRESD STRAK DEMA/IIN OF SLASE
) . SEAD-TPANY COMPOTES 2T 0% FHLIRN
In Figure 2, the stress-strain character- . _GT,.
istics are related to the molecular structure - ’
of silane surface treating agents, The . - ! !
* | !
. i
principal curve in this figure is governed o Sh e %
»* B i
. . o ! I Y VP !
by the properties of the base resin, and A !
those curves that branch off at the lower f
S D S S 3 J T

stress levels are interpreted as ind.cating «

Awoe reem i,
4499 sACY Peant  weTR)

debonding at the glass-resin interface, Those o ruenr
k. : RS e Sl WV ST

LR LRIV T W

gilanes which do not provide a functional
. . : Figure 2
group for reaction with the matrix compo-

nents show this branching from the principal curve, This bebavior ie illustrated

by methylchloro, phenyl and methacryloxy silanes (SC-87. Al83 and 26030

respectively), Untreated glass surfaces show stronger interaction with the

mattix resin than glass surfaces treated with the foregoing agents,
Aranopropyl and glycidosy silanes provide functional groups that can react

with the matrix resin, aud composites vmade from beads treated with these

apetits allowed significantly hivher fevels of satregs and strain (o be atiained,

Che glyvordoxy silane appeared 1o be more effective 28 a coupler, and from thus

to bhe mmore resctive with the malviy Do, The tmtiaence of the

e inierred
llugtruted by mysteans 1 oand & in Figuve d

sivent nuea io deposiiing e silafie s
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in which carbon tetrachloride was found to be a less effective solvent than the
acetone-water system, These results are in accord with Wongl3 who reported
poorer properties on composites when glass fibers were treated with aming
silane deposited from chlorinated solvents,

The highest levels of stress and strain were shown by specimens having a
flexitle innerlayer added to the beads with the aminopropy! or glycidoxy silane
couplers, In these systems, the improved adhesion allows stresses to develop
that cause some bead fracture when flaws or voids exist in the beads, Figure 3.
Since no evidence of bead fracture
was observed for coupling agents
giving adhesion less than obtained
with glycidoxypreopyl silane, it is
inferred that better stress transfer
is obtained with improved adhesion,

The principal curve in Figure 2
shows that the initial modulus of
all samples 1s equivalent, The
bead treatments and test data for
all samples is summarized 1n

Table [V, Fhe measured moduli

e

of these samples agrees with cal-

Figure 3 Tens ile Fracture Surface e
. . ) . culated values based on a modified
Y-4087 Surface Treatment plas 10 o
. . ) R i .
Flexible Innerlave s Showing Bead Kerner equation for a 20 volume

Fracture, 1910 X, - . e .
fraction lovading. The degree of

adheston does not aiter the tmtial modulus hecause the filler (5 subject to o
clamiping action of the vesin vhae to oty shronkape,
Fignre 4 shows that inneriavers are offective inanvproving tersile stiengths

of caornposttes over a o range Gt U te S0% filler toadings,




The effectiveness of silane couplers on

-
adhesion 15 shown by the electron scanning , ——
e
. . oy 2Ee sem—_—y W
photomicrographs, Figures 5, 6, 7 and §, o
.
Tensile fracture surfaces of specimens Ev T
z,l - -m?r.::::‘-‘/":w
summarized in Table IV and Figure 4 are §
¥
- . . . b TENENE STMENETH OF B.OWY) - BEAR-
shown in these views, Typical debonding rPORY COERTRG
or
shown in Figure 5 is characteristic of L

e R
VDALY PRIMTIEN AP PLASH

resiits obtained with methylchloro, nhenyl
and methacryloxy silanes. Improved bond- Figure :
ing is reflected by the appearance of resin adhering to the filler surface as the
fracture uccurs farther into the
matrix, This behavior i3
illustrated photographically in
Figures 6, 7 and 8 where the
improvement in adhestiom paraloels
the improvement in strenpth
shown in Figure o,

These roesulty tllustrate the
importanc e and practicaniinty of
a concept that uses flexbie
nnevlavers wath silane coupiers

to produce compaosites with

supertor performance,

Figure & Tensile Fracture Surtace

y

Preated with brarting

Apent (SC-H0Y, an0 X,

Cilass Bead:

Cloprebusaons

Fechnmigues tor seguentially applving sailane covping agentys, Ooexible anneviaye s

ard ripnd ontertaver resin coatings 1o glass beads and chopped glass Tibers

b, VA ki, zabald i i s el s "
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Figure 6 Tensile Fracture
Surface Glass Beads Treated
with Arnyino Silane {A~1100),
540 X,

-

Frgure T foenstle Fractare

irface Glass Beads Treared

with Glyewdoxy BSilane
{V-4087T3, 1100 X.
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Figure 8 Tensile Frac-
ture Surface Y-4087
Surface Treatment
Pilus 1:1 Flexible
Innerlayer, 985 X,

Prepregs made from discontinuous fibers have been shown to give molded
specimens with physical property improvement attributed to a flexible inner-
layer with good adhesgion,

Irnproved adhesion was shown to be at least partially responsible for reater
atrength provided by composites rmade with flexible innerlavers, With improved
adhesion, better stress transfer is also feavible.

The contributions of silane coupling agents and tlexible innerlayers have
been shown to be mutually compleamentary in achieving high tensile propovties,

Yuture Work

Utrhize seqgumntial deposition techniques to synthesize mmneriayers of resin
with kiown s'ructure, Controthing the surface chemistry will allow the building
of known stiacitures and thickness,

Correlave the structure and properices of the snperbover of resim o with
performance charycteriscicos of the v comossiies,

Crrantify the coxribotion of resin oponends o the pertormance ol cornpos
srles (hroueh atudie - with continuaus lisa fuiorments thoat ol allow conty otled

aorientat:on ot the teirlaor Jermnent,
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et s E ot

.

Mechanical propertics of a range of rigid polyciectrolyte type polymers
have been reportedig Polyelectrolyiss such as the metallic salts i polymeric
acids were shown to have moduli values several timmes greater than those of the
commoen therrmoplastic materiala, Since preformed salte of such polyacids do
not measurably soften below their decomposition temperatures, spscimens were

fabricated by in situ reaction of mixed polyacid and metal oxide powders in a

mold ai high temperatures {(over 209°C} and high pressure (5-10, 000 psi}. Such

techniques may easily lead te variable property results, partly due to non-

——

niform degree of reaction as molding conditions may vary.
g In this work, the degree of ceaction was followed by X-ray tochniques so
that the compeosition of the molded specimens could be estimated. Wiih this

informatiorn, answers were cbtained to such questions as: (a) how dependent is

Aoy

modulus upon degree of reaction? (b} how much increase, over clasa.cal filler
action, is obtained by i.uic bonding through salt for-nation? and (¢} w~hat is the
effect of excess {over theory) metnl vxide when charged as additional filler?

Materials and Technigues

The peyelectrolyte systern used was a 9476 (by weight) copolymer f acrylic
acid and A-ethvlhexyi corylate, a product of Monsanto Company, designated as
FDR-14, The polyacid had a glass transitton (Tg) -0 130°C with the onset of
decomposition at 300°C, as
Calovimeter, The density of rmolded specimens of PDR-14 (by buoyvancy} was
Predried POR-:4 {1310°C, 48 hours, vacuurn) with a

detevrmimmed as 1, 3589,

toss on deyving o 1 0°C ot {5
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Various zinc PDR-14 saits were prepared in situ from intimately mixed

vy powders of PDR-14 and 720 by poesitive pressure molding techniques l“

“he powders were mixed in a Spex "wiggle-bug' for ten minutes in a me tal
aixing jar, Molding c: nditions, varying from 200-300°C and from 5-10, 000

si, for the various materials are given in Table 1[I, Appendix. Strip specimens,
. 377 by 4. 00 inches with thickneszges varying from 0. 020 to 0, 035 inches were
repared {or dynamic mechanical testing,

Dynamic mechanical properties, shear modulus, damping, and gilass transi-
on {Tg) were measured on a recording torsion pendulum ., The Tg was
1ezsured as the maximum in the mechanical damping peak at about 1 ¢f/s. The
12ory and discussion of aynamic mechanical testing is presented by Nielsen3,

The extent of reaction of molded specimens was determined by measuring
e intensity of unreacted zinc oxide crystal peaks in X-ray goniometer tracings
hich were standardized by mix ed but unreacted powders of known composition,
1 all cases the p -opoertionality between the (100} (002) (101) lines for ZnO
emained constant and the estirmated error was plus or minus 2%.

Infrared analyses of KBr pellets containing samples identical with those used
't X-ray analysis were rmnade in order to correlate metal oxide disappearance
ith carboxyl carbonyl disapperarance.

esults and Discussion

In any reacted system the possibaihity exigts that five specics may be present

varying amounts dependsrs dpen the conrse of reaction as schermatioally shown

Figure I, rae oare {a) pendent hoif-sait,
g rie, vy
Y in-ohoain i s frormn erther adjacent or i
)) in-choain drosait from either adja it | REal 10N §ALT - FORES POSBL ¥
‘
i A . . . N : {om in L I -
on- wdjarent carboxyls, {((1 crass-onain e L
o 13 o
. L e oW
t-salt, {(dY vnreacted polyocwd and {0 N
Areavicd < nC A sler coatarnipe the Dbt neg e B LN ey e
Pk S O S LR AN S | RN & Byl f Oty R 8 : Lw co P ce Ce
i foue of thess s pecres exrals A an ‘ yose o ewun e .
. &
R R ©ogmEw fa
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However, each specie wiil have its own influence on the total properties,

whether modulus, daropi or Tg. Thus, di-salt forms (b} and (c) will con~

tribute more to stifiening than e half-salt (a) due to greater restrictions on
rotation. However, the hali-sait (a) will contribute more, unit-wise, than
(b) or {~) from a simple filler standpoint becz.se of its higher metal content,
From a bond strength standpoint, the [-0-Zn-0-1] ionic -type bonds of the

di-salt (b) or {c) are considered stronger than the [-0O-Zn-OH] bonds of the

half-salt and, again would contribute more to 8 iffness due to a smaller i

tendency for interchange between reaction sites, The greater interchange

tendency of the half-salt {a) would result in lower modulus increases, higher

damping, and lower Tg levels, In a partially reacted system there is no way

of knowing which specie may act as the continucus or aiscontinuocus phase. 3
o However, one can assume that any unreacted ZnO will act as filler to all »ther ‘
species in relation to the valume fraction of that phase present, 3

A series of zinc polyacrylate (PDR-~14) salts were prepared using from 25

to 200 percent of the stoichiometric amount of zinc oxide as shown in Table I
topether with the determined extent of reaction

and the mechanical properties of the molded

- products,  Typical dynamic mechanical results
- . . S are 1liustrated an Figures 2 and 3, Infrared

anaiyses of KBr pellets contarming samiples

tdentical with those used for Xoray analysis

woere made for samples | through & an order to 3
cerrelate roeial oxide dies appearance with carboxy! carbonyl disappearance,
A metal reavted cpproeched TO0% of the stoichiometrie theo oy comptete diy -
dprpeatrance of the cavhoxvl carbonvl also was noted,  No other anterpretation
st the o arnplex spectra vwas alternpted

Whereas mmost camiroon vigel orgame polyive rs have 2 shear roodalus ot

N - IR - 4
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Figure 2 Dynarnic Mechanical Figure 3 Dyramic Mechanical
Properties Properties
(1) PDR-14 Polyacid {4) 100% theory ZnO, 94% reacted
{2) 100% theory ZnO, 24% reacted (5) 100% theory ZnO, 100% reacted
(2a) 25% theory ZnO, 1.0% reacted (6) 150% iheory ZnC, 86% reacted
(3) 50% theory ZnQ, 100% reacted (7) 200% theory ZnO, 146% reacted

(5) 100% theory ZnO, 100% reacted

salt was incorporated through reaction with ZnO a steady increase in the rmodulus

was ncted as expected due to formation of strong ionic-type bonds., Further, the

1T'g was increased with greater amcants of salt formation until 100% of theory

salt formation was reached where no Tg was noted, at least up to 300°C. At this

point, Sample 5, both ZnQ and carboxyl were abseunt by analysis, and the modulus
of 6. 55 can be considered as the moduolus of the di-salt forms, Whereas over-

' theory ZnO additions further increased the 25°C modulus, the Tyg appeared to

drop below that attained by adding {and reacting} only the theoretical amount,

g This effect on T will be discuased toter,

For products containing up te 1 00% theory Zn(, incommplete rea-tion (Figure !,
curve 2 Figure ¥, curve 4} leads to complex product mixtures, Containiag roacieo

eine salis, unreacied portions of polyacid, and unreacted ZaQ actl ag ay iter,
Such compositronal hete rogeneity, evident from the soecinnen Spacity, cosulis

piel oaadd broad suechasioal darnoing areas and Jower ooyl 2t high tenapsrabares,
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The sharp discontinuities cbserved over 200°C are not chavacteristic of the
polymer but are probably due to continuation of incomplete reactions of half-
salt forms, polyacit, and unreacted ZnO as suggested by Fitzgerald and
Nielsenl. Such further reaction cannot occur until the Tg of the system is
reached, For example, with Sample 2, further reaction became evident at
over 200°(C, This point corresponds to the Tg (about 210°C) for Sample 2a
wherein only 25% theory ZnQ was acdded. In this case complete reaction of
ZnQ precluded further reaction and the product contained only di-salt and
polyacid species, The complete modulus and damping curves »5r 2a resembled
those of the unreacted poiyacid {curve 1) except for a much higher 25° C modulus
and a displacement of the curves to higher temperatures by about 70-80°C,
Complete reaction of the ZnO (Figure 2, curves 3, 5), whether at the 50 or 100%
theory level, leads to more tightly crosslinked systems through cross-chain
di-salt formation. These products yield modulus curves which are relatively
ingensitive to high temperatures and are low damping,.

The modulus 1improvement due to ionic-type bonding through salt formation
relative to the classic filler eifeci was calculated assurmning no reasction of the

7nQ), Resulis are given in Table II and illustrated in Figure 4. For comparison,
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the reinforcing action of spuerical filler particles was calculated by three
theories, Keriwr4, Guth-»Sliwmods' 6 and Mooney?. These relationships
are given in the Appendix. A comprehensive comparison of the merits of
thege and other theories of filler action is given by Nielscug, Only the Kerner
and Mooney comparisons are shown since at the ZnQ levels employed, below
0.2 volume fraction, the Guth-Smallwood and Mooney relations give substan-
tially equivalent results,

A substantial improvement ratio (increase in modulus found over that
calculated only as filler) is noted i1 all cases from 25 through 200% theory
Zn0 acled, This increase in modulus, due to ionic bonding vs. filler effect,
was found to be 60-80% greater as calculated by the Kerner relation and from
40-60% greater as calculated by either the CGuth-Smallwood or Mooney relations.

The modulus curves (Figure 3, curves 6, 7) for added excesses over theory
of ZnO rriate quite well with the degree of reaction found, Table I. Although
the 25° C modulus continues to increaso, the results at higher temperatures are
more revealing, With 150% theory charged (curve §) the product analyzed as
86% of a theory reacted with a remainder of 64% of a theory Zn) acting as filler,
Thus, curve 6 is similar in shape to curve 4 in Figure 3 obtamned for 94% of a
theory reacted but with a lower level of unreacted filler, At the 200% theory 7Zn0
charped level a lowering of the improvement ratio is noted in Table I, Analysis
of the product indicated 146% theory Zn) consumed with 54% theory remaining
as filler. To obtain over-theory reacted since one raustantrodnce a new salt

)
N . . I . . .
apecte, the pendent half-salt form, -0 -7 a0, An ontioned preoviously

3

thivz salt-form may be expected 1o tncrease the moduias ot 25°C comewhat, bt

to have o delinite Ty at elevad dtemperatures barreinge turthe : reactom, Coarve 7

1 Flipoe e 3 M lustraves this prediction with precspitous towermg of the vnodalae
aver 1507 C and 4 very hagh darmpiay effect, Since #6700 SnlY veaction oves theory
pnphies the splhitting ol an tdendical poction of o theoretn al deenalt, then the walt
cxrbarn 00 of o Theory s pessdent hald
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pendent and 0. 37 di-salts., Thus the dominating effect on mechanical propertiea
comes from the pendent half-salt, which waould not be expected to exhibit high
temperature modulus stabiiity,

One can estimate a jnodulus (Gx) for the pendent half-salt form as 7. 08 x 1 0!¢
dyne/cm?®, This was rdone by distributing unreacted Zn0O, on a voiume besis,
betwsen the half- and di-salt species and, using the Mooney relation with 6,55
for the rmodulus of the di-salt specie, calculating a modulus for the filled di-salt
specie. Then, uvsing the rule of mixtures and the muodulus found for Sample 7,
one can obtain a modulus for the filled half-salt specie, From this, G, is obtained,
again from the Mooney relation, Gx. 7. 08, for the half-salt specie is higher than
G, found (6. 55) for the di-salt because of its higher metal contenr, However, the
irnprovernent ratio for the pure half-salt-form (over theoretical filler action) is
lower than that for the corresponding di-salt because of weaker and more mabile
salt linkages, At a voluiae fraction of 0.209 Zn0, equivalent to pure half-salt,
the improvement ratio was only 1, 14 contrasted with the higher improvement
ratio of 1.56 found for the di-salt using the Mooney relation, This smaller
improvement ratio accounts for the lower trend noted for relative rnoduli found
for Sample 7 where major amounts of pendent half-salt are present,

The almost identical broad and high damping curves for Samples & and ¥
(Figure 3) below 200°C, again indicating compoesitional heterogeneity, supgest
the presence of pendent hali-salts in the 150% theovy Zn( samplie, The same
suppestinon also apphes to Samples 2 and 4 where less than compiete reaction was
observed,  [The short sftress relasaiton tirnes reported  {for moncvalent sodium
salt of similar polyacids, comypared with much longer stress relaxation thnes §{ ¢
divalent bharium salts, oy Lkewise be evident in the cane of pendent half  salt

terms compared with muove heat stable di-salt corvms,
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products. Incomplete reaction, for whatever cause - low temperature, low
pressure, poror mold venting, or excess metal oxide, results in products

which are high damping and have poor modulus ~temmperature characteristics,
Thig cffect may Lie due to pendent half-salts of the form, »C{}O-an-OH. Such
a salt-form must be assumed to be pregeunt where over-theory excesses of ZnO
were used and where more than theory zinc was found to be reacted,

The increase in modulus due to ionic bonding, from whatever salt form may
te present over that expected from clasasical filler action alone, ranges from
40-80% depending upon the theory chosen to calculate filler action. Any unreacted
metal oxide appears to act as classical filler in the polyelectrolyte salt matrix,
For the theoretical di-galt form, modulus values of 6 to 7 times those for normal
organic rigid polymers were obtained,
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wih ve {10 the shear modulus of the two-phase system and G, and G oare the
o >
cnoduls ¢ the polymer or continuous phase and of the filler or discontinuous

siheas
pirdse cespretively,  The volume fracrnion of the polymer 1s if‘p and that of the
oo o Powmssan’s ratio of the matecial 1a the continuous phase 1g V.

0 s ool have poodad roows preater thaw that of the polymer,

Kerner's o uation mav be stmplified a0 tow volume Fractions of fller too

,E
H

£
o
o

-~

>
e




B

~137 -

For caiculations, v, of the polyacid was used as 0. 3% and that {for any salt-
form as 0. 30,
The Crath-Smallwoord relatioms' b K
i o= G ‘ 2.5 & 14,1 #
G, 3 (1 + 2.5 et 14l '.!E")

The Mooney equation (7) is:

For calculations, the packing factor S was taken as 1.4, see Reference 8,
The various molding conditions for the reported samples are summarized

in Table III, below:
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PROPERTIES OF STRONG ACID POLYACID SALTS: FHOSPHORYLATED

FPOLYVINYL, AL COHOL AND FPOLYSTYRENE SULFONIC ACID

{J. E. Fields and J, R. Ripley)}

The dynamic mechanical properties of zinc polyacrylate as a function of
degree of salt formatlion has been reportedz. Fnr this carboxy polyacid, the
shear modulus increase due to ionic bonding as the di-salt, over that expected
from classical filler action, ranged fiom 40-80% depending upon the thenry
chosen to calculate filler action, Only complete reaction as the di-salt, at
300°C and 10, 000 psi results in low damping products with "temperature
inseusitive' high modulus, Excesses of metal oxide over theory were shown
to lead to pencent haif-salt {forms which exhibit high damping and have tempera-
ture sensitive shear imoduli. The half-salt gives smaller moduli increases,
over fillev action, and unreacted metal oxide appears to act as classical filler
in an intertangled complex polyelectrolyte sali matrix, The di-salt modulus
was 6-7 timnes higher than moduli for normal organi. rigid polymers.

In this work,in situ reaction of mixed polyac:d and metal oxide powder«
was extended *o polyacids of higher acid strength than polyacrylic acid to Jate:
mine the effrct of ionic bond strength on shear modulus increase. Two polyacid:

were examined briefly, ia) polyvinylphosphoric {(PVE} and () polysiy.ere sulos

{H51°S). The comparative acid strengtis of the polyacidn were:

rolyviaylphos phaorvic
Polystyrene sulfonic i, 33 4.7 x LG

Polyac rviie (COOH) 6. 15 6.4 x 1077

Al titrated as monoeasic acyds, The second avarlable acid group of VP was 100

wesin b0 pive an ondpornd bud hed ant approxuncte pKa at 8,00 or a Kot 1w 107,
Ae before the degree of reaction {salt {formation) was followed by X-ray

techrmigques 80 that the composition of aaolded specumens could be ssnimated and a

Praope s cuitmale o anaduing e rease shae to yonme bonding counld e omacde,
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Materials and Techriques

The two polyvinylphosphate samples reported upon herein were prepared

by phosphorylation of polyvinyl alcohol with urea and phosphoric acid by the

2,3 ; . . .
rethod of Naul and Reid . A total of 27 preparations were made to identify

reaction parameters, bui only two are reported upon, For 627434, low mole-

cular weight PVOH {Elvanol 70-05) (38, 59 hydrolyzed} was used and for
627437, high molecular weight PVQH (Elvancl 71-24) {(98. 5% hjdrolyzed) was
used, In each case the ratio of HyPO,/urea/PVUH was 1: 1: 1 with a curing
tirme of 3 hours at 110°C followed by 20 min. at 150° C for 627434 and 20 min,

i at 150°C for 627437, Products were isolated by solution in water, digestion

with HCl, dialysis to remove urea and salts, cation exchanged through

Amberlite IR-120H, and vacuum freeze drying. Product analyses were:

Phosphoric Groups Mol, Wt, Per
M. W, 7 P fé N Mole % __ Phosphoric Group
2 627934 L 1,25 1. 00 25. 0 233
627437 H 15,13 0. 61 35.7 2us
Modulus vs, temperature data for molded specimens of these mater:als

indicated the presence of water in spite of storage in a desiccator and density

{by bueyaney) imeasurements were pot reproducible.  Therefore densities were

catoniated for £27434 as 1, 46 and for 627437 as 1,50 and these values were used

in subseguent o loulations relative to vine salt comporsitions.

The raall nitrogen content left after ton-exchange may either rep; asent

approxins e e Nt T ogalt per 10 phosphate units or 1 carbamate substituent

per 1O phosphate units sosiag from the decomposition of urea at 150° .

Free HSPS was prepared from crude ammoniun salt having about one S0/
styrene with a base molecalar weight of polystyrene of 50, 000, This was repeatedly

digested wath HOL dialysed, and 1on-exchanged wih Amberlite IR-120H and then

: . : . . . s c 1 e ; vy gr - o - @7
vacnamn {reere drred, By analysss: oo = 15 70%, N o 1,27 %. O @ 5HLY0%. H
G900, These analyres catcubate as 009 HURH groups per sly ceae waih boout ol 5

& ot




remaining as the ammonium salt. Atiernopted moldings, reported herein, were
rmade on this material., A sample of free acid {no salt) was prepared by sulfona-
tion of polystyrene with SO, ~dichlorodiethyl ether complex following a procedui <
of Baer4 but no moldings have as yet been attempted,

Various salts of the polyacids were prepared, as before, by in situ positive
pressure molding techniques on intimately mixed dry (?) powders of polyacid
and metal oxide. The powders were mixed in a Spex "wiggle-bug' for 10 minutes
in a metal mixing jar, Molding conditions for the PVP-metal oxides were 100-
150°C at 5-10, 000 psi due to low decomposition points for the PVP samples
(approximately 180°C). The polystyrene sulfonic acid was molded ai 200-325°C
at 10-15, 000 psi. Strip specimens, 0.377 by 4, 00 inches with thickness~s vary-
ing from 0, 020 to 0. 035 inches were prepared for dynamic mechanical testing.
The dynamic mechanical properties - shear modulus, and damping, were measured
on a recording torsion pendulum. True glass transitic.s (Tg) were not measured
since damping peak? and moecdulus fluctuations appeared to reflect water removal
or interaction of various salt species,

The extent of reaction in molded specimens was determined by measuring
the intens .ty of unreacted metal oxide cyrstal peaks in X-ray goniometer tracings
which were gtandardized by mixed but unreacted powders of known composition,
For ZnQ the proportionaiity between the {100} {101} lines remained constant and

or

were ugsed o estihmate inteasity,  he estimated error was plus or minus 2%.

Resulls and Discussion

Due to the dieacid choractey of the phosphoric acid grouwp and to the possibiiity
of chrelated siractures with restdual hydroxyl (from PVOH} gooups, the possible
aumber of species existing an the PVE Calt-form systemn 1s greater than o the

correspunding avrviic system,  This 18 schematrcatly indicated in Figure 1,

These salt forms are 1tn addiiron to unreacvted polvacid and metal oxide, A system

containing these spedios exists as an intestangled network of the species present
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crose-chain or large-loop salt forms

w il contribute more to stiffening than

Fio in-chain sa.t forms due o greaterxr
POSEIPLE BALY —FORMNE PYP -Re O RTACTIDN
R E L R LT 15 TN restrictions on rotation. From a simple
on k.1 0
-
o "ren cn g filler vivwpoint di-salt forms will con-
‘C)N-CN”« *";Nlt‘-ﬂi' »':‘w::n,—
[ ] LAY . -
PSS DR S P o w o tribute more, unit-wise, than half-
W CHAE mum R G;CNAO'N - ”\r’o
Do BALY -KAL - RALF - - .
7 k s »
_Y,c,,‘_,w:f;,.'_ C ATt oy salts because of higher metal content
6= I:’_‘n:‘,p-e m‘:""‘m ceoes omaw .
4 CHAI MONO- OF D4 AT Rl St per unit. From a bond-strength

ADSACERT O LARDE (OO

standpoint di-salis should interchange
less readily than half-salts., However,
due to the different acid strengths of
the P:g: groug there may be a considerable tendency to interchange at elevated
temperétures thus resulting in lower modulus, higher damping and lower Tg levels,
In a partially reacted system there is no way of knowing which specie may act
as the continuous or discontinuous phase. Nevertheless, one can assume that any
unreacted metal oxide will act as filler to all other species in relation to the
volume fraction of that phase preseni. Because of the complexity of the situation,
reacted metal oxide has been considered as di-salt {in accordance with the general
zquation in Appendix I} for purposes of modulus calculations,
A series of ZnO and PbU in situ molded PVP products were prepared using

100 and 200% of the stoichiometric metal oxide theory as indicated in Table L

The exient of reaction by X-ray, where obtained,

remt

OOUI TR R NV

the molding conditions, and the shear modulus I

oty o

) R T Ml el TR oWt
found at 25°C, are also given, e

- RN -

Relattve moduius Gy /G, values are plotted e .

it Figures 2, 3, 4 for the three systems againnt . .
the theorvetical relmoroing action of spherical o

fitler partictes as calualated by three theories:

v e, Goatliessnad beoed, and Moonev, asing
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Haprovement vatiow (IR} (ind rease in modulus

LT I A R TSN

found over that calculated only as filler) are

Lated i Table 11 AR

Prom Miparee A, a0 is apparent that the et - o
P'hO nerely exihnbited Yiller action at the S - Lo
molding conditions used, ¥ou the low oL C N ]
molecular weipght Ve, Figure 3}, the _: BRI ‘l

tmprovement die to ionic bonding over filler
action was 65-82% for 1009, theory Zn0
moldings at T00°C, AL 1507 C molding ar for 200% theory ZnQ the improverent
dropped to 25-47%.  For the high molecular weight PV, Figure 4, at 109%
theory Zn0, the improvement over filler action ranced from 40-70% regardless
of molding temperature with 150° being better than 100° G, PPresgsure, 5-10, 000
psi variation, pave only rmanor differences in modulus, Again, for 200% theory
Zn0, modulus was lower and wonld appear to he dete rmined by filler action,
However, abont 77% of a theory 7n0O was found reacted (by X-ray) so that one
must conclude that excess 210 favored in-chain half salts which are free to rotate
and thus do not preatly improve modulus,

When it 1s realized that the PVE was only 29-356 mole 9 couverted to the
phosphate and that the phosphate was only 40-75% converted to the salt it becomes

of interest to caicalate {1) 4 possible madalus for the comapletely converted phes-

phate di-salt, and (2) an orpanie weicht/ Zn/modulus ratio for the PVE systern in
comparison to the zine polyacreylate system,  These values will give one ome
tdea of the possible ctfeor of acrd strength vartation upon modulus,

Maodulus caloalaions tar the completely conve rted phosphate di-salt (at the
5.7 phosphar devel) were made a5 descoribed in Appendix T and are summarized
e Yablbe L ine results andicate that the product species distribution is diffe rent
depending uy the molding conditions and that hizher pressures and temperatures
act to e Tov v dolus species distributions,  This probably reflects the preater
variety of speores avarlable due to di-acid character of the phosphate and increased

bond interchanye reactions with 1nc reaged ternperature,

. amme o
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TARBL T

CALCULATEL MODULUS OF COMPLTE PVE DI-SALT
(PVE -~ 35, 7% Yhosphate) (100% Theory 2nQ)

Molding Cycle IRV YA Lou/ns/1s 1oo/5/15
°C/Kpsilmin, 1oo/10/15 150/5/15
shear Modulus Calce, 9. 36 B.21 7. 04

dynes/em® x 10'

A comparison of the PVE' Zn salt system with the polyacrylic (PDR-14) 7in
salt system was made on the basis of calculated modulus obtainable vs, an

organic/metal weight ratio in order to turther observe the possible effect of
acid strength (ionic bond strength),  This is shown in Table [V, The data iadicate

that even at ap organic/ Zn ratio 50% higher for

T “.,‘"w " PV} ihan for the carboxylate and for PPVE oaly
- - e - “
o ‘H-"‘M 35. 7% phosphorylated, moduli are obtained
J o whivh are substantially higher than for the
~ B polycarboxy acid,  This appears to reflect the

increased jonic character of the salt bonds due

to hipzher acid strengths of the PVE polyacid,

Dynamic modulus and damping vs, temperature curves are illustrated in

; ]
Frpnre 5 representative of the AR e |
r,” (‘
PVE (627437) (35.7% phosphate) s oM
. . 5 ! ot ‘ - ’./1"
plus /n) system on which X-ray - | o &
S | N
- 0 ; ! M
data were obtained {(see Table ),
s I
The banded area contains the tfour e " g
y e
carves 6, 7, 8, 9 for 100% theory :} \,vff'f . o
% N !
. . - . - ' 1,
Zn0 at erther 100° or 150°C and ! \ e
' T -
3 e ris
5 or 10, 000 psi,  The shapes are i
cquivalent and the broad damping Lo . .
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character ta evirdenee for ypecie mixtares and water which appeared to foamn

oul at about 1307 ¢, The discontintiiy at 130Y probabiy repregents siiffening

due to Joss of water or specie reaction or both,

Cuavves 10 and 1 are {or 2000 theory Zn0 and are different in shape Tvom
the 100% 700 cuarves,  Flatter modulug va, ternperature is noted through 1) 6°
but the loss above 110 is more rapid,  Agoin the discontinuity ocours befween
120-100°, Samples heated above 150° exhibited severe decomposition, svelling
and rregular behavior both with modalos and daanping,

Curves (A) for the base FVE polyacid indicates the prescence of substanddal

amounts of water which scemy to be driven off in two steps at about b5° and

Q20°C.

Moldings of PVEP-7n50 were immersed 1n botling water for 10-15 miputesy

without evidence of swelling or softening,  No quantitative studies were made,

However, this observation should be qualitatively cormmpared with 7in polystyreae
sulfonate {see bhelow),

Positive pressare moildings were attempted with mixed powders ot HSV'S
(containing about 209% of the groups as NH.‘Y salt) and various oxides incliading
200, PHO, BaO, and Cad) at 100% theory tevel  No reaction or fusion of any
powder was noted at 200°C and 10, 000 psi. With BaO and Ca(y anly partial (less
than 10% fusion) was obiained at 300°C and 10, 000 ps1,  {fowever, with Z2nO at
300-325°C and 10-15, 000 psi (pressuare applied at room temperature and held
throughout heating tirme) complete fusion was obta ned, yielding o very brittle
Light arnber and abmost transparent specimen,  The extreme brittle character
prevented obtaining semples for torsion pernidulum vevting,

X-ray analysis of the product showed complete absence of unreacted ZnQ),
A halfl inch piece of this 7n sait was boiled in water for 10- 1% minutes with
swallen "bHlob'',

resultant swelling to 25-50 times the origimal volume,  The

dried 1o air over night, returned (o ity original dunensions and ho rdness.




Conclusions and Recommmendations for Fature Week

I, Phosphorylated PVOH Polyacids

Plus Pownts

1.  Strong acid resalts o higher modulos meta! salts due to

stronger jonic bonding as compared with polycarboxy acids

(4

(PDR=14) even at phosphorylation leveis of on'y 3% mole %
and organic to Zn vatios 50% higher than in the carboxy serics,

. For 100% phosphorylation one mizht estimate modulus values

approaching 2 timey that for carboxy salts,
3. Salts may be water insensitive i complete reaction was obtained,

Negative Points

1. Complete phosphorylation of PVOI 18 very difficult and would
require congiderable stidy,

. PVP polyavids are extrenely hygroscopic,

3. PVE polyacid salts are not heat stable, Decompoaition of the
C-0-1" bond sers in above YRP°0,

4.  Dibasic character of PVE polyacids leads to i large variety of
salt specres which may have a greater tendency to interchange
at hipher tempercatures if incompletely reacted,

Recomrrendations

1. For.ber work, 1t any, on phosphorus acids should be done on
polyvinylphosphonie acid with a4 more stable C-P bond,  linfort-
unately, 1t s diffreult to prepare high molecular weight poiymers
of this type.,

il.  Polystyrene Snlionie Acid

Plus oints

Lo ~alts and acid have hegh beat stability,

L Salts may be preoared, Ly molding certain metal oxides
and polyacid mixec powderg,
3 Niodulus values of salts can be expedcted te be mach higher than

Carboxy acid salts dae tao stronger 1onic bonding resuiting from

hiogher acad streapt,




4. Monobasic characier o f (o polyacid would lead to fewer salt
spoecies with hipher stability,
Nepative Toints
! HSES a8 estremely hyprodcopic, absorbing about 1 oanaeie H,OQ
per SO for aborc 109% wt,) 1 12 minntes at room tempe rature,
ZnaYS s extremely water sensitive,  In fact, }l.‘u-.r.1 reports
only the Al or Ba salts to be water insoluble (no quantitative

diata), Dresent studies confrrm this on a wide vaciety of salts,

Re-commendations

. Further work is indicated using NHy free HSPS {on hand) with

aliminum salts to form possible water insoluble products,
Since vinyl sultonic acid can be prepared and polymerized, suach
polyacids should be studied,

Sulfonation of PVOIL to form polyvinylsulfate types should be
studied, however, decomposition problems may parallel those

of PVE above and completeness of veaction will again be difficult,
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Modulns Calealitions
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- Based on X-ray analysis the product mixtore feom |omole of PV s
consgidered to considt of 00 N moles di-salt (l'\), 1 -0, X aoles anreacted PPVE (A).
Y0, X omaoles unreacted MoO) as filley and 0, Xomoeles water,  The unreacted MeO
Olier and water of reaction were distributed between A and 3 in propostion to
their respective volume fractions, $A and $12,  These volume fractions were
cadeulated from X-ray analysis and from calculated densities for tae appropriate

phosphorviated producis,

P’V) Dreparation 627434 07437
Mol. W, PVOI{ f,ow Hiph
Male % Phosphoryiation 29.0 35,7
Mol Wt per I atom 232 2065
Cale. Density PVE 1. 46 1.50
Mol. Wi, Di-7ine Salt 296, 4 268, 4
Cale, Density Di-7Zine Salt 1.90 2. 01

The NMeO used was eiher Zn0Y (d = 5,47, m. wt, = 8], 4) or PbO (d = 9.0, m, wt, =
223,00,

Sinee no product with 100% reaction was achieved the objective of the caleula-
tions was to caleulete a modulus of the complete metal salt from a knowledpe of
the poroduct mixture cornposition. IThe resction and calculation sweps for Zn0
mnciades:

I, PP oy Zn0O = BVE o PVPYZn 4 ZnQop 11,0
(A) (1) (filler)
, }

2, Add L0 back inte (A) and (B) o relation to A and $8 where ¢A 4 8B = 1.

5. Add o nO Sller () into (A) and () in relation to @A and #8 to obtain filled
Cpecaes tA and 18 where $FA 4 ¢ = 1.
O g volume bhasas (v o= voalume):
System | System 2
i ]
¢
Prrodaots - A ‘ v el PA ¢ 8B -
¢ +
o f \"
i i)
i I
Sarvipde 8 BN P A i vl violotal System (1S)




Therelore in:
System ]
System

Syestern 3

Flor System e

For .‘*jysl(':n }:

For System 2

The caloulate

(627-137) plas 1009

B AU

- vA ¢+ vE < vIA and ¢ A @f'l oo

- vy ot - iR and
b

Q}‘ +- @f = l
b

viA L vy 2 TS and erA ¢ o= 1

Knowing G, $A and #f , calculate the moduius for the filled
a

A sysitem ((;t"\) by the Mooney ¢quation,

re
From the calculated G and knowing $A, B, and G|
A I'S
(determined by experiment), caleulate the modulus for the

filled R svystem by eriher the law of mixtures:

AV R
(Pra)(c m) v (B fP)

?

(S ~
s
or by the long-form Kerner eqguation where it is asswumned that
the cross -chatn di-salt B is the continuous phase with a
Poisson's ratio of 0, 3., The modulus calculated by Kerner
results in answers 5-15% higher than by the law of mixtures
probably due to specie interaction since System 3 1s not a true

mixture of species,

From the calculated (;fB (by Kerner) and knowing B and q’fl '

>
caleulate the modutus of the metal phosphate aa di-salt (GB)
by the Mooney rejacion,

d values 50 derived for three molding cycles nsed with PVp

L theory 00 are given bele v,

Molding Cycele: 1oo/5/1% 100/5/15 100/5/15
SO/ K s/, 1on/ro/l1s 150/5/15
Sl reacted, wt, o mole 41, 1 43, 7.3
A (Vi unreadted) 0, R8¢ 0. 561 0. 227
PRV ZnoSaat) N, 114 0,139 0.773%
Iy sy o tern 1
(":"(‘Alk\'v} “fmnm)(‘\ IH"’:I/."H“} .1 L 5, 1
:v*\\4 PO R R Pedl YT
i NnTn RN A
OO UL ey AMeaoney TSI gt .o
PA
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1G0/5/1h TR YAR Lou/s/15%

Malding Cycle:
100/10/15 1506/5/1%

°(./ }\'].n.»ii/n)in.

InSystem 3: (By Kerner)

Ciipg (found) 5. 908 5. 67 fro &b
Ciga (calc. above) 3. 62 3. 60 3. 28
$fA . 59 .56 AL
¢fH . bl . b L7
Gy (calc. by Kerner) 10,944 9.53 7.46
In System 2t

Gep (cale. above) 10,94 9.53 7. 46
@R + ”ZO -‘)'lc).' .()‘151 -9776
ef . 0576 . 0549 . 0224
(';B (PVP Zn salt) 9.36 H.21 7. 04

Simiiar calculations were not made on the 627437 system plus 200% theory
7n0 since the modulus increase was similar to that required by filler action
(see Figure 4). However, X-ray analysis indicated about 76-77% of a theory Zn0O
reacted, and the excess 7nG thus appeared to promote formation of only nm-chain
type hall-salts which would not increase modulus because of rotational freedom,
Further, such calculations were not made on the low molecular weight PVEP

(627134) system due to the absence of X-ray data,

PROP'ERTIES OF Z_]N(,J POLYACRYLATE AND I'TS COMPOSTTES
{(l.. K. Nielsen and D, M, Hemmerly)

Work has continued on measuring the meoechanical properties of zine poly-
acrylate and composites made Hy using this polyelectrolyte as the matrix material,
The matrix material pave compressive strenpgths of 54, 000 psi (maximuni) and
47, 000 ps1 (average), A composite containing 10 volume percent iron flake pave
a compressive strenpgth of 43, 000 ps1 white one containming 20 volume percent
alumiinum flake pave a strength of 20,500 psic Becanse these were [1ost attempts
and because too small 4 munber of samples were made to get pood statistical

averapes, 1tas bhelieved that considerab:ly hgher values are achie inle with the

metal-filled Compnsttes,
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Typical shear modulus data are:

Vol, % Shear Modulus (pyi)
Material .I_i(_)‘_}_d_”gi _115"(: B _-jﬁ(-)l:m
Zn Polyacrylate (2.1) -- 950, 000 520, 000
ZP 4 Al powder 40 1, 370, 000 870, 00D
21+ Iron flake 40 1, 380, 000 870, 000
2P + Cu powder 2 1,270, 000 870, 000
ZP 4 7n powder 20 920, 000 580, 000
ZP + boren fibers 1/8" 20 1.530, 000 1,530, 000

(randomly oriented)

The more penerally measured Young's modulus should be about 2.7 times
as great as these values for shear moduli., The value for the composite {illed
with randomly oriented boron fibers is slightly less than the value predicted by
the theory of Nielsen and Chen, It is also worth noting that the modulus values
for the metal powder filled composites are less than whoat might be expected from
some theorics.  This is because the modulus of the matrix is so high itself that
it 1s beginning to approach the modulus of the fillers,

Attempts have been made to measure tensile gtrengths, but the present
cquipment 1s not adequate for such tests on brittle specimens.  The zinc poly-
acrylate matris material appears to have a tensile strength of about 10, 000 psi
or bigher, Metal powder filled composites have experimental values of 3500 to
5000 psi, but these values are believed to actually be much too low for the tensile
strength,

Coctficients of thermal expansion ire very small for polyelectrolytes compared

to normal polymers; in fact the values are in the sdme ranpe as comr oon metals,

The tollowing tabie gives data on polyelectrolytes and on polystyrene:
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IR
Mote rial Voiume Percent  Coel, Fapanion/* ¢
'olyacrylic acid - - hehe ox HoT?
Zinc polyacrylate (71) - - It x 107"
21 4 Tron flake 40 l.46 x 1077
L Al {lake 10 2ol x 107"

Polystyrene -- 8.1 x 107°

FRACTURL TOUGHNESY OF GUASS FIETA POLYPIFSNY LN QXTI
COMI'OSIT S5 (A, Wambach, K, Trachte and A, DiBenedetto)

In the desipn of any load bearing structure, the chotce of the material must
be influenced by its ability to resist fracture,  The ability to resist fracture can
be measuw o by a property called fracture toughness, It is rolated to the energy
required for a crack to propagate through a material,

Fracture toughness testing permits an evaluation of the stress level or strain

nergy regnived to cause fracture,  The fracture toughness depends on the sahe-
sion between the matrix and the reinforcing phase, the deprees of dispersion of
the reinforcement, and the proncerties of the constituent phases,  The sensitivity
of fracture touphness to subtle changes in structure gives it value as a measure
of the perfornmance and officiency of a composite.

v s study, the fracture toughness has been determined using double edpe-
notched tenibe specimens, Al fracture surfaces have been carefully examined
by sing optical, clectron scanning and clectron microscopy, Standard mmicro
tensile tesis have also been used norder to determiae tensife modulos and
yield strenoths

Prelinognary data of polvphemyiene axiae (PO} filled wath untreated glass
Beads ot vobhupe froactions of , 65, 010, and . 15 indicate an increase in fracture
touphness wath tiller concenteation, Py treating the beads with A-1100 s:lane at
a volinme trachion of L 10, a4 snificant decrease of about 60 percent 1o toughness
is obhecrve o while ot the same time the tenstle modalas s oaaffected and the

altimate strenyth s anereased only peroent, I'has, by increaw e the volumme




fraction of plass heads having no aodbeson to the porymer, the cnerpy recuired
to propagate a crack increases; by adding an effective coupling agent, these
cnerpy requirements drop, Fractopraphic evidence of improved adhesion s
shown for the beads treated with A-1100 silane coupling agent, A tentative
mechanism for crack propagation s postulated from the existing evidence,
Theory

Consider an unstressed sheet with a crack at one edpe,  As a stross is
applied perpendicular to the axis of the crack, the two surfaces of the crack
separate,  Stress immediately concentrates around the tip of the crack, causing
the strain in this region to become very larpge, Very little avorage stress is
required to cause plastic flow in the repion very near the crack tip,  As thiy
strain increases, the sharp tip becomes relatively blunt, At a critical value of
strain, the material finds it less difficult to fracture than te deform further,

1 2
Griffith  and Orowan have discussed this concept from an encrgetic point of
view, It is postulated that a crack will propagate when the l-crease in elastic
strain energy is at least equal to the energy required to create a new crack
surface. The releasc of elastic strain energy 18 the only source of energy to the
fracture process zone, This implies that all fracture encrgy (i. e, , the plastic
work, crazing, gereration of heat, and creation of new surfaces) must be obtained
from release of clastic strain enerpy.

Griffith and Orowan usce Inglis X elastic analysis in order to calculate the
clastic strain energy around an included crack, The Griffith criterion for crack
mmstability 1s that the net enerpgy change in the solid is negative as the crack length
increasces (ioe, dl/da <0).

For a continuous sheet  with an included crack, subjected to a uniform,

2

uniaxial stress, the critical gross stress for plane strain is

S E Y 1/2
o) = - ———
( (W a (]—V“))

where ¥ oas the total energy required to create 1 cm? of fracture surface, (a) is the

halt Tenpth of the included crack at instability, v s the Poisson ratio and £ is the

tensiie modalas,
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Experiinental resualts ! show that the energy Y 1s rouphly cognal to the thermo-
dynamic surface enerpy for a bhreatite solicd such as plass, hat ot several orders
of mapnitade preater than the surtace enerpy for metals and plasiics,

The Griffith-Orovean theory has not been used extensively tor seoan-hrattle
materials such as hiph svength steels, alumiauams, and moLt polymers,  Ooe of
its imy otions appears to be its inability to modily the olaciic strain enerpgy for
the inelastic deformation in the vicinity of the crack tip,

[rwin realized tins possible shortcoming and has otfeved a related approach
which permits a calculation of the size of the plastic zone inrvont of the crack tip,
From this theory one can calewlate the energy and stress level required for the
crack movement to change from a slow stable growth to o rapid, catastrophic

;
propagation, A material property called the strain energy release rate, ¥/ o
characterizes this condition, The strain energy release vate includes all contri-
butions to the enerpy dissipated as the crack advances, including those which are

not related directly to that required for the formation of new surface area, For

the edge notched sheets shown in Figure 1, 1 | i

Irwin has shown that the fracture

toughness is characterized by Fipure | Douaisle % ’
Edge-Notehed ﬁf |

the following equations
&4 Sheots are seqd

for Fracture TT[ ll] ﬁ J{

Tonghness,

K = 0 WY (tanu ¢ 0,1 gin 2 u) 2

Ic
o2
K
Ta [
L s s
W 2 Wo
y’
. ;
K - “
e (1-v)
<) T ————— (planc -stramn)
I(' l';
where KI(‘ and o/ are the stress inteasity parameter and sirain energy release
) !
rate and are material properties of the composite,  The quantity O 15 the gross -

section tensile stress, O s the yield strength of the composite, and (a) 1s ihe

1




crack size at e onset of catastrophic faiture, AL of these are measurable
propectics ot the compuosite,  The size of the plastic cone around the crack tip

1o characterized hy the Tenpth v
)V

e

N
v - le
/ Ty
’ 2ona
v
This "plastic zone size' is often very small in the systems we have been studying
but it is felt that it maybe an important parameter for characterizing the dissipa-
tive processeds in the vicinity of the crack tip,
It can be shown that the strain enevpy release rate is retaterd to the enerpy

parameter of the Griffith-Orowan theory by

xf'/] = 2y
C

cxperimental Results

The double cdge-notched tensile specirmen, shown in Figare 2, was used for

touphness testing,  The geometry of the specimen conforms to the dimensions

recommended by Irwin(). u o
The sarnples are notched with a custom deipgned, —~——w—ﬂ

carbide-tipped flycutter used on a milling machine, !i

The noteh ditmensions are: l
Depth = 0,200 4+ 0, 001 inches !

o

Width - 0,100 I3 0. 603 inches r .,; |
Incivded angic of tip - 45° l
Root radius of iip -~ < 0, 0008 inches, |

The notched root vadins can be of extrenne mimportance

ad s a subject of great discussion in hiterature on
the fracture toughness of metals . There ix essen-
traliy no data that can be used to determine the

nportance of root radims an notched plastics, however,
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Under the test condatrons we haove heenousimg, o racks prow slowty fromn the
notch tp hetore rapid propagation, It is thought that s Tong as the vapid prop-
agattan as preceeded by slow crack growth, the notch root radins at the onset
of catastrophie tadlure 19 probably smal!l enoagh o that the {racture toupghness
is relatively insensitive to the inttial machined notch radius,

With the notch radius being effectively zero, another major consideration
i1s whether the machining seriously affects the properties near the noteh,  Fortu-
nately PO s birefringent which allows the observation of the disruptance near
the crack tip by polarized light, When the polymer is strained nonuniforimly,
colored birefringent rings are creaied showing the dist urbed regions,  After
machining the notches in the unfilled PPQO, only slight distarbance was noticed,
The measured disturbance region extended less than . 002 inches, If the notch
wes further extended with a razor blade, bright rings were apparent with the
disturbed region extending to about | 010 inches from the tip, Since the plastic
zone, r , was determined o be about , 030 inches, it was ass.amed that the
disturbance due tomachining ~vas negligible. The filled polymers were tather
opaque and it was difficult to measure the regian of distorbance due to machinimg

with polarized Tight, However, since the colonlated r s about (070 inches,
v

agarn the disturbance is assumed neghipible, I uhnu!(i also bhe pointed oat that
the sl crack growth repion extends an average distance of . 020 inches which
would appear to insuare that the machbiming effects were neplynibic,

The specimens areanoanted in the specimen holders shown an Fignree 3,
'he centerline of the specimen is within 4 0, D01 inches of the loading axis, In
order to improve on the pin loading suggested by Trwon (ind nsed exclusively for
testing of metals), the specimens are plued 1o the specimen bolders with
Fastman 710 adhesive,  The specirmen holders are then pin Toaded, It s felt that
loading via the adhesive jomt permits a more uniform load than aftorded by pin
Toading,

After allowing the adheove to set (at least 2 hours) the Soanples are monnted

on the Inctron an oo crvi-onmentsl chamber,  The information needed for analysgis




Flipure 3 Mounting or

Tension Specimen,

can then he devtermimned trom the choort
record and spectmen halves, I'he
frociure touphne:ss test analysis

sheet (ICrpuee ) ontlines the calen-

Litton procedure,

Figare -l Fracture Toughness Test
Calculation Sheet
Date
S unple No,
Cross Head Speed Chart Speed
Temperature
J = Yaield Stress
Fi = Tensile Modulus
F.o= Fracture Load Filonyation at Break
Side Crack Siarted From

Samide Ihmensions

Hoteh Radius - swde 1 Srde 2
W - Wadth

s = Thickness

A Width x Thickness

.1(‘:‘ - NMachined Half Crack Tength

a Ao asared Tl Crack Toength
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Fracture toughness tests have been made for pure PO over a range of
thicknesses of L 03 to .20 inches, pure PO over a range of crosshead rates of
L05 cmZimin to 5 em/min, PO filled with unt - cated glass microbeads (divneter =
1-~30 mic rmm) at filler concentrations of 5, 10 and 15 percent by volune, and PPQ
filled with A-1100 silane treated glass microbeads,  In addition, the fracture
toughness for PMMA was determined as o check with published data, The tests
of pure 11'O over a range of thicknesses were carrvied out at room temperature;
all others were completed in the environmental chamber ot 040 029170 The data
15 swrmmartzed in Table I,

The calculated Y-fracture toughness of

Plexiglas ITUVA (PMMA) was 2, 02 x 10° - '
ergs /(‘xn“'_ This value aprees well with a - -

published value of 201 4+ 0085 x 10° (rl-,:w/(WH""l, i ~ “
Tee caleulated pilastic zone for PMMA 15 only - - - .l
U036 cim,  Because of 1its small size, the - ~_ .o

rlastic zone correction factor 18 neghipilie

and any pood purely elastic analysis is sufficient,
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Phe study of pure PEO over a range ol thacknesses from 03 to .20 imches

wan anode to determwe the state of stress daring testing, The results are

shown o Papare S and indicate that Pa RACTEE Lnnateast
AME PP
- - . ) ean by g rie @
l\l o e ondent of thickness over . e
. . . .
i ihg et am Py ° .
the o ape stadied, We feel that we . . H .
LLA .
ave ool waiihin the plane strain
N
vecron for thicknesses preater than
! oo
0. 0 anches,  Figure 6 shows the
o - P A
. Q ) 1 ¥ 4 3 [
relative plastico zone s12¢ as o IR (o=

fanciton of thickness,  For an Figure 5
accnrate fracture mechanics analysis, the plastic zone size should pe smdiler
than the sample thickness, A sample thickness of 0,1 aneb is considered to he

dtable tor ouptesting conditions,

NULALIVE PLASTIC XOME Since clongation at break ond tensile

ol
! rro
! strenpgth are known to depend on the visco-
i . clastic properties of amaterial, the stroan
v ) }'\
.. -
’ AN rite dependence of fracture toughness was
.
oa b “
| imvestipgated,  Pure PO was tested on an
ol v s
r Instron over the ranpe of crosshead speeds
. C‘ BT R . v
I thirkeere mevs) of L 05 to .5 cmm/min, Although the ¢ross -
i e o head speeds available include up to 50
[ L )
(m/min, the recording pen response time
Fovc tod b nsetul ranye to 5 cmi/oan, The data shown in Figure 7 indicates no

Sicomilteant cbanpe for fracture touphness due e e e
V‘] LET RN a4 A agt
|
oo aahie o ot Adthoayh fracture tovgh- Y-v““rﬂv y P + 8
’-'
o i A ivacr
e s gy choe s vy Wt strarn ratee, ‘f
: : |
the v o armfieant otiect due to the oL

P bt Aty

colatively sl range staudaed, There -
dappr oot too e hitde value anovarying the Fignre 7
cron head rate s a parameter {for future gtudies on tins system using the Instron
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Prelinnnary tests of the 'HO tilled with untrvated ploss beads indicate
that ¢ rvesshead rates of Shout 001 contimete os per minute permit extensive
yielding before fracture, This yielding is caused by the specitmen breaking at
a net gtreds near its yield point and thus does not permit proper analysis,
This difficulty was overcome by increasing the crosshead rate to 2 cn/min
at which all subsequent tesis were carried ont,

Both KI and Y-fracture toughness of the untreated glass bead composites

¢

increase linearly 'vith volume fraction of filler up to about 159% loading (Figures

8 and 9). An additional point at 26% loading indicates that the fracture toughness

. T OPRACTURE ORI APEESS
Kie PRACTURE OUGHNSSS Gatnes Beodh m PEO ot 68°F

GiALS RLADS IN PPO AT 8879 ,
-
600
e .
300
K -~ 7emn ! i ;
Ihgiem? ) Jem ){ //}'/ forgnem'i
- o
- " ;
b $ §
o unhr. ired bends
S UNTREATED BEADS 4
"”f WA 1100 TREATED BEADS B A KO treated boudh
| SO PO TN
o 03 e 14 70 ol
n (A8} X v x
VOTLUME PRACT O . e
CLASS A Ay VOMIME PRas T
.. " o
Figure 8 Figure 9

may reach a maximum in the range 15-207,. Aldthougph this type of behavior is
reasonable, 1t is aot yet certain whether the decrease is associated only with
the fabrication prccess (the 20% specimens were made from a different batch
of raw materials than the other conce ntrations),

Fractopgraphic evidence indicates that there is prabably hittle or no adhesion
between the untreated heads and the polymerc, When there is no adhesion between
phases one may consider that eaxch bead acts as a4 void in the solid,  From the
diata, ot secins that a low concentration of © nch vords cattses an Ine reas e mn
fracture touphness,  Treatiaent of the hoads with A L0 silane coupling agent
significantly decreases the fracture tonghnes< of the «omposite when comypaared
to the same concentration of untreated b ada,  The 7 fracture tonphness 1s even
fower than thar of the pure matrix, 5 ractog raphitc evidernoe shows that the treated
beards have o reater degree of adhesion to the poelvimer matrix,  Thus, 1t foliows
that inmproving the ntegrity of the systean (1o, , remsving the vonrds) seems to

decrease fracture touyhness,
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A compicte undevstandimg of this behavior is not avaifable af this titoe,
Hovwever, it dovs appear that the tneveased encrpy reqitirements for the system
wiath the antreated hoesds o related to additional physicol disturbance (plastic
low, secondary cracks amd Crazing) ot and beneath the fractace surface, By
tproviiag the adheston, thies disturb onee s restricted to the fracture surface
and thus the fracture process requires bess energy. As the concentrat ion of
beoads (or voids) increases there is o greater chanoe of applomeration and
coalesvence of voids which at high concentrations should lead to a4 dec rease in
fracture touphness, (In the himit of no matrix, no enerpy is required to separate
the Iunl(l:«',)

Phe fact that 2t 10 percent by volume of glass beads in 1'PO the Y-fracture
tonphness was decreased by 60% due to treatment with A-1100 §s Interesting:
constdering that the wlumate strength increased only four percent and the eclastic
modulus remained constant, It appe o rs that fracture toughnesy testimp may bhe
A valuable tool o determining the relative adbesion hetween the matrix «nd filler
for ynany composite systems.,

Yield stress and tensile maoaduales, required to caleulate Ko and & yoare

< <
determaned by the ase of naicrotensile samrples,  The samples are milled from
the 1 1/ Ly 5 inch mmolded barvs to the specifications of ASTM test ) 1708

The vield ctress 1s a0 relatively ifficualt propevty to determine, A thermo-
Plastre s viscaclastic which infors that there will be sommne flow ot qany W lress
Tewed, The obpect of determining o yvield stress 1 to determine the stie -5 at
which pencral plasace flow beings to occur, This level should be oindicatod by a
noticeahie cnanpc an slope in the stress -straimm curse, It was very ditficonlt to
drtferentiate this feom the anherent slippage of the sample an toe Instron's wedype -
action prips o HCwas telt that an offsef stress had httle merit doe to the noknown
shippayes The bhest alternative was to choose a crosshead rate ol permitted
the taterial to exhibit a ductile vield (1o e the Stress-straamn curve has oo
s tnnamm), Fhe ultunate Stress was then a pood repeoducable measure of the

Slres s e qarred for vielding., Fooor the o vnventenc ¢ ol testing, .0 cmndnnn was

o _..—-r‘
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chosen as the crosshead rate for all samples,  Only the PMMA samples fadled
{o show this kind of yielding and required that an approximale 2 percent offset
be usoed,

puRE PP 1 aB b

Figure 10 shows that the ultimate

strength of the pure PO increas s about oo
e I
linearly with the logarithm of the crosgs- - .
Wyrm ! .
head rate. The addition of untreated o
plass beads to PO decreases the ulti- T T T
CRISOR AT RATE
. - foom mon
mate strength as shown in Figure 11,
The results show little scatter, with the Figure 10
curve showing sharpest decrease in
strength in the low concentration range. L UUIMALL SYEENGH
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. - . AT 60°F
By treatirg the beadsg with A-1100 silane
mw
at 10 percent by volume glass beads, N
AOO
the strength was increased by 4 percent AT S
100 y BEADS
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aver the untcected beads bul remained
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far below that of thie unfitled PPFO. vOsumt reacrion
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The tensile modulus was determined

from microtensile samples and in most Figure 11

cases was checked by one-half inch wide bars.  The strain was measured by
Instron strain gage extensometers mounted on the samples,  The extensometers
arc quite accutrate (within 1/2%) but it was fonnd that extreme care must be
taken in placement on the sampices, Failure to make triplicate readings may

U -

permit « 9 percent error due to misaligninent, “[ vt e s ’
1 COUASY GEALY, ik Nl

N . ; . \ n - ' 0 a° . -
Fipure 12 shows that the tensile maodulus ’ T “" e
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increases with filler concentration,  The . o T
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mcereaste appedars to fall within the regilon I

i
b
. 9 0 ;
yredicted by ithe Kerner and van der Poel o
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Foroctoorophe stadies

The fraciore surfaces of pure PO were examined with the optical micro-

scope (Fipare 1) and the clectron seannim mic roascope (Figures 14 and 15).

P S
Direction of

Propagation

Figure 13 PParabolas
Characteristic in the
Fracture Surface of a
(ilassy Thermoplastic,

240 X,

IMrectior of Crack
P —

Froure 14 lectron Scan

{

Pictures of PO Surface,

200N,




|
. =
g I
: ~
A
-:‘ﬂ,
. X
Direction of (Crack
Iy /,/
NS ’
- &
!
) Flapvre 1o fLrectron Dean ‘
Pictures of PO Surfoace,
N
1 1000 N,
: Fhe pavabolic cb aracter ot the crack front and the topotogy are clearly shown,
Froare To qualitaticedy shows the relation between the parabolic front and the
. Iinteraction of ditterent crack fronta,
secondary crack front
v
4
5 .
P4
! Lt
‘)
3 )
iy .4 .
B ,»" l)
' 6 Fipgure 16 Formation of
H
- Characteristic Parabola
o Glassy Thermoplastie o
M
- Primary crack froat
ifstarsec o «)‘

crck bronts




IMre tren of Propagpation

>

P

Froyure 17 Crack YVelo-
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Fiapure 17 shows o rogion of the pure 9O fracinre caebae o oo whno b the
crack growth poes through a transittion from o olow crowth to rapad propag oo,
In the slow growrh regron the surface s nearly fearareles o Saddendv, the ook
propagates rapidlv and the surface shows the characteriatie joaradholio patteorn.,,
A probable explanation of this observation s that doaving S lose crosath, the ey
level ahead of the crack s not high enouph for the flaw s 1o become operative,

Croatiy e thhe roae frrvena -

A= the ctress Tevel batlds ap, the flaws bhecome o
cates rapidly. Further study will he necaed to ve gy thys v e stron,
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the surtace of the PO Olled with treoted versas antreated heads, Fipgnre 23
15 an electron microscope photograph which clearvly shows the inhibition of flow
near the surface of an adhering plass bead,
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It 1w pencrally belicved that the interfacial repion plays o omajor role an
determining the characterintows of compaosites, Water ds frequently troublesome
moweakening composites whiole suitable couplhing agents are effective in substan-
ttally incrveasing the wet strength of composites,  Hence, o siudy of the diffusion
of water along composite interfaces iq of preat intecest and the elucidation of the
mechantsm of this diffusion s of vital importance, A few such studies have been
undertaken, i,.lir(ll reported that water diffuses along the glass -epoxy interface
>
450 times faster than through the cpoxy resin, Patrick and l,‘lyn(-h reported a
substantial diffusion of water through @ plass-epoxy system (2.5 x 1077 3/cm?*/day)
with a great deal of the diffusion oceurring in microcracks spread throughout the
resin and alony the intertace,  Moreover, they found that thetr coupling agent
actually increased the rate of diffusion alony the interface,  We, however, do not
find as preat a diffusion of water through our glass -epoxy system and find that
the application of coupling agent to the interfacial region sometimes did not
hinder and other times helped retard the diffusion of the water, This work is a

conttnuation of the work begun by J, Schaeffor™,

Basic Method

A model plass-epoxy composite was constructied as shown in Figure 1, The
ROOM O TERPEART AL NTEREACH 1 permeation of tritiated water from the inside of the
cell throuph the resin and through the resin-plass
interface was measured as 4 function of time., A
: prrmeation of 10-? ;;/(‘ln"/d.iy was easily detected,
j Diffusion cells, as shown in Figures 2 and 3 were

o iMonre

| | P also constructed, and these cells approximated the
L
v LT T B condition where only the diffusion occurring through
TR EEY 1) N, R ey R
’ the resin was detected, The difference between
Fiagare | . . .
B these two experimments was a measure of the diffusion

of water throupgh the interface alone,  The resin shrinks away from the walls of

the cylinder when the sample is allowed to cool to room temperatuve after being
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Fipure & Figure 3

cured at ctevated temperatares, A large strain is thereby created at the inter-
face, The cifect of this strain upon interfacial diffusion was studied by performing
the experiments at various temperatures,  Also, in order to increase considerably
the interfacial region in a diffusion cell and increase the sensitivity by which
interfaciatl effects could be detected, experiments were performed on epoxy filled
sintered disos,

We wish to emaphasize that measurements were only made on cells which
showed no sipn of interfacial crack or fatlure,  In deed, a good many ceils were
discarded because of visible defects,

Lxperimental

A varicety of different diffusion cells were constracted, each of which has 1ts
particular usetalness. The one-cviimder-interface-cell will first be descoribed
i dedarl and then the varmations appriicable to the other cells will bhe considered,
One cylinder cell: A pyres plass ovhinder of 6 cm o dramiete s was ot smoothly at
one end to g denprth of 6 anches, shphitly five-polished and annealed overnight, Tne
final cleaming of the cyvhnder was cccompliched by reflusang isopropanot onto the
firc-polished end of the cylinder and then immersang the cyvhinder anto bosling

1sopropanol,  Kel-F fihm was wrapped and tied around the nire-polished end of

the cylinder to seal one end of the cyvhinder wath a smocth wrinkle free film,




Shell Fipon-820 was thorouphly mixed with Shell Cuving Agent 1) an a ratio of
10O parts (by weight) resin to 12,5 parts curing agent,  Ten g-ams of the mix-
ture was poured in and the cyvlinderv placed tn an oven to cure at 75°C. The

total time of care, beginning with the mixing «f the resin with curing agent,

was three hours,  To remove air bubbles arising from the mixing process and
the imitial curing process, a vacaurmn was pulled on the sample s during the first
half hour of cure. One sample {D Y0) did not recive the vacuum treatment and
air bubbles were clearly visible in the cared resin,  The Kel-F {ilim wag removed
after the cure, The top part of the diffusion cell was then attached to the cylinder
(see Figure 1), Tritiated water, 7,0, and a Teflon coated magnet were sealed
into a breakable glass vial and the outside of the vial washed to remove any
traces of radioactivity, For room temperature studies the vial was pilaced in

the diffusion cell and the top of the cell sealed,  For bigher temperature work,

a condenser and a cold trap were attached to the cell as shown in Figure 4, Dry

THalf RATURE (0

nitropen pas was passed over the bottom of the

(oMl wse s -Ir AR
wargm Lot

| outside ot the diffusion cell and then into a cold

B ‘ trap coltector,  The flow was sufficient to essen-
’-

PR TLY IV

Lo ttally carry over to the trap any diffusing water but

“love enongh so that in tests a second trap In series

AT NG TARE

i A narwonEA,
oRarrto

P woith the first did not show any radioactivity, The
|

aroune nme b e nneunt of FL,O0n the cold trap was measured by
‘I.J.LL o
wwarnaa | ‘\ A removing (and replacing) the cold trap contdiner,
}
" P
Vo rair reas LIRS gt wath 15 mil of scintidlating solution, and
o 1t o the solution thoroupghly with the contents of
Frupovre o

the trajp. The contents of the trap were then poured
Into o sontlianon ol (et Teas 0 99 transfer was o achieved) amd the sample
counted m oa boackard Model 570 hgond sointillation spectrumeter,  Before the
vial contcamn s the PO e hreodon g the detfusion o o1l (with the help of an outside
taaenet), oo blank A ran to o ase e that o radioactivaity had aco niendly sthippred
INto thie systern, Fhe vial aas then broben and the contents of the cold 1rap

analyzed an o Dunction of the tieee ciapseg beprrning from the breaking of the vial,
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Temperatare Measursments

An outer plass Jacket was ittached to the diffusion cell as shown in Figure
andd o heating tape was wrapped about the jacket in the vicinity above and below
the epoxy dise. A thermister probe and a thermometer were inserted just below
the dise and with the help of o thermister relay, temperature held constant to
within + 1°C,  An varly run where the temperature control was much poorer
(1 A) is indicated as such in the results,  Temperature equilibrium was
cstablished before the vial was broken,

Thin Cells: During cure, a Teflon rod of 2.5 ¢m diameter was inserted into

the epoxy resin at a distance of a few milimeters from the Kel-F film,  After
cure, the rod was pulled away from the resin leaving a circular cavity in the
disc. A pyrex cylinder was then attached to the thin part of the epoxy disc by
pouring room temperature care epoxy resin liberally on the outside of this inner
cylhinder and curing.  T,0 was placed inside the inner cylinder,

Twao Cylinder Cells: An inner pvrex cylinder of 5.1 ¢m diameter was partially

mserted into the curing disc,  The area between the inner and outer cylinders was
fitled with water and T,0 was placed inside the inner cylinder,

Sintered Giliass Cells:e A coarse sintered plass tube of disce diameter 1,3 ¢m

was cleaned by first refluxing the tubes overnight with isopropanol in a soxhelst,
Atter drying, the tubes were heated overnipht at 350°C in 4 rmmuffle oven and
Hlowed (o cool slowly,  The dise was filled with a few drops of epoxy resin which

hoad been curing for 1/2 hour and the rest of the cure continued for the norrnal 3

hours,  Thne top and hottormn of the cell were then attached as is shown an Figure 5,
LREICH P
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Scintillating Solution and Standardization: 16.9 prams of 2,5 ~diphenyloxazole
g2 £ Y

and 0, 64 gram of d-methvl-5-phenyloxazolyl-benzene, obiained from the Packard
Instrument Company was dissolved in four pints of reagent grade toluene and one
pini of reagent grade methanol to produce the scintillating solution,  Tritiated
water of wpecific activity of one millicure/gram was obtained from the New Englana
Noclear Corporation, It was diluted about ten-fold before use,  The water was
standardized by pipeting 50 § of the diluted water into a scintillating vial, adding
scintiliating solution and counting in the scintillation counter, A typical sample
gave about 3 x 107 counts per minute per gram of water, A correction was

applied to take into accoant the dead time evrror of the counter,

Method of Analysis

Assuming Fickian diffusion and neglecting end effects, a measurement of the
amount of water which has difiused through a tnembrane as a function of timme
allows one to determine the diffusion constant, D, ((:rn/n*xi‘nz) and the solubility,
C, {g/(:ma) for the system.  The product of C x I is known as the permeability
constant, P, Most common analysis of the data (timv—l;uj rn(‘t’nud) involves
plotting the amount of water which has diffused through the membrane as a function
f time until the steady state has definitely been achieved,  Then the siope of the
straight line in the steady state region and the intercept of this line extended into
the time axis, are sinply related to 1> and € . Howeve,, the smallness of the
diffusion constant for the systermn of our measurement and the need (o use rela-
tively thick membranes in order to puarantee interfacial contact between resin
and priass made analysis by the time-lag method impractical,  For exampl.,
steady state ot room temperature was not achieved after a year for the diftusion
af water throuph the glass-cpoyvy cells where the thickness of the dise was ihouat
.5 mm,  For shor: titmes, a non-exact hut highly aconrate colution of the Fiokian

dittusion ditferential equacion, ftor the honndary conditions of oar interest was

£ )
first piven by Ropers, Burmits and Alpert as the following:

dQ) , , .
Pn (= M (oA (=) e (1)

ot ) i1




W heire ()~ amonnt of water, g, which has diffused throupgh the meabrane,
A s area of membrane, ('m"'.
£~ length of tacmbrane, o,
L = timaee, anan,
= solubibhity of water in the membrane, ;"!n/rn\‘.

(Note:  Since the dervivation of the above solution is not, to the aathor's knowledpe,
clearly stated in the Literatirere, the tollowing hreief onthined derivations are pre-
sented,  One method 1s to apply the transformation which 1«4 found on page 275 of
Carslaw and Jaevger to the well known solution of the difterential equation which

2
it opiven on page 17 of Crank . Anothcer method is to make use of the solution
piven on pape 276 of Carvalaw and Jacper | Firat this solution should be put into

diff=1on terms by using the one to one correspondence that oxist between heat

conduction and difinsion, Set +F 0 and make use of the relationship
(o) @
T(Y = 2T () .
- O
d(Q - - . . . .
solve for e by intrst differentiating and ithen intepgrating, making use of the
it

rolatronshap

dO VRO
el - -2 - e
ot ((j‘\ )x )

where ' iy the concentration of the diffusing sabstance at a distance x from the
i oo the membrane where the <hitfosion began,  The himear form of the solution
1soobtarned by retaaning ondy the first term of the infinite series which 15 valid
for shont tunes, )

ilenice o plot ot the Teit side of the cguation (1) apanst the reciprocal of time

Beosid pove o stranpht hiee o whoso stope s direcily redated to D and whose e rce

. . V4 . .
b latod te the toparithm of Cox DY Note, however, vhat the acenracy in the
determanadien of (Y s much preater than that of ¢ Fhe hirftasion Jdara was fitted
b4

Coocepiation U0 ) by o beanst square analvsr
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Revulis

A tvpical plot of the diffusion data is shown in Figuare 60 As canbhe seen, a

INTEMPALIAL vy NN M YT APACIAL (PPt IOM . . - . . v -
atradpht line fit of the data, indicating
i
| . e ,
i «‘e PUOTING SR YRR Faockian diffosion 1s “easonable but the
A% T\ NuMBEACr Tl TLAT A
. “"{ Y OMT oAy N AARD
" R accuracy of the fit 18 not very poud.  The
- N '“
TR values of 1D and ¢ obtained from such fits
l‘ ceous s " . LEATFIT Lyt KAPACE
e TR . . .
fa. meaesio s should be analyzed taking 1nto conside ration
. LR YT )
g N the incccuracy of the fit, As previously
. N N ; N i
L] (Y o2 3 ~ . .
, . ° mentioned, the value of C so obtained, is
' LIRS

Figure 6 capecially inaccurate,  Despite such
inaccenracies, the resalts clearly indicate that an inecreased difiusion occurred due
to the presence of the interface, Groaphically Fipure 6 demonstrates this point,
The top line repregents the best fit for the measured race of diffusion and the
bottom line is what the straipght line would he Like if diffusion was oaly through

the resin, Diffusion through the resin alone was measured in two ways by use of
the thin cells and the two cylinder cells. In both cases, end effects are assumed
to be negligible,  The two cylinder cell, it particolar, clocely resembles the inter-
face cells and the resin was subljiect to identical conditions of cure.  The value of
C for room temperature was also measured directly by weighing a thin piece of
epoxy, which had been goaked in water for a time suificient to guarantee equili-
brium abrorbtion of water and then plotted and weigkaed,  The results for room
temperature diffusion is shown in Table 1. As indicated, interfaciral diffusion
differed trom diffusion through the resin primarily by an increased value of C
while the values of [Y were somewhat lower,

The product of € x D, the permeability congtant, was about an order of mag-
nitude too large, It was not expected that interfacial diffusion should show itself
by an increased value of C and no itncrease in 1. Such a resalt might be an
artifact arising from fitting innaccurate data to an invalid Fickian moedel. However,
another explanation is pesgible, Namely, that deterioration of the interface by

diffusing water occurs only after water has reachoed the inwerfacial vegion by
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It should be emphasived, how-
ever, that extreme care was
taken in the construction of the diffusion ¢l that they not be sabject to mechanical
or thermal shock,  Also any cell which showed ¢ven the slightest sign of an inter-
facial erack was discarded, Hence, the measurements we are reporting ave
representative of idealized conditions and scrve as an indication of what mipht be
cxpected from superior interfacial bondinps,
Increasing the temperature of 50°C and 73°C also increasged the value of C
(but not D) and hence P by about a factor of 10 o seen in Table 11, The high values
of C obtained for the two cylinder samples, D100 and D 103 are no doubt due to
experimental error (cracks),  The results indicate that releas ing the strain at the
interface by mncreasing the temperature, does not "ddecrease the diffusion of water
along the interface,
The results of diffusion through the sintered glass oylivider are shown in
Table 71, These cells had about 100 times the mierfacial areas as compared with

the anterfacial cells previousiy discussed,  Sing., however, the gintered discs
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were not characterizaed, neoattempt swasn maede tooanabvtreally oy e the ddnttg
Sromny oy h thom, The thic kness of the Jdrac was suweh that dittasron would not
have been d dected for about Ganonths had hffoston ocevrred only through the
cesn, I was expected that such cotls would he able to mapnidy small ditterences
previously detected mm the one anterface celfs, Indeed such an effect was tound
for the coll treated with coupling apent. As shown in Table T and [ the effect

of adding covpling apent to the interface of the one interfac e cells s either to
shphtly decrs voe the interfacial diftiesion or to have no effect on the diffusion,
For the sintered plass disce, how sver, the offect of apptyinpg coupling agent was
toodraratic iy decrease the diffustion,  As previously mentioned, these results
fffcr o those of Patrick and Laard, Tt may he that our results are specific
tothe conphing apent used and to the inethod by which it was applied.  Indeed, the
method of vppiying coupling agent and ats effect on the mmte rfac,aal bond had not
Leen adequately stuadied (o reported in the literaiure). We also observed that
wiven couphing apent was applied, the cells had a greater tendency to break,  Our
roesults anaeht bhe representative of relatively uncracked cells,

Jhoove s anindication from the results that there is a tendency of interfocial
dirfta vion to decrease vith time, Perhaps a s ing of the resin ocours which
tend to seal the interface,

he revalts arvre mmconclusive for they do not represent a statistical evaluation
ol intortar e Moreover, dt s napossible to determine the mechanisim of water
ditroon Teom these resalts, However, the findings tend to ecmphasize the role
which the antevface and cracks ot the aintertace play in the diffusion process.  In
additron they show how entively different results can be obtained by various
rencarchors, Therofore, unless it hecomes possible to adequately control this
cartable (the craclkes) a study and evalost on of other variables would be most
arttiealt,

Coome | R

| Inmany cases plass -cpoxy systems contaan cracks or broken interfaces

which allow water to rapdiy prass throngh svch composites,




In the case of pood interfaces water still appears to go alonp the
inteviace faster thaun throuph the bulk polymer but at a much smaller
rate than previously reported,

Stlane coupling agent A-1100, in the case of good interfaces, either
reduces the rate of water transmission through the composite, or it
has hittle effect,

Acknowledprment

Mr, Duave Moroetz helped with much of the experimental work,

References

1. Laird, J. A, "Glass sarface chemistry for glass-fiber reinforced plastics, "
Final Report, Navy Contract No, W-0679-C (F. B. M.) (June 1963).

Layne, W. S and R, .. batrick, Govesrnment Report, AD 644,219 (1766).

3. Schaefer, J, F. First Annual broject Review and Technical Rejport,
Monsanto/Washington University ARDPA 'roject, AD 487 208 1.,

Wong, R. Owens-Corning Iiberglass Corporation,  Private communication,

Crank, J. The Mathematics of Diffusion, Oxford (1964),

Ropers, W, A., R. 5. Buritz and D, Alpert. I, Appl, "hys., 25, 868 (1954).

Carslaw, H., 5. and J, C, Jaeger, Conduction of Heat in Solids, Znd idition,
Oxford (19590},

PR RCTS OF DISPERSTON AND AGGRIEGATION OF FILLER PARTICLES

N T Tewisy T T

ifferences in the measured value of a physical property of a composite
tiaterial are usually attributed to several factors, one heing the degree of disper -
cron and aggrepation of the filler material . This work was initiated to distingiish
what effect total dispersion and varying degrees of aggregation have on the
rheologreal properties of a filled system,  Viscosity measurements were selected

for the work because of the comparisons which can reac Iy be made. The exten-

sive data and theoretical equations for the viscosity of « Newtonian suspension




: . . : 2,9
of uniform spherical particles have heen reviewed in recent years .

In

addition the influence of filler content on the viscosity of a4 sus, ension ig math-

cematically analogous to the effect of filler content on the snear modulus of a
o, 5,06

compaosite .

A fotally dispersed system is characterized by neglipibie inter-particle
cohesive forces, An aggregated system has strong cohesive forces between
particles, while an agglomerated system would have weak cohesive foroes.,

(Weak and strong cohesive forces are distinguished by the ability and inability,
respectively, of ordinary dispersion techniques te nreak up the cluster,) The
inter-particle attractive forces represent the cordition of filler particles
exhibiting a "stickiness' and not being wetted individually by the matrix phage,
It is possible for the extent of agglomeration and/or aggregation to range from
doublets or triplets to very complex structures, In these measurements, all
cs<perimental parameters and conditions are held constant except for the extent
of aggregation of the filler particles, The aggregated systems are characterized
by the number of particles per aggregate, The inter-particle forces are of
sufficient magnitude that the extent of aggregation is constant, independent of
shear rate in the viscosity measurements.

The concentration range for suspensions can best be considered in three
segments:  infinitely dilute. moderate (to about 0,25 volurme fraction filler), and
highly concentrated (0, 25 to the maximurn volumetric packing fraction), Einstein
derived the equation for the viscosity of a suspension of non-interacting rigid
dispersed spheres at infinite dilution, Most of the thearetical equations in the
hiterature for finite concentrations are based on his result, and usually are
presented with supporting data obtained concarrently or with an analysis of several
scts of data from the literature. These equations predict essentially the same
behavior at moderate concentrations, but verv divergent behavior at high concen-

trations, In all the theories inter-particle interactions are taken into account,

imphicitly or explicitly, at high concentrations,




T ey Ny

H _
Citlles pie constdered apprepated systems when measuring the vinconty of

polystyrene Tatex sivipeniions.  He obrserved the extent of apprepation with ao

]
optical microvcope, gy introducing a mrodification in the equation of Brinkanan ',
he coald account for the resulls theoretivally,  His primary conclusaion oo that
the Finstein coefficient increases as o ftanction of the numhber of parvticles pev
agurepate, s mreasurements were carricd out in the moderate concentration
range,

Glass beads ina haghly viscous fhind, Aroclor, were selected for the measure-
ments herve bhecausde the system can serve as o useful model fov composite materials,
In addition, the spherteal shape and surface of plass can bhe acenrately characierined,
Viscosities for dispersed and apprvepated systoms, with concentrations as high ay

)]
0. 549 volume fraction solidyg, are shown te fit the Mooney cquation over the
entire concentration range, if the Finstein coefficient is increased for the agpre-
pated system as sugpested by Gillespie . One of the parameters in the Mooney
cquation, as in most theories for viscosity of moderate and high concentrations
15 the maximurn volumetric packing fraction, (bn . Accordingly, measurement:s,

)

of & were carried out under severa) conditions,
i

Fxpermmental

a . . . : . . . .
Aroclor ). a chlorinated biphenyl, 15 a Newtonian fluid with a viscosity of
65 poises and a density of 1,535 pin/ec at 2h°C, I'he plass heads were frac-
tionated to obiain a narrow particle size distribution for each size range,  The
meotal which is normally found in glass beads with diameters less than 70 4 was
carefully removed,  The beads were cleaned in refluxing isopropanol and vacuum
dried at 150°C to remove adsorbed water,  They werve classified in four size

ranpges as indicated in Table T,

(1) Tvpe 1254, manufactured by Monsanto Co., St. Louis, Mo, 63166

(l)) Seda-lime type, obtained from Microbeads Div,, Cataphote Corp,,
Jackson, Missisaippi,
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TART. K

PARTICLE STZ R DISTRIPBUTION

Avervape Dineter Range of Sires
94 4t G0 - 10H M
H51 41 A 6H0 W
Seb | AR
T M 5 - 104

Fhe tollowing technigne was developed for making aperepates,  Beads of

A certain size range were poured into @ Vycor vessel containing larpe pglass

\
:;p]u-r'c-:‘:( , ten times larger in dinmeter and of 4 ditterent composition than the

tormer heads, By vibrating the container with a mechameoal generator the small

beads settled into the intersitial sites of the larper spheres,  The mixture was

beated to 635°C, maintained at this temmperature for six hours, and allowed to

cool slowly, The points of contact of the smail spheres fused together, while
the larper spheres would not fuse together or to the simaller s pheres,  The

appregates were separated by passing the mixture through a series of Tyler

sicves, A very sharp distribation in the average number of particles per agore-
palte coudd be obtained from each of the sieves, as was determined from obser-

vations with an optical microscope,  An example of the type of distribution that

can be obtatned 1s priven an Fable IT for aggregatesy

made from beads of 95 U gve rage diameter, s e bt e

PO

P N S T
el e

Photomicroeraphs of singlets used for the -

».,‘.:..
agprepates are shown o Figure 1 for the heads

before and after the initial classification by

fractionation,  Kxamples of appregates with . )
an averape of 3, 4.5, and 7 particles per

dagprepate are shown in Fignre 2,

(.l) Crown bariam type, obtaine<d frorn Ballotint Div,, Potter Bros,, Inc,

Carlstadt, New .lvrsvy, 07070
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Homopeneous suspensions of the dispersed and apgprepated sysiems were
prepared by introducing the Aroclor into g cotainer with the cleaned beads
unaer vacunan:. Phe density of the beads was 2,38 gm/ee, and for the experi-
tuents reported here the settling rate of the beads in Acoclor is neglipgible
compared to the timie of the experiment,

, . L . o)
Viscosily measurements were obtained at 257C asing a Couette viscotneier
with a minmn shear rate of 0,3 sec™, The sceparation of the inner and outer
walls of the viscometer was 0.5% ¢, Thas the ratio of the filler particle size
to separation distance was much less than unity, and correction factors for such
size offects are negligible,  Temperature control was inaintained by pumping
fluid from o bath to & chamber surcounding the voscosity cell, The bath was
regulated to within ¢ 0, 037,

Values of the maximum volumetric packing fraction were obtained by centri-
fuging the homogpgencots suspensions and determining the sedimentation volume,
}("h‘lllifj

Viscositics as a function of volume concentration, $, of filler bave been
obtained for dispersed systems with averapge parvicle sizes of 95 U, 51 W, and
4 U, Al of these systens exhibit Newtonian behavior except at the highest
concentrattons where shear stress starts to become a non-linear function of rate
of shear above € = 0,45, These resuaits are <hown in Frgure 3, The rt-prnduci~
bility of meauring viscosity 15+ 19, except for the highest concentrations which
are somewhat less acourate due te the non-lincar behavior,

ine cuarve drawn throach the data in Figure 3 was calculated froimm the theore-

1
trical equation For retative viscogity, n_, of Mooney ,
) - }

k
( I ¢ ) 3
1 - XD o —
\ I T {
with k,. 208 aned < = 1,4, This valiae of k 15 defined as the Fanstean coefticrent,

(1) Rotovis o Maodel by Huake, obtained foom Bravkonan fnatoonents, Westhury,
New Yook, FE5h40.




] Fipure 3 Reratrve Viscosities of Dispersed
y Glaass Spheres in Aroctor as o Fuactien of
& Volume Concentraiion for Three Average
fi: Particle Diameters, d: d = 95 MO d =
§ N A1 M, 4+; andd - 24 d, 6, The Smooth Curve
. S, g a Plot of the Mooney equation:
:3 . NP Nz oexp (s L. '?' )
' T 1-1. ‘16- ‘
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Agpregates made of the 95 U spheres were used for the completed vigcuosity

measurements of aggregated systems,  The smallest aggregate size selected

1ad an average of three particles per aggregate, For this system a non-lincar
behavior of shear stress as a functic.. of rate of ahear va, {irst detected at a

concentration of about ¢ = 0,20, although viscosities could be fairly accurately

determined for concentrations as high as $ = 0, 37. These results are shown in
Figure 4. It can be seen that the slope at the lowost concentrations is greater

than the slope for the singlet measurements,

, : Fipure Relative Viscosity of Agpregated
voi L] 1 - . a .
i / i Spheres in Aroclor as a Junction of Volume
. . |
| Concentration for Two Sizes of Aggregaies:
[ 21 ~ . -
! ! 3 Particleg per Apprepate, O, and 4,5
0 ‘ . — o -
¢ | Particles per Aggregate, (). The smooth
. ! Curves are Piots of the Equation:
e | (Km )
w n DXy | —
oL ‘ r VAT
oo i where (1} corresponds tok = 2.5 and s =
v .
¥ h .4 (dispersed systern); (2)corresponds 10
kF = 3.6 and 8 = 1. 6; and (3) corresponds
/ to'k 2 3.8 aond 5 =2 1, R,
W I
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Vigcosity measurements of apprepated systeme:s with o higher average

number of particles per agpregate vere more ditficddt to obtam,  For agpregates

with an average of 4, 5 particles per apprepats, the highest concentration that
could be s d to adain meaningfod resualta was b o 0,15, and in this case only a
lower Tt could be placed on the value of viscosity, tlowever, the viscosities
for agprepgates of this size provide a mieasure of the behavior at the lower

cancoentrations,

Values of the maximum volumetr oo packingy traction were obtained in atr,

water, and Aroclor, as indicated (n Fable T and Fionre &,

. Fiopure 5 Maximum Volumetric Packing
M Froction of Apprepated Glass Beads in
o “ Alr. (), Wates, 4, and Aroclor, b,

’
amociem

Nummber of Plarticies per Agprepate,
Stratght Lines were Drawn Through the

MAY vOL_ ML FR4:
.

Foxpernmental Values, The Vaiue of ¢
T

L in Avoclor for L6 Particles por

18]

I : { Flotted as o Function of the Averagpe
I

SVE WO SARTICLES/ATMRTEATE Agprepgate woas Obtained by Fxtrapolation,

Discussion

The results shown in Figures 3 and 4 «learly indicate that the slope of the
relative viscosity versus concentration curve at fow concentration increases with

the extent of agpregation,  The Finstein relation for dispersed non-interacting

spheres in i suspension reduces at infinite dilution to
n = 1l 42,5¢. (2)

2.5, and this holds for the data

This predicts a slope for the dispersed case of 2,

#
Gillespie  acvcounted tor appregation by modifying the Finsiein

prasented hereo,

cocflictent to

r
k = é_c). _ ,_’4_ I ),\
i [§) §— v
n

where o ots the average number of particles per agprepgate,  This pives vaiues

of

k.. equal to 3,6 and 3.8, for aggregates with an average of three and 4, 6

P)

particles, respectively,




Pl value of s ecquation (1) was descrmbed by Moorey as an experinent al

poraraeter, huat ot s normally adentitred an the inverae of the oaxaimuam volum et ri
poacking fraction, It has been shown that a value of o o4 wrves the hest fat of
several sets of experimental data rnthe bt caturve, This value of s would predict

a value of & = 0,71, However, the mastmum volmmetvic pacidny fraction for
m )

A . _ . T O P ‘
spheres incaie has been determined hy oo number of workers a8 ranging
) ) 1 145 ) .
from (0,62 to 0, 614, Robinron amd Toandel Pave measured & In conunetion

m

with therr viscosity data and obtain values in the range @, 60, It 18 not obvious

. , 1 O _ , ’

from Moonev's development that s must be the ioverse of &, and further, the
) m

data presented here along with the veference cated above indicate that a value of

s = Lo does pive a very good it for n of dispersed systems,  The values of ¢
) v

m

tor Aroclor listed in Table T were used to det crmmne values of 5§ according to
the following expression:

¢ (dispersed)

s (aggregates S D VEUUOR O B 4
(repron ) 4’m(dg;xrvg:nc*}:) (4)

and are included in Table 111,

These values of s along with the S

vilues of kl‘ determined from eguation MAX IMUPA VOLUMETRIC PACKING FRACTION &
‘/

(3) wers usced in eqguation (1) to compute Aarcge Humber of N
LIS ‘Qy Aw..?m A W rer Ay bor by
the smiooth curves of Figure 3, These 1 o & .59 '
. . . ¥ Y .5 51 ()
curves predict o behavior which s
4.8 ot 4 420c 8
slightly preater than the experirental , 5t "
measuren. .o with the three particle © Dipeered

** Obgined by Lriopolation

apprepates, and slightly less than the
results with the 4,5 particle aggroegates,
Foxperimenially one often finds that particles tend to stick together or agglom -

erate as particle size is decre o, Preliminary viscosity results of dispersed

spheres in the range 5-10 o tndicate a4 similar behavior to that obtained with the larger

spheres.  If apglomeration did become apparent, similar behavior to that detected

for the aggrepated systems would be expected,
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Presectly expertiments are heang carvied out to construct agprepates from

smaller sized spheren than the 95 o beids sinee the smaller size may climinate

some of the experivental ditfficolties encountered in the viscogitly measurements

wich the agprepates of the larper sived beads,

It can b~ concluded trom this work that:

1. Viscosity measurements for dispersed sphered in suspengion can be
predicted over the eaticre concentration range by the Mooney equation:

2. itarticle size effects in dispersed systems {or the range (5 1 - 100 W)
are not apparent iu the measurements of the relative viscosity,

3. Viscosity measureraents for aggregated systems can be predicted by
the Mooney equation if the Finstein coefficient is increasced according
tr equation (3) and values of 5 are calculated from maximum volumetric

packing data,
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POLYMER-FILUER INTERACTIONS IN COMPOSITES (D. Drogte and

A, T. DiBoncedet Lo)

Considerable offort has gone into studying the nature of filler-coupler-

polymer interfaces because of the strong influence intertaces have on the

physical properties of composites,  Much of this work is on model systems

unde r

wdeal treating conditions,  Fram such work has come an understanding

of the types of ponding possible in various filler-coupler-polymer combinations

and a feeling for the conditions required for optimum properties,

In spite of the extensi re disspreement tn the literature as to actual mechanism

of coupling action, several basic conclusions are agreed upon by almost everyone:

1. Structures that contain non-adhering phases behave differently than those
with adhering phases,

2,  Couplers are used in order to promote g continuous adhesive structure
throuph the phase boundaries,

3. The extent of interaction between phases ix a hichly specific phenomenon,
determined by the nature of the interacting surfaces and, inmany cases,
the way in which they are brought together,

4.  In urder to achieve interaction between phases it is necessary for the
interacting components to come into maolecular contact with one another,

it is generally recognized that when specific components are mixed together

in a complicated fabrication process, unexpected events can often occur which

place doubt on the nature (or reliability) of the finished composite,  Thus,

mechanistic iaboratory studies on model systems do not always relate to the

performance level of a specific composite material,
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The main objective of this stuady is to develop relatively simple physical
property measurements on a fabricated composite material, that can be
interpreted in terms of the extent of inferaction between the constituents of the
material., These experiments are not anned at determining the mechanism of
interaction, but rather are designed to quantify the extent of the interactica
and to determine what effect the interaction has on the performance of the
materic ..

Qur study is based on the assumption that if there is interaction between
a filler and a polymer matrix, the molecular properties of the polymer matrix
will be affected, The nature of the molecular change will, of course, depend
specifically on the type of interactiion involved. A chemical reaction between
the constituents, for example, can change the chemical constitution and average
molecular weight of the polymer phase, A strong adsorption of polymer on the
filler surface, on the other hand, may mercly change the mobility and flesxibility
of the polymer chaing, In any gpecific composite system, it is likely that more
than one phenomenon may occur that can change the properties of the polymer
molecuies,

The important point is that the physical properties of the matrix material
in the composite are not necessarily the same as those of the pure unfilled
material. Tt follows that if one makes & composite in which a significant fraction |
of the polymer is in contact with a filler surface and if the polymer strongly

,
interacts with the filler, the degree of interaction (regardless of mechanism) i
should manifest itself by changes 1n the thermodynarnic and viscoelastic proper-
ties of the matrix,

Experimental Program

Two experimental techniques are degcribed in this paper. The glass transition
temperatures of composites were measared asing a DuPont 900 Differential
Thermal Analyzer (DTA)., The basic idea is to supply thermal energy to both a
sampie and an inert reference material, The tempe-ature differesnce Letween

sample and reference is recorded, When a sudden change in specific heat or
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thermal conductivity of the sample oveurs (such as that occurring at the glass
trangition temperature of the polymer), a change in the heating rate between
sarmyple and refereance occurs, which marks the transition temperature of the
material,

Dynamic moduli and damping capacities of the composites were measured
using a freely oscillating torsion pendulum . A schematic diagram is shown

in Figu-e 1, The basic idea is to impose a sinusoidal torsional strain on the

4

Stationary Sample Clamp
Movable Sample Clamyp:

e D —

Polymer Sample
Moment of Inertia Memb«or

[0-%

Fipure 1 The Simplified Functions
of the Torsion Pendulum Indicate

3 tnac this Instrument is Primarily

—_ T used for Constant Frequency

L Measurements,
| >,//

2
4 - . -
composite sample by means of an
=
inertia disc and measure the frequency

of cscillatior and its decrease in

ampiitude with time. From this data

one may calculate storage modulus,
2 :
loss modulus and damping capacity . Two composite systems have heen chosen
for study:

Phenoxy PKHH*, a thermoplastic with a repeating structure of

£ O-CgH4-C-(CH,),-CgH,-O-CH, ~-CH(OH)-CH, # and a molecular weight of about
31, 000, was filled with an attapulgite clay, Attagel 40, %% which had a rod-like
morphology and an average ultimate particle size of 200 ,Su diameter and 1 micron
in length, The actual BET surface arca of the filler 1s 210 rna/‘gm.

* Tradenarne for a phenoxy resin made by Union Carbide Corporation,

#*% Tradenarne for a clay filler made by the Attapulpgus Clay Producis Company,
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Fopon 103 1, « thermopiastic epoxy mononsec with a structure

{(cii, - (IH—(IH‘m()—(36114)‘,(311}, and an averape molecular weight ol atroat 700
T ! . 2
( . . . . . .
to 800 (smm-, dimer is present in material), also was filled with Attagel 40 clay,

The phenoxy composite specimens were prepated by dissolving the polymer
in a solvent mixture of 40% acetone, 40% toluene and 20% butanol, and slurrying
the as-received filler in the solution,  After sonification ot the slurry, the
solvent was slowly evaporated and then the composites were placed in a vacuumnm
oven at 120°C for 100 hours, The resulting powders were then compression
molded into 4 x 0.5 x 0, 025" bars at 3000 psi and 100-120°C,  The kpon 1031

composites were made in a similar manner, but the solvent was acetone,

Experimental Results - e

Figure ¢ shows that the addition

of attapulgite to Epon 1031 causes a

Nk e sy

marked increase in the glass transi-

tion temperature of the matrix, This
increase is a manifestation of a

S i interactic 3 e » two . s ~:
strong interaction between the twe Figure 2 F'he 'resence of the Fitler
in the [pon 1031-Attage]l Compos.te
Results in Major Shifts of the Glasgs
has considerably different properties Transition Temperature,

counstituents; the matrix material

after the addition of the filler, There

are several potential mechanisms that can be used to explain this interaction,

One possibility 1s that the filler surface can act as a catalyst for the polymeriza-
tion of the monomeric matcrial, An 1nc;case in molecular weipght could explain

the increase in Tg. Another possibility is that a significant poruon of the rnonomer
is strongly adsorbed on the filler surface, thereby decreasing the mobility and
molecular flexibility of the molecules,  Fuarther experimentation is required to

distinguish between these or other mechanisms,

* Tradename for an epoxy resin made by Shedl Chemical Company.
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Figure 3 shows that the addition of

:'wl : attapulpite to the phenosy resin also
'f l . ! causes an increase in the glass transition
i -
f tempecature,  In this case the change,
i
- ] 1 N
. and therefore the extent of interaction,
is sinaller than with the Epon 1031,
Figure 3 The Glass Transition The torsion pendulum was used to

Temperature of the Phenoxy
PKHH-Attagel Comiposite is
lLess Affected by the Presence would also manifest themselves in the

of the Filler,

deterimine whether these interactions

viscoelastic properties of the matrix,

The uncrosglinked Epon 1031 system could not be studied because the low
molecular weight material was too brittle for mechanical testing, If work on
this systern is continued, the matrix material will have to be lightly crosslinked.
Figures 4 and 5 show the dynamic test results for the phenoxy-attapulgite

composites,

The shear moduli and loss meduli near 100°C show the same shiflt in the
plass transition temperatnre as was found with the DTA., At the transition
temperature of the pure polymer, the onset of rapid viscous flow causes a near-
infinite rise in the dammping capacity of the material.  The addition of twenty
percent attapulpite suppresses this peak somewhat bul viscous flow again pre-
domipites at a temperature that is a few degrees higher than for the pure polymer,
At thirty percent filler concentration the damping peak is relatively low and a
definite maximum is observed., Thus, the composite is beginning to exhibit sorne
strength above the glass transition temperature,  This 1s the kind of behavior
one would expect from a c¢rystalline or lightly crosslinked polymer,

Low temperatur-e peaks at -67°C 1n the loss moduli and damping capacities
are also observed, indicating a secondary glass transition for the polymier, The
prak temperatures and the shape of the damping curves appear to be independent
of filler concentration, The relative peak heights tor the damjing curves are also
proportional to the volume fraction of filler, Thus, 1f the damping capacities are

cempared on a unit volume of polymer basia, the damping curves may be

superimpuosed,
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These data might be interpreted as follows: The Tow temperature (ransition
involves specific short segments adong the polynier chain, The tlexibility and
mobility of these short segments are not strongly affected by the presence of
filler surface and thus the portion of the relaxation spectrum associated with
these motions is not significantly chanped by the presence of filler,  The higher
ternperature transition, on the other hand, 1mvolves the {lexibility and mobility
of larger segmaents of the polymer chains  The shift of the glass transition
temperature and the decrease in viscous dissipation per unit volume of polymer
leags one to believe that the longer range chain flexibility and mobitity are
inhibited., 1In other words, the relaxation spectrum in the longer relaxation
time region is shifted to still lonper times because of the presence of the filler,
A physical picture of a polymer chain being adsorbed at o few points along the
chain and forming locps back into the bulk of the polymer matrix is consistent
with the data. Tt should be pointed out that this latter description of the polymer
morpholiogy at the {iller surface is purely hypothetical but is at least consistent
with what has previously been reported in the literature on the adsorption of
polymers on high encergy surfaces,

The data alsc show that the filler increases the shear moduli of the
composites, The effective reinforcement in the glassy stiate is close to that
predicted by the van der Poel equation (3). In the higher temperature region
around the plass transition point, the storage moduli of the composites decrease
with temperature at a faster rate than does the storape modulus of pure phenoxy.
This might indicate that the effective reinforcement in the rubbery state is less
than in the glassy state, which could be a manifestation of poor adhesion, To
mmvestigate this possibility data will be taken in the rubbery repion,

Conclusions

The measurement of plass transition temperature, dynamic moduti, and
probably any other property which depends primarily on the flexibility and
mobility of the polymer molccules, can be used as a quantitative indication of

the extent of interaction between a reinforeing filler and a polyvimer mawrix,
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Additional experimentation is required th sort out the variocus mechansms
for these interactions,  Work will continue on relating physical properties of
compuosites to the extent ol interaction hetween cons(ituentsy,
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MOLECULAR WEIGHT CRYSTALS IN AMORPHOUS POLYMERIC MATRICES
(J. R. Joseph, J. [. Kardos and .. k. Niclsen)

In many cases it would be convenient to be able to moke composite materials
which could be faliricated at hiph temperatures as homogeneocus mells from which
a rigid reinforcing phase develops as the system is cooled down to the solid state,
A possible way of achieving this goal would be to use mixtures of rigid amorphouas
polyrmrers and low molecular weight organic compounds, which are soluble in the
polymer at high (fabrication) temperatures and which become insoluble and
crystallize out of the viscous melt as the temperature is lowered, Thus, the
well-known difficulties of processing and fabricating filled systems, especially
those containing fibrous fillers, would be avoided, In addition, such techniques
offer the possibility of controlling crystal morphology and orientation to a degree
not possible with conventional fabrication techniques involving the flu v of fitled
polymer meclts,

Mixtures of organic compounds and high poiymers offer possible an,wers to
a numbe r of important scientific guestions in addition o those mentioned above:

I.  What is the mechanism and rate of crystal growth of organic compounds

from viscous liquids?
2., What changes in movphology of the crystalline phase are possable?
3. whar are the elastic moduli of sinall orpanic crystals? Do such crystais
offer the possibility of acting as good reinf romg fitters in the same wiay

as sinple crystal wheskers of (norgamco materials ?
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Twir workable syvstemns have been found and their phas e diagrams deto rmned,
Crystallization kinetics and crystal movpholopy have bheen determined under a
vartety of conditions for crystals prown from very viscous polymer melts,
Dynamic mechanical propercties of such two-component, two-phase systems have
been measured, It appears that the elastic modult of orpanic crystals, which
are held together by Van der Waal's forces, are about the same ag the moduli
of organic polymers in the glassy state rather than the higher moduli associated
with Ilnorpanic single crystals,

Criteria for System Selection

In choesing the polymer matrix and the low molecular weight (LMW) compo-

nent toe be selectively crystallived, the following criteria must be considered:

(¢) Transition Temperatures

The melting point, and in most cases the dissolution (fabrication) temperature,

of the LMW compaonent must be considerably above the glass trans)tion tenperature
(T ) of the polymer matrix for several reasors,  First, erystallizatiou cannot
\

occur readily from the plassy state, iffusion being much too slow; second, a wide

crystallization temperature ranpe above T perimits better control over the
B

crystallization morphology; and finally, the highey the 1nelting point 1s above T
8

the lower will be the polymer viscosity, thus hastening the dissolution process,
Obviously, the digsolution termperature cannot exceed the degradation temp-

erature ~f vither the polymer matrix or the LMW comnonent, The LMW component

alsou must not be volatile at the dissolution temperature,
(h) Solubality

At the fabrication (dissslution) teimperatare, the two components must be
campletely nascible,  Tiowever, the solubility should decrease as the temperature
15 towered so that the MW componont can crystallize, Ideaily, the LMW com -
ponent would be 1009 soluble shivhtiv above its melting point and insoluble at the
T of the pure polvimer,

(<) Treprreees ot Diwsolved PR o o Interaction

Ay by g sl s hieiscad e actron hetween the dissolved caomponents s certainly

HE e s irehie, ine e ot aaand o atfe ot the st rix prope rties an additian to hln(ivring
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the subvoequent crvstallization procens,  Any otlier strone anteractions which
would tend to andece cryvstallhization an the polymer ot the dissolulion tempera-
ture shoula alaso be avorded,

Siee solublity aond chempeal mteraction data are proac'ts oy nonesistant
(or systerg of this type, a considerable number of combin ot o were screened
waing differential thermal analysis (D'TA), Styvrenc-acreylonitrile copolviner
(5 AN) was chosen as the matrix because of it pood chemical stability, conven-
ient I and ability to remain amorphons under ol conditions used,  The SAN

1

contatacd 26 weight percent acrylonitrile and had a number averapge molecular
wotpht of about 60, 000, DTA showed a'I' of 100-102°C and a depgradation

I
for the pnre copolymer,  Of several possible LMW

temperature of about 280°C
compounds (hereaiter designated fillern), acetanilide and arthracene, whose
phiysical constants are summarized below, were chosen to combine with SAN

pgiving two model systems which fulfill the above criteria reasonably well,
TARBT KT

PHYSTCAT, CONSTANTAS OF THII 1.OW MOILKCULAR
WEIGHT COMPOUNDS

Chenvieal Molecular Melting Boriiny, Donnity
Coorn ponnd Formula Werght ‘l'me)_.‘ S RS S0
Accotalide  CHLGONITCH, i35 T13-114°C e L2
Anthracone (;6”4((:]1)&(:6”4 178 2167 C V0 1, 0%

Sample Prepariation

A rotating hammer midl was used to pgrind the SAN pellets, along s ooy e
(0 prevent softening, into a fine (80 mesh) powder,  Both the SAN and filler
powders werve dried overnight at 80°C ander o slight vacuum,  The filler and
polyiner powders were wegphed out and maxed an proportions calonlated from the

densities to yield the desired volume fractions,
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Two types of specimens were orepaved,  The fivat was a test-tube somple
containtng about 5 prams of powder maxture,  The west tabes were heated in an
oil bath for 4 hours at 160°C for the acetanilide and at 200°C for the anthrwcene
mixtures, (Antheocene is soluble shightly below its melting point, ) Following
complete dir cluaon the samples were quenched in liquid nitrogen to prevent
crystaliization and give a hard glessy soltd solution,  The high volume -froction
acetanilide samoles were stored in liquid nitrogen since the glass transition
temperature of the SAN wayg depressed HYelow room temperature, At this point
the samples were ready for use in determining the phase diagrams and the
crystallization kinetics for both systems,  The second type of sample was pre-
pared solely for dynamic testing and will he described helow,

Phase Diagrams

PPhase diagrams of the two model systems were delormined {or use in guiding
subsequent crystallization kinetics expeviments,  Sach phase diagram considts
of two curves; the glass transition curve where Tg of the polymer matrix is
plotted against the volume fraction filler, and the solubility curve where the
crystallization temperature is plotted versus the {iller volume fraction still in
solution after complete crystallization (equilibriurn).
(a) Glass Transition Curve

Seven acetanilide - SAN and five anthracene - SAN test-tube samples were
prepared containing various filler volwne fractions frorm 0 up to 0. 3 and 0. <
respectively, At higher concentrations it was difficult to avoid crystallization
during the quenching step. After quenching, a DTA scan was run on each sample
to determine the glass transition temperature.
(b) Solubility Curve

Several sets of test-tube samples containing dissolved volume {ractions of
0. 3 acetanilide and 0.2 anthracene were prepared, Fach set of samples was
immersed In an oil bath at a chosen temperature and allowed to crystallize

isothermally. After two to three days of icothermal crystallization, the first

sample of the set was quenched and its T measured with DTA,  The @ maining
k




gatnples were alfowed to remain in the bath tor one more day afterv which another
samnle was quenched aad analyzed with DTA, This step was repeated until a
constant cguilibriam ‘I was obtained, The jonount of LMW material remaining
I
in solution at the chosen crystallization temperature was determined from the
equilibrium T vailue and the plass transition curve,  The entive procedure was
4

repeated for a range of crystallization temperatures and a solubility curve con-

structed for cacl system,

D_“l“k Crystallization Kin(-ti(‘_i

Two sets of test-tube samples were prepared, one contain . 3 volume
fraction acetanilide and the other 0.2 volume fraction anthracene, The following
procedure wa~ used to determine the increase in crystallinity as o function of
time at constant temperature,

tve samples were simultancously immersed in a the rmostatted oil bath at
the desired crystallization temperature, At regalar intervals one sample was
removed and quenchad in liguid nitrogen and its T determined with DTA.  The

o

volume fractions left in ¢« olution after each time interval were Jetermined from
the T  curve, and the diference between these values and the initial volume
fraction yielded the crystallized volume fraction or crystallinity,

Specimen Characterization

(7) Kicctron Microscopy

The morphology of the crystallived phase was studicd using electron micro-
svopy., Samples crystallized at various temperatures were quenched in ligquid
nitrogen and fractured, Platinum-carben replicis of the fracture surface were
then made and examined in the microscope.
(b) Dynamic Maechanical Measuremec..ts

Special samples werve preparced for dynamic testing, A large excess of powder,
mixed as previously described, was poured into a 4" x 3/48" x 1710" sandwich-type
rasld, A heating time of one hour at 150°C for acetanilide and 200°C {for anthracene
was sufficient to dissolve the filler crystals in the polymer, The solution was then

molded under 1000 psi to flash out the excess and remove voids,  Subsequent
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quenching in liquid nitrogen caured severe cracking in the thin specimens
making them useless for dynamic testing,  However, cold vater quenching
pave crack-free samples and, at the same time, prevented crystallization,

After molding and guenching, the rectangular beam-shaped specimens
were erystallized isothermally in a thermostatted oil bath for several days
while still in the mold.,  Then, following a cold-water quench, cach sample
wis removed from the mold and mounted on a freely oscillating tersion pen-
<lu1nml‘ Damped oscillation curves were recorded at 1 cycle per secund
throughout a wide tempe~ature range beginning at 243° K and extending through
the transition of cach rample,

PPhase Diagrams

(a) Glass Transition (T ) Curves
[

[

DTA curves for quenched samples of various anthracene concentrations are

shown in Figure 1. A noticeable . . . ' . . .

[ P yANT=
. . o |
break in the slope occurs at T . U e \\

g 12 e
. . ‘:‘ v, 13}

An the dissolved filler volume I ' ~

;j:'j \4’ [}
fraction increases, the T break !

g KA
shifts to a lower temnerature, L R
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Similar curves resulted for the - . - .
5 ) Figure | DTA Scans at 25°C/Min. of the

acetanilide svstem Anthracene -SAN System at Various Volume

Fractions (V¢), Showing ‘he Lowering

The effect of dissolved Influence of the Plasticizer on the Glass

filler on T is summarized by Transition Temperature,
&
the data points in Fioures & and 3 (T curve) for the acetanilide and anthracene
ir
[l

systems respectively, The selid lines are the resvlt of fitting the following

—
expression to the data points,

L ¢ (1)

where { and p refer to the {iller and pure polymer respectively, Voas the volume

fraction, and @ is the linear expansion . oeflicient,  For SAN, @ = 8, 1 x 107%

j)
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Figure 2 Phase Diagram of Fipure 3 Phase Diapram of
the Acetanilide System the Anthracene System
Showing the T Curve and Showing the T Curve and

Y M
the Solubility Eurve. the Solubility Curve.

per °C, &_and Tg arc unknown and were adjusted to fit the data points, In the
case of acetanilide af =18 x 107% per °C and Tgf = -63.5°C., Both values appear
to be reasonable, although no data are available for comparison,
For anthracene, the experimental points fall nearly on a straipght line, In
g pooRp uf
resulis. Fitting this equation to tne data resulted in a 'I'gf of 44°C for anthracene,

terms of equation (1) when CLf = & , the lincar expression I’ =V T ¢ V'f T
P

As expected, acetanilide is more efficient in lowering Tg because of its
lower glass transition temperature, It is interesting to note that the empirical
rule predicting a glass transition temperature at about 2/3 of the melting temp-
erature for unsymmetrical polyrners applies to the anthracene, but not to the
acetanilide,

(b) Solubility Curve

Figures 2 and 3 also display the cquilibrium disselved volume fraction of
filler as a function of temperature, The curves for both systems flatten out
while still below the melting point of the pure filler, indicating a marked degree
of solid solubility in the concentration range studied,

The intersection of the solubility curve with the T curve represents the

i
temperature at which maximum crystallization can occur (30°C for the anthracene
and 68°C for the acetantlide), Above this optimurn temperature, the crystalliza-

tion is limited by a thermodynamic solubility equilibrium; while below the
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optimum, the glasay state is the crystallization barrvier,  The latter was

checked by measuring ‘U after complete crystallization at low temperatures,
T
In all cases T was found to be equal to the crystallization temperature,
\

Figures 2 and 3 thus serve as phase diagrams which mark the boundaries

between three states,  Above the two curves, the system is one viscous liquid

phas+, Between the curves, the system is made up of two phases, a crystalline

phase and a viscous liquid phase. Below the T curve, the polymeric matrix
o1
[}

is in the glassy state containing dissalved filler, although filler crystals may
also be present depending on the prior thermal history,

Crystallization Kinetics

A primary concern in the fabrication of selectively crystallized composites

is the rate at which the filler crystals are formed., Kinetic duta also are helpful

in the interpretation of crystal morphologivs., In Figirres 4 and 5 the sample

|
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Fipure 4 F'rogression of Isothermal Figure 5 Progression of isothermal
Crystailization of Acetanitide in SAN Crystallization of Anthracene in SAN
at Various Temperatures. The initial at Various Temperatures, The initial
Volume Fraction in Solution is 0, 30. Vaolume Fraction in Solution is 0. 15,

crystallinity (volurne fraction crystallized filler) has been plotted against time at
several different crystallization temperatures for both systems, [n th acetanilide

system (Figure 4} the initial volame fraction in solution was 4, 30, while the initial

c

).

In bth systems the crystallization rote, as evidenced by the initial slope of

dissolved fraction was 0. 15 for the anthracene (Figure

the curves, increases te a maximum and then decreases as the crystallization
temperature 1s decreased, At first glance this sugpests that the familiar competi -
tion hetween nucleation control (positive termperature coefficienty and difinsion

control (negative temperature coefficient) is taking place, resulting in a maximum,
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However, when the crystallinity was plotted against the square root of time,

a straight line resulted for all termperatures,  This would tmply that the crystal
growth was diffusion-controlleu at all temperatures if one assumes that the
crystals grew anidirectionally with a constant concentration gradient, Flectrorn
micrographs showed that all the crystals did not grow unidirectionaily; conse-
quently, additional growth rate studics using hot-stage optical microscopy will

be necessary io establish the tirnits of the diffusion controlled regime., As one
might expect, the maximum crystallization rate and the maximum yield of crystals
occur at nearly the same temperature,

Cornparigson of the two systems shows that anthracene crystallized consid-
erably faster than acetanilide, This is expected since the thermodynamic driving
force (T ec. - T cryst.) for the anthracene was larger than that of the acetamlide
in the temperature ranges investigated,

Filler Crystal Morphology

Electron micreographs of fracture-~surface replicas from various composite
samples are shown in Frgures 6 - 11, They clearly reveal well-formed, low
molecular weight crystals with a large variety of sizes and shapes. In gencral,
the bumpy polymer fracture surface is easily distinguished from the smooth
crystal surfaces. The well-defined morphology of each sample depends on the
heat treatment and crystallization temperature,

{a) Acetanilide - SAN Systern

Fracture surfaces from acetanilide composites (’-ryst;{lliicd at 90, 75, and
6£0° ¢ were examined, In all three cases the initial dissolved filler volume frac tion
wes 0,30, The final volume fraction of filler c¢rystals (_Vl,) war determined from
the phase diagram under complete crystallization conditions,

£t 90°C (Figure 6), large crysinls have grown in an elonpated rectanyular
shape whose ends often e h bit sharp crystallographic angles, The measurable
agpect ratios vary frogs 7 to 10, with the length being about 20-50 microns and
the width 5-20 microns, The shadow lengths and overlapping of crystals suppes

a thicknesgs which 1s considerably srnaller than the width, The dark fibrous




Figure 6

Fracture stuface of an acetanilide - SAN camposite

ciystallizad ot Y0°C. Note the apparently intact crvstal=niatiix

interface. \\/f 0.12; 8000X.
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material vigible on the left end of the ¢rystal in Figure 6 is polymer which
adhered to the crystal edge during fracturve and then subscequently adhered to the
replica. The bright vidge which runs the iength of the crystal 1s more likely

a wrinkle in the replica film and not a feature of the crystal itself, From the
drawn appearance of the polymer the fracture was probably ductile in the matrix,
while the faint fracture rings on the crystal surface indicate o brittle fracture
through the filler, COne important observation is that the crystal-matrix interface
appears te be intact, indicating that adhesion is relatively goced at the interface,

Crystals grown at 75°C (Figure 7) have about the same aspect ratio as those
grown at G0°C, but are smaller and more numerous. The occasional dark lines
stretching across the crystal from the edges are polymer threads which were
drawn out during fraciure,

At 60° C (Figure 8), the crystal morphology is considerably different from
that of the previous samples., The crystals are long, thin and highly branched,
The dendritic bundles appear to have been nucleated at one point from which they
grew in all directions, Figure 9 shows a mixture of the two morphologies which
resulted from a slow-cooling crystallization, The larger, more perfect nrystals
were formed at the higher temperatures, followoed by dendritic orow'h which, in
some cases, nucleiat:d on the already-prown larvpe crystals,

The repitca observations were confirmed by obscerving actual fracture sur-
faces with scanning electron microscopy.  ‘The advantapge of the replica technique
licg in its higher resolutien which allows more details to be seen at the interface,
(b) Anthracene - SAN Systom

Instead of two distinet morphologies this system oxhnbits three different
types of crystals grown from an initially dissolved filler volume fraction of 0,20,
At a crystallization temperature of 121°C (Frgure 10), pelygonal-shaped crystals
have grown which measure between | and 2 microns across.  Fipgure [0 illustrates
a rather rare case where the fracture has propagated through the polyrner matrix
ta the intertface and then up over the crystal along the interface.  The left edge of
the crystal is protruding from the matrix, as evidenced by the bright shadow, and

the majority of the crystal lies embedded in the matrix,
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Figqure 7 Fracture sutface of an acetanitide = SAN compesite

crystallized at 75°C, The crystals ate smaller and mmore numerous

0.18; 8,000X.

than in the previous figure. V

{
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Fiqure 8 Fracture surface of an acetanilide = SAN composite
crystallized at 60°C. The crystals have a highly derdritic

i morphology. 2400X.
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Figure 9 Fracture suiface of an acetanitide = SAN composite
crystallized by slowly cooling to 6C°C. Both large perfect
crystals, dendritic bundles and cambinations of the two are

present. \./f 0.17; 12,000X.
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Figure 10 Fracture suiface of an anthracene = SAN composite

crystallized at 121°C, The ieft edge of the crystal is protruding
slightly indicating fracture up over the crystal along the interface.

Vf = 0.10; 52,000X.




At 100°C dendritic bundles, very similar to the acetanilide dendrites, were

the predurminant morphology., However, at 83°C long thin rods appeared which
grev: with random distridbntion and orieantation, One of these is shown at high
magnification in Figure 11. The vods have aspect ratios from 6 to 30 with
lengths up to 3 micronsg and widths of 6. 0% to 0.1 rmicron, The rod surfaces
appear to be striated in the long direction. Although the reason for the stria-
tivng 1y not kaown, they could be due to fracture along the length of the rod or
they might be the faces of a reasonably perfect single crystal fiber of anthracene,

For both systeins the filler crystals are larger and more perfectly shaped at
the higher crystallization temperatures. As the temperature decreases, the
crystals become smaller and n.ore numerous. At still lower temperatures, both
systems exhibit dendritic growth, in agreement with general crystallizations
theory, However, the needle-like anthracene crystals diffe: entiate the two sys-
tems, Moreover, there seems tc be no cbvious reason for dendritic growth to
be replaced by needle growth at still lower temperatures, Further work is
presently aimed at determining why and under what conditions the needles are
formed,

Mechanical Properties

The elastic ...,.ouutus of a polymer filled with infinitely rigid spherical particles

should be at least as great as that predicted by the limiting Kerner equation :

i‘i . 1‘5 (1-V) E
G, 8-10 v, ¢,
Go and G, are the shear moduli of the filled system and the unfilled polymer,
respectively., The velume fractions of polymer and filler are giver by &, arnd ¢,
whiie the Poisson's ratio of the polymer is V,. Particles of other shapes generally
increase the modulus even more than what 13 observed with spherical particles,
If the modulus of the filler is not infinite but is comparable in magnitude to that

of the matrix, the composile modulus is less, and the more general form of the

Kerner equation must be used for spheres




19

-

Figure 11 Fracture surface of an anthracene = SAN cormposite
crystailized at 83°C. The small needle-shaped crystals appear to

be striated along their length. V 0.08; 39 200X,

f
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where (G, is the shear modulug of the {iller phase. In both of these equations it
ie assumed that there is good adhesion between the two phases,

Figures 12 and 13 show dynamic mechanical data measured on some of the
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Figure 12 Variation of the Shear Figure 13 Variation of the Shear
Modulus and Damping for Samples Modulus aand Damping With Temp-
of Various Crystal Volume ['rac- erature for a 0.13 Crystal Volume
tions of Acetaniiide, Primed Fraction Anthracene Sample and a
Curves - Damping; Unprimed Pure SAN Sample. The Pure SAN
Curves - Modulus: 1-V_= 0,30, Curves have been Shifted 16°C to
Non-Crystallized; 2-V_ = 0,18; the Left for Comparison Purposes.

3-V. = 0,38; 4-Pure SAN.

SAN - acetanilide and SAN ~ anthracene systems., Dissolved acetanilide and
anthracene plasticize the polym=r, but if the curves are shifted on the temperature
scale an amount equal to the difference in T between the filled and unfilled polymers,
the shear modulus curves are essentially alfsuperimposable. However, there is
little indication that the organic crystals have increased the elastic modulus, The
crystallized systems contained crystal volume f{ractions of 0. 18 and 0. 38 in the

case of acetanilide and 0.13 in the case of anthracene, If the shexr n:oduli of the
crystals were much greater (say 10 times or more) than that of the SAN polymer,

the shear moduli should have increased at least 48 and 133 percent in the case of
acetanilide and over 32 percent in the case of anthracene, The experimental

results show no such increase, Since the electron microscope studies seem to
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indicate good adhesion between the phases, it can be assurned that the moduli
of the organic crystals are approximately the same as that of SAN polymer in
the glassy state.

However, if the filler phase iz not spherical in shape but fibers or needles
oriented perpendicular to the specimen faces as electrcu raicroscope pictures
tend to indicate, then the shear modulus G_ should be vqual to or greater than

ot

what the following equation predicts

G -
__1_{ - 2G, - (G, - Gy) & (4)

In this special case or oriented fibers, the shear modulus is less than what it
weould be if the filler particles were apheres. If the fibers have high rmadaii
compared to the polymer, the shear moduli should have increased at leust 44
and 123 percent in the case of acetanilide and 30 percent in the case of anthracene
as filler., Even after the SAN curve is shifted 80 as to compare the data at the
same (Tg - T) values, the observed increase in modulus is only 9 percent for
the anthracene case at 38°C. For the acetanilide case containing & 38 volurae
fraction of crystals, the experimental increase in shear modulus is 15 percent
at -30°C and 22 percent at 10°C., The modulus of the material containing 18
volume percent acetanilide ia actually leaa than that ~f pure SAN even after the
curves are shifted horizontally to compare at equal values of (Tg - T). The error
in the absolute value of the experimental moduli ig estimated to be about 5 percent.
Thus, even after picking the modulus data that show the greatest reinforcing action,
it can be shown that the shear moduli of the crystals must be less than twice that
of the SAN polymer4' 6. Additional evidence that the elastic moduli of orpanic
crystals is about 10!'° dynes/cm? is found in recent measurements on polymer
crystals; the elastic moduli in directions perpendicular to the polymer chains
are esgentially the same as the moduli of polymers in the glassy state?' 8.

Elastic modulus measurements are not cormmmon on single crystals of organic
materiats. Many measurements, however, are available on materials which have

strong bonding forces such as metals and ionic inorganic crystals where it is




found that the moduli are ten to one hundred times as great as the moduli of

polymers in the glassy state. Molecules in organic crystals and glassy polymers
ave both held together by the same type of weak Van der Waal's forces, so it ie

not surprising that they both appear to have approximately the same moduli. Thus,
it is concluded that high rmodulus polymers cannot be appreciably reinforced or
stiffened by organic crystals, However, organic crystals might be very good
reinforcing materials for rubbers and low modulus polymers,
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V. FABRICATION AND PROCESSING (. M. McKelvey

and T. L. Tolbert)

The role of Fabrication and Processing Section can be summed up as one
of demonstrating, through application of Association research, the fabrication
and performance »f new, practical, high performance, composgite struciuraz
materials. In line with the charter to develop a new area, the major emphiisis
is on the development ¢f discontinuous {iber composites which have high
performance properties and can be readily fabricated. Initial performance goals
have been defined here, as elsewhere in the Associatisn, in terme of surpagsing
the specific properties of aluminum.

The work divides naturally into three areas: composite fabrication and .
evaluation, process research, arnd technical support. Work in the fabrication
and evaluation area has heen nir~ed at (3) evolution of new technelogy fo1 the
fabrication of discontinuous fiber composites, (b) establishing experimentally
practicable levels of composites performance as determined by fiber morphology,
loading, and fiber/matrix modulus ratio and (c) testing experimental samples
and providing performance standards.

Process research has been concerned primarily with the refinement and
improvernent of processes found by Association research for incorporating
discontinuous fibers in matrice: ¢ pivtuce prepregs and/or finiohed comypositus.
This work has provided specimens for evaluation and mechanics studies, as well
as the base for process engineering investigations.

Technical support has been provided to the entire M/WU Association by
(a) providing a supply of tibrous materials of known quality {(whiskers and
chopped continuous filaments) by carrying out filament chopping, fiber and
whisker cleaning and classification, and fiber characterization operations,

(b) fabricating and molding test coupons ana elemental shapes, and {c¢) performing
mechanical and enviroamental tests.

Whisker fibers {zilicon carbide and silicon . ride) and short chepped
fibers (boron and carbon) have received primary attention. FEach type offers
utility in preparing and effectively reinforcing complex shapes which cannot
be fabricated satisfactorily from continuous filament or fabric. Glass {iber
has been employed as a prototype fiber when its use was considered

technically scund and effective in reducing the cost of reacarch materials.
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Work has been restricted largely to the use of epoxy resins as matrices;

atudies employing higher performance resins are being initiated, however.
Preliminary ¢xperimentzs with polyelectrolyte resins developed in the
Chemistry and Physics Sectior. have shown particular promise. Scouting
studies with metal mairices will he initiated shortly.

Efforts in the major processing and fabrication programs are surmmarized
in the {ollowing paragraphs.

Cutting, Zlean-up, and Classification of Short Fibers

Preparation, clean-up and classification of short fibers and whiskers is now
roufine. Methods have been established by Messrs. R. E. Lavengood and
D. €. Morris for cutting filament to size on a rotary or guillotine chopper.

The fiber is then cleaned =nd sorted using a vibrationally fed trough device in
which controlled amounts are collimated and carried over a series of increasingly
larpe ccllectior slots. Whiskers are teo small to ke handled in this way.

A technique has been developed by Mr. J. D. Fairiag for removal of the
large amounts of debris in "as received'' whisker material and sorting of the
whiskers to size. It is based on water jet break-up of clumps and wet screening
of the resulting slurry. DS-grade silicon carbide whiskers from Carborundum
Company yields about 309 of reasonably good quality whiskers in this process.
Qualitative observations indicate there i !:ttle breakage or loss of the better
tibers. Nominal aspect ratios of the classified rnaterial run from 50-60 for the
better whiskers to 20-40 for the poorer grades.

Fiber and Whisker Characterization

Dr. R. . Schierding has established procedures and developed technigques
for characterizing fibers and whiskers for size, conditio~, and orientation.
Characterization for number and volume average length and diameter is based
on standard cumulative photocounting techniques. Condition, extent of over-
growth or other preparative impe-fections, and degree of processing damage are
determined by cptical and electron zcanning microscony. Fiber orientation
in prepregs and composites is measured by an X-ray diffraction technique
deveioped frorn metaillographic practice. Measuvem:nts have been automated
using a full circle goniometer.

Composite FEvaluation and Testing

Y

An expanded testing capability for measuring uniaxial compoasite properties

has been developed by Mr. Lavengood in compunciion with the Mechanica Section.
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Facilities ave available to al' programs in the Association. Strength and
modieiug are measured in flexure, tension, and compression. Poisson's

satio and shear are obtained from the antielastic plate bending test. The

tuoe torsion test for shear is carrently being set-up and a cooperative study with
the Mechanics Section on test evaluation has been initiated,

Use o” Oriented Whiskers as Reinforcing Agents

Fabrication of whisker reinforced composites has required development of
a naumber of special techniques. Whiskers are zbout two orders of magnitude
smaller in diamneter than conventional boron fiber. thus are truly micro-
fibers. Typical dimensions are 1 x 50 microns. Dr. O. D. Deex has
demonstrated excellern! fiber orientation by dispersing the whiskers in a non-
melting carrier polymer and wet gpinning the suspension to form a strand. The
whiskers become aligned during extrusion and the subsequent drawing step
and are "'locked’ in position by coagulation of the carrier polymer. Mats can
then be prepared from the strand and the carrier removed by pyrolysis.
Selection of the carrier has proven to be the key to controlling fiber move-
ment during pyrolysis, as well as spinning; and to avoiding some of the problems
encountered with this approach by Wohrer, Parratt, and others. Dr. T. L.
Tolbert has fabricated well oriented whisker fiber composites by laying-up
whisker-filled strands in the de~ired orientation, pyrolyzing the carriez
without disturbing whisker orientation, and impregnating the whisker mat to
give a prepreg which can be shaped and molded. The technique is reproducible
and amenable to scale-up. Composites of silicon carbide whiskers (¢/3 = 50)
with flexural strengths as high as 99 x 10? psi and moduli as high as
15.4 x 10% psi have been prepared.

Studies on Composite Composition and Structure

Mr. R. M. Anderson has carried out a series of studies on composite
composition and structure as a guide to processing work. A hand lay-up
technique has been developed for this gurpose which provides maxirmum control
over short {iber orientation and cother variables. Although somewhat time
consuming, it provides a means of checking the effect of individual process g
parameters, establishing proverty bench-marks for new maiterials, and obtaining
property maps for the various composite systerms. It has proven applicable to
cenventional "E and "'S" glass fibers, standard boron fiber, a apecial boron fiber
1.5 mils 1n diameter, and "Thorn el graphite fibers. Loadings as high 28

80 v/o have been obtaines,




Dry-Mix Molding of Short Fiber Composites

Studies involving intimate mixing of short fibers with dry, very finely
divided matrix before molding have been carried out in an effort to avoid
the adverse viscosity effects and fiber entanglement encountered in blending
fibers with viscous matrix resing at high toadings. The study was conducted
by Mr. D. A. Ludwig as an M.S. thesis probiem at Washington University.
It showed that fibers are at least partially protected from self-abrasion during
blending by the matrix powder, that uniform blends of short fibers (below }'7)
and ratrix can be obtained. Although model systems were used for (he bulk of
the study and properties were not in the high performance range, the potential
of the dry-mix apprecach for orthotropic composites was demonstrated. Details
of this work are reported in Mr. Ludwig's thesis; copies are available on
loan from Olin Library, Washington University.

Encapsulaticn and Flow Molding of Short Fibers

Encapsulation of short fibers has been shown to be particularly effective in
overcoming processing problems and increasing fiber loadings. Follow-up
of the preliminary work on encapsulation of glass fiber and flake reported by
Dr. H. M. Andersen at the 1365-66 Annual Project Review has led to develop-
ment of a well-defined technique for producing molding compounds of high
performance fibers. Free-flowing, rice-sized aggregates of coliimated fibers
encapsulated with resin car now be obtained from a var:iety of fibers and
whiskers. The granules can be compression molded or readily transfer
molded. Mr. Morris has shown that encapsulated fibers ave not only oriented
during flow molding bvt also overlapped as the grains interlock during rlow.
Fiber efficiencies based on a rule of mixtures calculation are in the range of 70%.

Fabrication with Polyelectrolyte Resins

The polrelectrolyte resins studied by Drs. 1. F. Nielsen and J. E. Fielus
and reported in the Chemastry and Physics Section offer unique comnbinations
of properties which should make them suitted for a variety of high pertformance
applications. Stiffness and shear properties are outastanding, values as high as

2.7 x 10 pyi for Young's modulus and 1,25 x 10% pyi for shear modulus have

been measured. Flexural strenpgths appear to range from 10215 x 103 pan,
although only a few measurcments have been awade. Heat distornion temperatures
are well above 300 7°C and calculations predict extremely [ow creep. Pre-

Linninary experiments indicate that soand compoaites van be tabricated from
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the resins, that fiber-resgin bonding is good, and that resultant composites

are not seriously water sensitive. Work to determine the potential for these

materials in practical applications is being initiated.
Summary

Overall results of fabricaticn work in the Project can best be reviewed
in terms of the property levels of the composites which have been produced.
Figures 1 and 2 compare the specific strength and modulus values obtained

for the various types of compogites studied. The bars represent what can be

accomplished with a specific fiber or process; experimental data have been

normalized at the 50 v/o loading level for comparison. It is apparenti that

a high percentage of the properties obtainable with continucus filaments can
be achieved with short fibers. Some trade-off in preoperties is made in going

from a careful hand lay-up of fibers to flow processing, as would be expected.

The properties of the transfer molded and extruded specimens are still high

" enovgh, however, to be of very real interest and well within the high performance

category. The specific properties of aluminum are shown for comparison.
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Figure 3 compares the gspecific properties of aluminurn with those of hand
laid boron composites and silicen carhide whisker composgites as functions of
fiber loading. In both cases, fiber loadings of only 15-25% are required to
reach the aluminum level and the composite curves continue upward. This is,
of course, a comparison of unidirectional composite properties against isotropic
metal properties. Dr. Tsai has recently shown that, at least for modulus, a
more meaningful comparison is obtained using a value 1. 3 times the specific
properties of aluminum. Even so, the promise of short fiber boron and silicon
carbide whisker compaosites is apparent.

Work in the Fabrication and Processing Section has progressed through
all of the steps imvaolved in getting fibers 1nto composites - from raw material
refinement to actual fabrication. The techniques, quaiity of material, and pro-
cedures needed for careful, systematic studies are in hand. The first
expleratory phase 1s essentiaily completed and emphasts s oon development

and svaiuvation of speciirve fabiricat on and processing methods. Systems ard
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Figure 3 Comparison of Specific Properties

techniques will be s«lected shoitly for scale-up and preparation of a variety of
elemental shapes. Concurrently, new fiber and matrix systems are being
evaluated and new rmethods for combining and processing matrix and {iber are
being explored. The research program is closely coordinated with those in the

Chemistry and Physics and the Mechanics Sections.

WHISKER FIBER FRACTIONATION (J. D. Fairing)

Fabrication of discontinuous fiber reinforced composites having highest

performance capabilities can be achieved only by using clean fibers frec
of particulate matter and having an aspect ratio in excess of 50 when employed
with organic matrices. Commercial whiskers with the necessary high modulus
requirements have a wide range of aspect ratios and are invariably contaminated
with excessive amounts of particulate matter.

A procedure was developed for upgrading the available material to produce
clean, classified whiskers suitable for fabricating test specimens.

Silicon carbide whiskers, as received, contain 15 to 30 percent usable
fibers, the rest being a mixture of short fibers, dust, and irregular particics
ranging in size {from over | mm to less than 0.1 micron. Figures | and Z

1Mlustrate cthe inhomogeneity of this material. Classification 18 achieved by a
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three step process invelving (1) dispersion of the tangled mats of fibers in water,

(2) removal of the short fibers, dust, and moest of the particulate material

by wet sieving and {inally, {3) separation of the whiskers from the remaining
particles by sedimentation.
Dispersion is accomplished by first wetting the fibers with ethanol and then

gently stirring them inte a large volume of water; typically, 5 g. of fibers are

dispersed in 4 liters of water. This partially dispersed slurry is then washed

rcpeatedly throuph a series of sieves of increasing fineness with openings

ranging {rom 707 microns down to 44 microns to achiceve complete dispersion

and to remove the short fibers, dust, and most of the particles. The dispersion
step is a critical one. It must be complete, for classification can be achieved

only after the fibers have been untangled and are monodispersed.

Frgure | Shrcon Carbade Whishers "As Received”
Showing Tanpled NMats of Faibers of Pandom Length, 91X

However, ot rmust also be pentle since the indiviidual whishers are fragile and

readily damaged when tsolated; conscquently, ethicient dispersion methods

utihzing larpve cocrgy rnpats, suach s sl asonce avitation, cannot be used.
Atter repeated passes throneh the series ot sieves by the wse of large

volunites of water, the her collected onocoves swth e and b i ron Gpenings

arc umion e lenpth and dre contwninated cnly owth rocerbiunn siee particulate
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Silicon Carbide Whiskers ""As Received'

Showing Large Particulate Material, 91X.

Figure

3
3

Classified Sithicon Carbide Whiskers, 91 M.
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material, the short fibers and dust having been washed through and the larger
contaminents isolated in the coarser sieves. The removal of these remaining
particles is carried out by a sedimentation procedure in water. At the
present time this step is the least efficient part of the process, and requires
improvement.

Classified silicon carbide whiskers obtained by this process are shown
in Figure 3. These are now being used for the fabrication of all our silicen
carbide whisker composites and can be produced routinely on a laboratory

scale at the rate ol about 30 grams per week.

MEASUREMENT OF WHISKER ORIENTATION IN COMPOSITES BY X-RAY
DIFFRACTION (R. G. Schierding)

The properties of whisker reinforced composites are directly dependent

on the degree of orientation of the whiskers. Consequently, development of
optimum prope rties requires not only a method for controlling whisker orien-
tation but also a means for quantitatively describing it.

X-ray diffraction methods, which have long been used to measure pre-
ferred orientation in polycrystalline rnetalsl, have been found to be applicable
to measuring whisker orientation in composites as well.

This report ig divided into two parts. The first describes an x-ray
photographic method which has been found to be very us=ful for measuring the
degree of whisker orientation in highly oriented strands made by a wet spinning
process. Orientation in composite sheets can also be measured with this
technique provided the samples are thin enough to transmit the diffracted x-rays.
The second part of this report describes a quantitative technique for measuring
the degree of whisker orientation in flat composite samples. The reflection
method used in this work dues not require that the diffracted x-rays penetrate
the sample and theretore 18 not resiricted to thin samples. The x-ray intensity
is quantitatively measured with a radiation detector ard the degree of
orientation is described in terms of the standard deviation of the irtensity
distribution.

Phetographic Method

When monochromatic radiation 1s used to examine a specimen in a lL.aue

: . , 2 . .
camera, the result is called a pin-hole phorograph . The technique involves
impinging a moenochromatic beam of x-rays onto the composite cample. Certain

crystal planes of the whiskers will make the correct Biragg angle (according
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to the Bragg equation) for diffraction (reflection) of the incident be T ra
powder sample or a composite filled with randomly oriented whiskers, sume of
the whiskers will be oriented at all possible rotational positions about the axis
of the incident bearn. The resultant reflection will therefore have the form

of a cone of diffracted x-rays, the axis of the cone coinciding with the trans-
mitted beam. A separate cone will be formed for sets of differently

spaced lattice planes 3.

When a sheet of photographic film is placed to intercept the cone of x-rays,
they form an exposed circle known as the Debye ring4. This is shown in
Figure 1. For a randomly oriented sample, continuous concentric Debyve
rings of constant intensity are formed on the photograph. In specimens with
perfect orientation, the Debye rings are reduced to a set of intense spots
symmetrically oriented about the circumference of the ring. These spots
broaden peripherally as the degree of orientation decreases. The length of
the arcs thus formed is a measure of the degree of orientation and the intensity
along the arc is a measure of the volume fraction of material within a specified
degree of orientationz.

The composite sample is placed between the incident x-rays and a sheet of
x-ray film. The sample thickness must be such as to readily tranamit the
diffracted x-rays. X-ray diffraction patterns were obtained in this manner
using a Nonius general purpose camera and copper K-o radiation. The samples
consisted of a polymeric matrix
containing silicon carbide whiskers. The
silicon carbide was the hexagonal high

temperature polyrnorph (o-S,C) of the

L4 14

6H polytype Their growth axis,
as determined from highly oriented

samples, is perpendicular to the basal Figure | Transmission Pin-Hole
Photographic Method for Measuring

plane of the hexagon. It is this Orientation

common growth axis which makes possible
the measurement of preferred orientation in composgites

One of the most recent methods for preparing highly oriented whisker
cormnposites is by the spinning of suspensions of whiskers in viscous polymer
solutionss. The small orifice and following draw resuits in highly oriented

whiskers in the polymer matrix. Thia "strand'' can be laid-up, the polymer

A
2 s




burned off, ard the remaining whiskers impregnated with the desired matrix
material for fa ¢i ation of a finished composite. The degree of whisker
orientation obtained in the spinning operation anc carried through te the
finished composite can be closely followed by the x-ray photograms.

The strands are approximately 0.015 inches in diameter and are casily
penetrated by the copper radiation giving good distinct photograms after one to
two hours exposure. The following photograms demonstrate the sensitivity
of this technique. Figure 2 is a photogram of a Cupram strand and Figure 3

an acetate rayon strand, both containing silicon carbide whiskers. The

Figure 2 Photogram of o Cupram Figure 3 Photogram of an Acetate
Strand Containing Stlicon Carbide Rayon Strand Containing Silicon Carbide
Whiskers Whiskers

whiskers in the Cupram strand show a higher degree of orterntation than the
acetate strand. The length of the arces indrcates that the major portion of the
whiskers are orrented within 117 of the strand axis {or the Cupram and 20

for the acetate.  The volume fraction represented by the aintensity along the are
can be wisually csnumared or more accuraisly deterniined by o densitometer
plot of the irdensity profile. However, this is semaquantitative ot best s e
absorption (orrections cannot readily he made. Fagure 4 oas a photopran ot

comnpostte made trom the (’nprnu‘n strands.
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The composite was a 1 x 1/4
x 1/64 inch sheet of epoxy filled
with silicon carbide whiskers. The
x-rays easily penetrated the sample.
The arc lengilis are much greater in
the composite photogram than in
that of the strand indicating that a
large degree of misorientation
results during the fabrication process.
The broadening of the ring is probably
due to increased strain in the
whiskers as a result of fabrication.

The transmission photographic

method offers an easy and rapid
means of qualitatively following Figure 4 Photogram of an Epoxy-Silicon
the degree of whisker orienta- Carbide Composite Made From the

tion in composites. This method Cupram Strands
is limited, however, to thin samples and therefore has been used primarily to
determine the orientation in the highly oriented strands produced by wet

spinning. For thick composite samples or where quantitative results are required,
the x-ray filin must be replaced with a radiation detector. This method

is described in the next section.

Quantitative Method

The measurement of preferred orientation with a rachation detector
(diffractometer) provides a means of quantitatively measuring x-ray intensities.
The diffractometer is set to pick up a segment of the Debye ring while the
sample is slowly rotated in its own plane. The intensity profile around the
Debye ring is thus quantitatively determined. This 1s demonstrated in Figure 5
for the transmission method.

Crystal planes are often deacribed in terms of the normal to that plane,
called a "pole’”, and preferved orientation ts discussed 'n terms of pole

1,9,10

aensity Imagine the sample to be at thi conter of & larpe transparent
sphere. Let the poles trom a given rarmly of planes be extended trom every

Crystatlite (whisker) untd they mmtercept the sphere. 0t the whiskers are ortented
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randomly in the sample, the density of pole
intercepts will be distributed uniformly over
the entire surface of the sphere. If the whiskers

have a preferred orientation however, the pole

intercepics will not be uniform but will be

. L. clustered in cortain areas on the sphere and
Figure 5 Transmission

Method Using a Diffracto- absent in others depending on the degree of
meter fqr Measuriig orientation. This pole density can be measurea
Qrientation

by rotation of the sample during irradiation.
The projection of the pole distribution from the sphere onto a flat sheet of paper
is called a pol= figure. The pole figure is usually shown as a contour map
where lines of constant x-ray intensity represent pole density.

Several authors®!’ 12,13,14,15,16,17,18 have described methods for
determining pole densities (pole figures) with the diffractometer and one author
has measured the orientation of clay particles in starch coatings using the
method of Field and Merchantls. The transmission method of Decker, Asp,
and Harkerll employs thin sheet specimens which can be rotated about two mutually
perpendicular axes, one axis being normal to the plane of the sample and the
other coinciding with the axis of the spectrometer. KEquations are given for
correcting observed counting rates for changes in absorption and scattering
volume as the sample is rotated. The corrected intensities can be plotted on
a polar net to give the pole figure. The transmission method is limited to samples
which are thin enough to transmit the diffracted x-rays and is capable of
determining pole density only in the outer portion of the pole figure, from 90° to
9G° - ¢ (where § is the Bragg angle). This iimitation is due to the geometry of
the sarnple and holder with respect to the detector

The central portion of the pole figure is obtained by the reflection methnd
of Schulzl3. A flat specimen of sufficient thickness is rotated in such a manner
that absorption and effective volume of scattering material remain constant.
During examination, the sample i3 rotated about two-axes, one normal to the
sample surface (O-O' in Figure 6) and the other located along the intersection
of the sarnpie and the plane of the spectrometer (X-X' in Figure 6). Rotation of
the sample around the surface normal through an angle o, corresponds o
scanning the circumlerence of the Debye ring. On a poluar net, this is egquiva-

lent to measuring the pole density around one of the latitude lines oi the pole




Figure 6 Reflection Method Using Figure 7 Pole Figure Showing
a Diffractometer for Measuring the Pogition of the Pole P as
Orientation Determined by o and ¢

figure as shown in Figure 7. Rotation around X-X', through an angle §,
determines the pole density along a longitude line (radius of the polar net)z' .
The reflection method is limited with respect to the range of tilting angles, §,
in which eatisfactory results can be obtained. The diffracted beam intensity
decreases with increasing & and is the result of defocusing of the diffracted
bea.m?'l. This is discussed more fully in a later section. The reflecvion method
is capable of providing data for constructing a complete pole figure. The
outer portion of the pole figure is obtained from orthogonal surfaces of the
sample constructed by sawing or grinding the sample so as to expose these
surfaces”)’ 17. Thig is destructive in the sense that the sample rnay no longer
be suitable for mechanical or other measurements so that only the pole density
out to § = 70° was determined in this work.

The Schulz reflection method was used to determine tle orientation of
gilicon carbide whiskers in an epoxy matrix. A Siemens full-circle goniometer,
copper K-X radiation and a crystal detector were used to obtain the data.

With this instrurnent, the sampie can be continuously and simultaneously rotated
through ¢ degrens of latitude and o degrees longitude at a fixed rate. The

angle § was varied at 1° per minute while ¢ was changed 360" every 4 minutes.
In order to insure that the detector was not encountering neighboring difiraction
pvaksz’é, the (1120} peak of silicon carbide was chosen for study23. The (1120)
18 a major peak, for good peak-to-noise ratio, and is sufficiently removed from
neighboring peaks. GSparious signals were minimized by using pulse-height
analysis to discriminate diffraction due to wavlengths longer and shorter than
the copper K-X raciation. irn order to achieve clear definition of the diffracted
intensity distribution, the diffractometer slit system was & raitlimeters in length

and 0.5 milimete 1n height. The aperture slit system was 1 by 2.5 milime{ers




which assured that no part of the incident beam left the sample surface during
the run. For a good statistical sampling of the orientation across the sample
surface, the sample holder was vacillated back and forth by + 7.5 milimeters.

The technique is demonstrated by the following example. The composite
was made with gilicon carbide whiskers which had been highly oriented by the
spinning process previously mentioned. The burned off whiskers were impregnated
with an epoxy resin containing a curing agent and a coupling agent. The pre-
pregged sample was then cured under 2000 psi pressure at 150 °C for ] hour.
The finished comiposite contained approximately 50 volume percent sgilicon carbide.
The random sample was made with beta silicon carbide powder impregnated with
epoxy. Beta silicon carbide has a major peak occurring at the same Bragg angle
as the alpha form23. The resultant samples were | x 7/8 x 1/16 inch sheets.
Two sheets were stacked together during irradiation in order to provide suffi-
cient scattering volume for the diffracted x- raya13.

The observed intensities were corrected for background by subtracting
the average of the background intensity measured two degrees above and below

the Bragg diffraction peak24° 25

1(3,a) = 1

. (Qoa) N Ibkg. (‘:Q’) (l)

obs

In the Schulz reflection method, defocusing of the diffracted beam occure as
the goniometer ring is rotated from the ¢§ = 0° (reflecting surface vertical) to
$ = 90° (reflecting surface horizontal). This defccusing results in appreciable
loss of diffracted intensity, the loss increasing with increasing $. This
decrease can be determined experimentally however, by observing the change
in diffracted intensity from a randomly oriented sample as § changes . The
data from the oriented sample are then corrected for each ¢ position by a

factor equivalent to the change in random intensity.
IR (O)L})
Correction Factor = -—
IR‘(E o)

IR (0'0’)

I (hhe) = IT{(8,2) - T 17 =
[ II‘{ ‘QH‘J)‘
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where

’ b3
Iobs $,0)

4

Observed intensity from oriented sample.

iLl-’g (4 ,0) Background intengity from oriented sample.

1 (8,0) = Cheserved intensity corrected for background.

IR 0,a) = Random intensity corrected for background at & = 0.

In (¢ ,x) = Random intensity corrected for background.

Ic #,a) = Observed intensity corrected for background and defocusing

of the beam.

The final corrected intensity, I {¢,n), can be nocrmalized by dividing Ic (%,a)

by the corrected intensity at § =0, I {C,a).

1C (#,a)

I (¥,a) = I T0,5) x 100 (4)

A pole figure is not necessary if the pole density is visualized as a height
above the plane of the pole figux‘e27. If the pole density consists of a sharp
single orientation texture, the pole distribution may take the form of a normal
probability surve The equation for the normal curve depends on two constantsza;
the arithmetic mean X, and the standard deviation o. The probability function

P({X) is:

P - ""‘%:: exp [-(X-X)*/20%] ((-@< x <=) (5)
oy e
i k k 3
— L i ox. [N oofoxf- (X x.)’]
where X = _1:_3_‘1___1_ o o= 1] v i '
N ’ N
k . * value ol the class.

and N = I f !

,,,
§

e
LR

fregquency of the claass.
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The probability that a whisker picked at random will be oriented within a given
interval X; to X; is the area under the normal curve between these limits.

This probability also represents the proportion of all the whiskers in the sample
which are oriented between X; and X;. The total area under the normal curve

must therefore equal one.
a0
[ Px) =1
-0

The above equation gives an indefinite integral for any real limits and therefore
only approximate solutions can be obtained. Standard tables of such solutions
are awa;ila.bl»ez9 and the following limits and areas are sometimes sufficient to

describe a given distribution.

Limits ‘ Area or Probability
X-0 to X+o¢ G. 6827
X-20 to X+ 20 0. 9545
X-3 to X+ 30 0.9973

Thus the standard deviation, ¢, gives a numerical measure of the sharpness of
the pole density and the area under the normal curve gives the relative volume
fraction of the whiskers within a given set of limits.

The experimental results are listed in

oy
Table I where data is given for every 5° of ¢ ——

and for o = 0° and ¢ = 90°. This data is - :' Thoam AR TR MR AR

sufficient to demonstrate the magnitude of the o e w2 -

results wiithout giving data at each degree. o

boem we m e m oms e

To calculate the standard deviarion ooz S oo

and arithmetic mean of the two distributions . - .- N .

given in Table I, the number of degrees is S - E ‘ : : E

taken as Xi and the normalized intensity as oo - N I .

frequency, { . The results of this calcula-
&

tion are:
for i i4,0) 0, = 35°and X = C¢°
and t ($,90 1 oy 10" and 3 = D7,

i3
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The significance of these results can be seen in Figures 8 and 9. The sheet
compoasgite is illustrated in Figure 8 where the longitudinal, transverse, and
normal directions are labeled. Since the (1120) direction is perpendicular to

the whisker axis (the (0001) direction), the distribution of (1120) planes is a

direct measure of the distribution of the whisker ends, the (0001) planes.
Figure G shows this distribution relative to the sample directions. The whiskers
are highly oriented along the longitudinal axis with respect to the normal

direction and much less highly oriented with respect to the transverse direction.

0
#

«-\JS ' '\:i\\";): P
o
i\ T <~
E/ 1/’\1\ \\\\l“_ﬂ&
il :\;(:,_«/—"/
\\\\\ e \\\‘ "
Figure 8 The Composite Coordin ces Figure 9 Pole Density Distribu-
Showing Normal Directicn (ND}, Transverse tion with Respect to the Cocmposite
Direction (TD), and l.ongitudinal Direction Coordinates

(L.D)

This result was to be expected since the sample is compressed in the normal
direction during pressure molding with flow occurring in the transverse
and longitudinal directions.

As the degree of orientation improves, the standard deviation along the
transverse direction (g,) for the {1120) planes becomes larger since the pole
density is approaching rotational symmetry about the longitudinal direction.

"he standard deviation along the normal direction {g;) becomes smaller with
improving orientation. Thus the distribution of the whisker ends is inversely
proporticnal to o; and directly proportional to ¢,. A gingle number representing

both distributions would have to e some function of the ratio of g, to ¢,

poe ooy
A better golution to this problem would be to prep s the (1120} pole density around
the e#dge of the sample, from TD to LI iy Figure e w will involve the

wantizative transmtseion method which 13 currenisy 4 veway.
\ Y




The above analysis of the experimental data depends on the assumption
that the pole density distribution foliows the normal curve. Figure 10 shows a
plot of Lin In (8) versus §2. The solid lines represent theoretical normal
distribution cobtained by inserting the experimental standard deviations and
arithmetic means into Equation 5. The circled data pecints are the experimental
intensities from Table I. The data foilows the normal curve initially but
gshows increasing deviation with increasing §.
This deviation may result from the defocusing dis~
cussed earlier. The intensity decreases with
increasing ¢ so that finally at § = 70° the correction
for defocusing results in a 100 percent increase
in the measured intensity. The precision of the
data will, therefore, decrease proportionally.
The deviation from normality, however, should not

detract from the usefulness of the resuits since it

is the sensitivity of the method for measuring small

deviations in whisker orientation which is impor-

tant. Figure 10 Theoretical and

Experimental Data for In [

(§) versus $2 for g = 0° n
measured x-ray intensity varies from about 3% and 90°

at$ = 0° to about 6% at § = 70°, at the 95% confidence level. The increasing

The relative error in the counting rate of the

error with increasing ¢ is due to the decreasing x- ray intensity resulting from
defocusing. The precision can be increased by longer counting times. The
full-circle goniometer can be accurately read tc £ 1/4°.
X-ray diffraction has been shown to offer a quantitative means of measuring
the degree of orientation in whisker filled polymer composites. By treating
the measured x-ray intensities as a normal distribution, the standard deviation
becomes a measure of the degree of orientation. The precision of the
measurements indicates that small deviations i1n orientation should be detectable.
The roflection method oifers the advantage over the transmissicn method
in that 1t does not require thin samples and it 18 not necesgary to make corrections
for absorption and volume of scattering material. The method should be
applhicable 1o any composite containing a crystalline filler exhibiting 3 certan
degree of orientation in the crystallites. The measurements and calculations are
>
readily armenable to computer Uﬂﬁunqu93L4 which eliminate tedious hand

caluulations.
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SPIN ORIENTATION OF WHISKER FIBERS (0. D. Deex)

Single-crystal whisker fibers probably represent the ultimate in properties

obtainable in a fiber reinforcement for use in composites. Materials such as
SiC, Si,Ng, and Al,O, are rcaeportecil to have moduli in excess of 50 x 10¢ psi
and tensile strengths of 2-3 x 10® psi. Utilization of these properties however,
requires among cther things, that the whigker fiber be oriented. Orientation
permits development of composite strength in the desired direction ard also allows
close packing of the whiskers so that high volume loading can be achieved.

One means of orienting micron size whiskers is by spinning them intoc an
organic fiber. The flow forces at the spinneret and the draw given the fiber
align the whiskers along the fiber axis. The fiber forming matrix can then be

burned off and the resulting whisker strands impregnated with the desired

thermoset or metal matrix.

Workers at Carborundum Company have re:porte::d2 the use of poly(acrylonitrile)
copolymers, poly(ethylene-maleic anhydride) and nyion 66 to orient SiC whiskers.
Filaments containing 10 volume percent SiC in the poiy(acrylonitrile) copolymer
system are commercially availab1e3. These filaments show very good
orientation by x-ray measurements, but burning off the matrix resin without
destroying the orientation is very difficult. Even thin ""mats'' made from these
strands tend to curl when ignited.

Workers in Great Britain have also reported4 success in orienting Si.Ng
whiskers, but no details have yet been published nor are their strands available.

Since our interest in whiskers lies in their performance in composites,
we have developed several fiber spinning systems which can be readily used
in the laboratory, are amenable to a variety of whisker materials, and allow
burn-off (even in relatively thick sections) without loss of whisker orientation.
These are described below. The properties of composites made from the
oriented whiskers are duscribed in another paper5.

General Considerations

To be suitable for whisker orientation, the temporary matrix polymer must
have a number of attributes. These include:
1. The polymer must be a good fiber or film tormer. This implies
a high molecular weight, linear polymer preferably soluble in a readily
available, non-toxic solvent. A long list of such materiale 18 available
from any good text on man-made fibers.
2.  The temporary matrix polymer musi be capable of being wet spun

from fairly dilute solution, preferably under I80%. The surface area
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to volume ratio of moat whisker fibers is such that 2.0-2.5 volume

% is the maximum that can be handled in the spinning solution.
(Actually, the aspect ratio as well as the surface area influences the
concentration. As the aspect ratic goes up, the concentration of
whiskers must be decreased.) Thus at 2 vol. % whiskers in the spinning
solution, 10% polymer will give a fiber containing 20 vol. % whiskers,
5% gives 40 vol. %, etc. Melt spinning is, of course, very poor

(100% polymer). Dry spinning generally requires concentraied polymer
solutions (~25% ) and is difficult on a laboratory scale.

The filled fiber must have sufficient strength as it emerges from the
bath to allow draw, windup and handling. Aithough most of the whisker
orientation probably occurs at the spinneret, drawing the fiber further
increases orientation. Obviously a very weak fiber is difficult to wind
up and does not lend its~lf readily to the direct formation of fiat tapes
or mats.

The spinning solution (polymer + solvent) must be capable of dispersing
the whiskers. Rigid, fibrous particles have a great tendency to form
aggregates or clumps. These can be broken up with a high shear stirrer
(e. g. a blender) but will reform unless the spinning solution has some
digpersing ability.

The spinning solution must also have sufficient viscosity to pull the

whiskers through the spinneret and prevent the formation of aggre-

gates which '"'filter' the solution. In general, it has been found that
the viscosity rather than the ability to form fibers limits the lower
concentrations that can be used with most polymers. |
The dry, whisker filled fiber must be flexible enough to be unwound

from the takeup drum, straightened, formed into mats, wound on a

mandrel, shipped, etc. While any fiber containing 10 vol. % or more
whiskers will be brittle, the ability of certain matrix polymers to be
plasticized temporarily with water enhances their utility a great d-~al.
The temporary matrix must burn off without disturbing the crientation
of the whiskers and without leaving a residue. Materials which char

and burn withcut melting (e. g. cellulese) are ideal. However, resins

which char very close to their melting point are alao useable by preheating

before actual burn off.

g oy




-2~

A number of temporary matrix polymers have been used and are listed
below, together with brief comments. Preparation and use of the mcre
successful polymers are described in detail.

Methyl cellulose (Dow Methocel MC-4000 cps and 90 HG-4000 cps) -- poor
wet and dry strengths, extremely sensitive to water.

Carboxymethyl cellulose (Hercules CMC typee 7H and 7M) -~ poor fiber

formers, disperse whiskers well.

Poly {ammonium isobutylene malcamate) {Monsanto experimental sariple) --
weak fiber, difficult to coagulate.

Poly (vinyl alcohol) (duPont Elvanol 72-60) -~ good fibers but difficult to
remove the (NH,),SO, left from the coagulating bath. Very brittle unless plasti-
cized., Does not disperse whiskers unless CMC, NaysP,0; or sodium lauryl
sulfate is added.

Alginic arid {Kelco Superleid) -- very poor wet strength, difficult to handle.
Excellent whisker disperser.

Cuprammonium rayon {laboratory preparation, see below) -- gives good
fiber with adequate wet and dry strength. Requires dispersing aid such as
Na, 1,04 (best) or sodium lauryl sulfate.

Cellulose acetate (Eastman types 400-25, 394-45 and 394-60) -- gives a
porous, weak fiber when wet spun from most solvents, however, disperses
whiskers well and is easy to handle. With methyl acetate as the solvent, the
fiber is sticky and can be used to make mats or tapes directly on the takeup
drum. Plasticizes well with water.

Cellulose Triacetate (Eastman Cat 2314) -- gives best fiber, strong enough
fo be wound onto mandrels and bandled. Kequires careful burn off.

Of these materials, the rayon and the two cellulose acetates appear to be
mout suitable for whiaker orientation.

All reagents, solvents, ctc. except where specihically noted to the confrary
are reagent or laboratory grade, used as supplied by the larger supply honses.

S1C whiskers, purchased from Carborundum Company, were uged tor ali of
this work. A, received, the SiC contains about 709% particulate matter and very
short fibers. The particulate matter 18 rermnoved by a flotation method and the
fibers classified by wet sc-ecning.  The largest of the clasaitied material,
whiych compriges 10-209% of the starting material, has a muomber average diametsr

ot b doy and a number average le pth of 704 a nornmanal aspect ratio of S6:]

A TSR S




Since the lengths and diameters were measured separately, the true aspect ratio

and aspect ratio distribution are not known.

Removal of the fine particulate matter from the SiC results in a tendency
for the remaining long fibers tc form aggregates or clumps when suspended in
a liquid medium. (This has been observed with other rigid fibers as well.)

The larger of these aggregates will block the spinneret; the smaller ones cause
the fiber to be '""knotty' and poorly oriented. About the only effective means

of dispersing these aggregates is a high speea stirrer. A Blendor run at

medium speed works well. Good results have also been obtained with a modified
tissue grinder (0.820' rotor in a 0.890' rube). Some whisker damage results
from the use of such vigorous treatment but this is unavoidable since milder
agitation (viz. gentle stirring, tumbling, shaking) doee not disperse the whiskers.

The design of the spinneret or orifice ie quite important. The square-
edged spinneret, (i.e., a hole drilled in a {lat plate or cup) normally used for
fiber spinning, biacks readily and ¢ wot be used. Instead the orifice must be
in the form of a venturi with curved inner walls. The orifices used for this
work were drawn from glass tubing with an original inside diameter of 0,087".
Normnal tip inside diameter is 0.030" . although a range from 0.020" to 0. 040"
has been used.

The spinning set up is quite conventional and is similar to that described in
standard texts . A 50 ml B-D disposable syringe is filled with the spinning
solution and the glass orifice attached with a piece of pelyethylene tubing. The
syringe 1s placed vertically in a Model 255-1 Sage syringe driver and the tip
of tive orifice lowered until it touches the spin bath. The bath is 36" long x 2" deep
x 3" wide. The fiber, as it emerges fromn the orifice ia led under a polyethylene-
coated hook near the bottom of the bath, through the bath te another hook at the
far end, up over a flucrocarbon rod and then to the guide and takeup drum.

Both the takeup drum and the guide are run with variable speed motors. Normalily
the solution is expelled from the syringe at 3 ml/min., the guide moves 0. 4''/min.

and the fiber is taken up at 45'/min.
9,10

CHLY

The cupranmunonium-ceilulose solution is made as follows:
To 22. 5 CuSO4 (anhy) 1n a 250 m! beaker is added 100 ml H,0. When the CuSGy,
has dissolved, 80 ml 15N NH,OH and enough H,O to make 200 ml total sclution
i added. In a 100 ml beaker, 11.25g NaOH is dissolved 1n #nough H;0 te make

80 ml selution. Both solutions are cooled to 0. 4°C.  Then the CuS0O, solution
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is poured into a pre-cooled (ice) 1 qt. glass Blendor jar and the beaker rinsed with
two 5 ml portions of HO. The stirrer iz started and the NaOH solution is added
and its beaker rinsed with two 5 i portions of HO. To the resulting cold,
deep purple, 300 ml solution of cuprammonium hydroxide is added 13.0g
absorbent cotton {cellulose). The stirrer is adjusted to give maximum stirring
with minimum air entrapment. The cotton is added in small pieces as rapidly
as possible. The resulting viscous solution is then stirred vigorously until
it warms to 20°C, cooled, restirred etc., for about 2 hours, or until it is
smooth and all the cellulose has dissolved. The solution imay be stored under N;
in the dark at 15°C for up to 6 weeks.

This solution is used to spin oriented whiskers as follows: Thirty ml of the
4% etock solution and 0. 1g Na,P;0; - 10 H,0 are placed in a 50 ml Biender
jar and thoroughly mixed. Then 2.0g classified SiC whiskers are added to the
solution in small portions, with stirring to wet and disperse thern. Since air is
entrapped with the fluffy SiC, it is necessary to stop the stirrer and "burp"
the solution frequently. When the SiC is reasonably well dispersed, 10 ml
4. 5N NH,OH is added and the solution is sucked into a 50 ml dispcsable syringe,
the air bubble worked out and the syringe capped. A partial vacuum is created
by withdrawing the plunger part way and the sclution is degassad by vibrating
and tapping the syringe. When degassed, the syringe is fitted with a 0.040-
0.050" glass orifice and placed in a gyringe driver. The sclution is spun into
ZN NaOH. The takeup drum is run at a speed that just causes the fiber to lift
off the bottom of the bath. At the end of the run, the loose ends are taped to
the drum and the fiber is washed for 15 minutes in warm (35-40°C), running
tap water. During this process the fiber shrinks to about half its original diameter.
Next the fiber is washed for 15 minutes in 1IN H,S0, and finally for 30-45 minutes
in warm running water. When dry (overnight in air) the yield is usually g
fiber containing 40 vol. % SiC (62 wt. %).

The cellulose acetate spin solution is made as fellows when using the
394-45 (39. 4% acetyl, 45 sec. ASTM visc) or 400-25 {40.0% acetyl, 25
sec ASTM visc) celluluse acetate, which are available in powder form:
To 50 ml methyl ethyl ketone in the 50 m! Blender is added 2. 5¢ classgified 5:1C.
The mixture is stirred to wet and disperse the whiskers and with continued

stirring, 4.0g cellilose acetate powder (Eastman 400-25 or 394-45) ig addid.
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The mixture is stirred until the cellulose acetate is dissolved and the
whiskers thoroughly dispersed. ‘the solution is then sucked into a 50 ml
disposable syrinige, degasscd (as described above) and spun into Stoddard
solvent through 4 0.020-0.030" glass orifice. T[he takeup rate is adjusted to
just raise the fiber off the bottom of the bath. After drying over night a yield
of a 5.5 fiber containing 20 vol. % SiC (38 wt. %) is obtained.

For the preparation of flat composites, the whisker strands are most
conveniently handled as flat tapes or mats one or two fibers deep and 1-6"
wide. As the cupram and acetate fiber are relatively weak and brittle, this is
best done by soaking the drum of fiber in distilled water for 5-10 minutes, laying
it on a flat glass plate and cutting off the fibers 8o they can be rolled out on the
plate. The fibers are then combed with a wire or smali spatula until they are
parallel and painted with a 3-4% solution of poly(vinyl alcohol) to glue them
together. When dry, the mat can be cut inio pieces of the desired size and
shape.

If single fibers are not desired, tapez may be made directly on the takeup
drum by spinning the high molecuiar weight cellulose acetate (Eastman 394-60)
from methyl acetate. Since the 394-60 acetate is in flaka form and does not
digsolve rapidly it is made up as a 10% solution in methyl acetate before use.
The spinning sclution is made up as follows: Two grams of classified SiC is
placed in a stoppered 1245 ml bottle and 10 ml acetone added. After brief
shaking, the SiC forms into granulus. These are added in small portions to 30
ml 10% 394-60 cellulose acetate in methyl acetate in the 50 ml Blender, using
the stirrirg and burping techniques previcusl: described. When the solution
is thoroughly mixed and smooth, it is sucked into a 2yringe and spun into
Stoddard solvent. The travel of the guide is adjusted so that each turn of fiber
on the drum touches the rnext. Since the fiber is sticky as it emerges from the
bath, a continuous tape is formed. At the end of the run it is cut oft the drumn,
meoigtened with water and allowed to dry between two fiat glass piates. The
tape contains 2! vol. % SiC.

Cellulose triacetate {Eastman Cat 2314) is spun exactly as described above
except that chloroform ie used for the solvent and 30 ml of a 13. 3% solution is
used with 2. 5p classified SiC. The fiber, which 18 no! sticky, containg 20 vol. %
51C. Since the fiber 18 quite strong and reasonadbly {lexaibie when wet with water,

it can be urwound frors the drumnm and rewound on a mandrel to give mate of any




desired shape ov size. If the fiber iz wound eveniy, flat tapes can be made
quickly by puching moistened {ibers together on the takeup drum, painting with
poly{vinyl alcohol) solution, cutting and flavtening.

All of these resinae can be burnad off of the erisnted 51C whisker without ¥
disturbing the crientation. The rayon can be burned off directly at 600°C.
Cellulose acetate burns off well at 600 °C, aithough & slow vise {1-2 hours)
from 250°C to 600 °C appears to give better reeults., Cellulose triacetate rust

be charved ai 325-350°C for an hour before complete burn nff at 600°C.

IR

Discussion

Cuprammnonium rayon is normally spun from an 8% golution into hot running

TR 7.

vater. At 3%, coagulatiou ip water is poor and acid coagulation gives a
weak fiber, so sodium hydroxide solution is used. The sodium pyrophnsrhate 5;‘
is needed to keep the whiskers dispersed. Sodium lauryl sulfate {at the same
concentration) also works well but forms foam which makes degassing very
difficult. Whisker loading to 50 vol. % is possible but the 40 vol. % uaed gives
a better fiber.

Although it was not tried in the course of this work, viscose rayon should
give results comparable to cuprammonium rayon. Viscoase is difficult to
prepare reproducibly on a small gcale, but is very amenable to filling and variations
in draw crosas-gection, etc.

Cellulose acetate is normally dry spun from a 259 acetone solution. A

large number of golvent-non solvent systems were investigated to develop g
a auitable one for wet spinning a 10% solution. Even the best of these, methyl
ethyl ketone into Stoddard solvent, gives a weak, brittle. porous fiber with a
flat corss-section. Nevertheless, the whisker tilled strand is strong ensugh to
allow handling and, plasticized with water, can be shaped and made into mats.

The three different grades of cellulose acetate uged all give about equal results.

B Celiulose triacetate is noermally dry spun in 2 manner simila: to that used for &

the acetate. Unlike acetate, nowever, it can be readily wet spun from 10% chloro-

‘form or methylene chioride s slution to give a dense transparent fiber of fat

cross-section. Thus the whisker-filled strandes exhibit good strengith. Although

leas genaitive t2 water than cupram or acetate, 31 C-filled tracctate becomsas

sufficrently riiable when wet to allow 2harp bennds without breaking.

¥-ray diffracvion pictures of the cupvun, acetate and iriacetate Sif

filied
strands are shown ir Figeres 1, 2 and 3. all show good orientation.  Although

the cupram fiber s somewhat better than the scetates, compogites made from
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Ubvicusly, muck remains to be done to quantify and refine the system.
Orifice design, the effect of varying extrusion rate and draw, and the influence
of stirring on whisker damage and dispersion are ameng the more impoxtant
-ariablen that nave not, as yer, been completely inveastigated., Equally
important is the astudy of whisker fibere other than SiC, preferably ones with
aspect rarzos of 100 or 230 to 1.

While the temporary matrix method is a tedious, commercially expensive
way of utilizing whisker fibers, it is a relalively guick and gsimple svstem for
evaluating their potential in the laboratory.
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o FABRICATION OF WHISKER COMPOSITES (T. L.." Tolhert)

Whiskers are among the most promising of atl short fibers for reinforceiment
of structural composites. Unfortunately, they also present some of the greatest
challenges from the standpoint of composite fabrication. The problem: in
preparing directionally reinforced whisker composites are such that the extent

to which whisker properties can be practically utilized has not even been fully

determined. Consequently, fhe primary ebjective of fabricaiion work in thie

B - area is to evaluate the praclical importance of whiskers as reinforcing agents.
'-:,": !
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it is aimed at deveioping laboratory metliods {or preparing whisker reinforced
compnsites and at comparing whisker reinforcement with that given by other
types of short fihers. A-ditional goals are to evaluate whisker processing
variables in terms of composite performance and to define process and handling
requirements for practical, larger scale use of whiskers in composites.

Silicon carbide whiskerc purchased from the Carborundum Company have
been used almost exclusively in these studies. Although the ''as received"
maiterial contains a great deal of particulate matter and many of the whiskers are
covered with overgrowth, this ie the coilv whirsker material available at a price
which permits use in quantity. Techniques have been worked out for cleaning and
sort’ng the whiskers and for unidirectionally aligning them in strands of carrier
polymer; these are described elsewhere. The classification procedure yields
two fractions of reagonably good quality whiskers comprising a total of about
309% of the starting material, in addition to a small amount of relatively long
fibers. Only these fractions have been used for fabrication studies. Fibers
in the preferred fraction have a number average diameter of 1.25u and a
number average length of 70u1 {¢/d of 56); those in the other are shorter and vary
more in size (£ /d < 50, probably 20-30).

Fssentially the same procedure has been used to incorporate whiskers in
composites for all levels of loading and patterns of orientation. It involves two
steps, (1) preparation of a mnat of whiskers oriented as desired in the final
composite and (2) additicn of a resin solution to yield a prepreg which can be
shaped and molded. Mats for randomly reinforced composites are prepared by
dry pressing classgified whiskers under 50-100 psi pressure; enough entanglement
resulis to give the mat reasonable integrity. Mats for directionally reinforced
cormposites are prepared by hand leying whisker-filled strand (produced by wet
spinning) in the desired pattern and rermnoving the carrier polymer by pyrolysis.
The resultant mat is quite fragile but has enough green strength to permit
weighing and careful cutting and handling. Prepregging consists of impregnating
the whisker mat with a dilute solution of resin, catalyst and coupling agent,
evaporating the solvent, and "B staging' the resin under controlled conditions.
The pLrepreg has the consistency of damp, lightweight cardbeard and can be
readily shaped and molded. Mcaclding conditione range from 100-190°C and
SO0~ 3500 psi dependiug on the nature of the resin, the extent of "B staging"

and the final whisker loading desired.
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Loading levels, fiber orientation, and properties of composites prepared
in this way can be predicted and reproduced. The composites exhibit flexural
strengthe and .noduli as high as 99 x 10? pai and 15. 4 x 10% psi, respectively,
{48 v/o loading), thus easily qualify as high performance materials. Figure }
showe the levels and rate of increase of flexural strength and modulus with fiber
loading; Figure 2 compares specific properties as a function of loading. The
magnitude of these values is particularly significant in light of the fact that
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Figure 1 Properties of 5iC Composites Figure 2 Comparison of Specific

Properties of SiC Composites with
Those of Aluminum
aspect ratios of the whiskers in the composites average no higher than 50
(nominal aspect ratios befcre spinning are only 50-60).

The property levels which have been obtained for silicon carbide composites
are quite encouraging. However, to be of praétical significance and justify the
cost and labor involved, even on a laboratory scale, whisker reinforcement
must cifer properties not obtainable with other fibers. The m:in advantage in
using whisker fibers should lie in their extremely high strengt ., if it can be
tranelated into composite strength. The results shown in Table I indicate that
this is the case. The flexural strengths and moduli of compressior molded,
unidirectionally reinforced composites of silicon carbide whiskere and of boron

b

fiber are cormpared at similar fiber loading levels and aspect ratios.
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The moedulus of the whisker composite is equivalent to those of the bo: - rein-

forced materials, as the rule of mixtures would predict, but flexural strength is
35% higher.

TABLE I

COMPARISON OF COMPOSITE# PROPERTIES

Fiber Flexural Flexural Specific Specific
Loading Strength  Modulus Strength Modulus
Fiber (¢/d) v/o x 103 pai x 10%psi  x 10%in x 108 in
SiC Whiskers (50-60) 48 99 15. 4 1.23 192
1/4" Hand Laid 4 mil 48n# 65 14.8 0.91 212
Boron (62.5)
1/4" Encapsulated 4 mil 47 56 12.8 0.83 190
Boron (62.5)
1/8'" Encapsvulated 1.5 mil 46 66 14.9 0.64 144

Boron (83)

#Unidirectionally reinforced epoxy composites prepared under similar
conditions by compression molding.

*#*Data calculated for 48 v/o loading from the highest results obtained for
1/4" boron; the actual sample contained 70 v/o fiber and exhibited
a flexural strength and modulus of 94.6 x 10% pgi and 21. 7 x 10° psi,
respectively.

Control permitted by this method of fabrication makes it possible to evaluate
vhisker handling and processing variables in terms of composite properties.
Fable Il compares composites prepared {rom different types of whisker-filled
itrand and presents sorne preliminary data on the effect of ignition rate
ind whisker aspect ratio on composite properties. The variation in properties
as a function of strand composition and ignition rate has been varified by x-ray

4 fraction measurements® as due to differences in fiber orientation.

Much remains to be done betfore the practical importance of whiskers

as reinforcing agents can be fully aesessed even on a laboratory scale. However,

*Using techniques developed by R. G. Schierding.
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TABLE II

EFFECT OF PROCESSING VARIABLES ON COMPOSITE PRCPERTIES

Whisker Flexural Flexural

Loading Strength Modulus
Carrier Polymer in Strand v/o 10- psi 10¢ psi
Cellulose Acetate 47.8 92.6 13.5%
Cellulose Triacetate 47.9 98.5 13.1
Cuprammeoen im Rayon# 48.0 90.0 13.1
Polyvinyl Alcchol##* 48.0 80.5 13.3

Each composite was prepared from the same grade of silicon carbide
whiskers (¢/d 50-60) and under conditions found to yield best whisker
orientation and highest composite properties from that type strand.

#Sample had only one molded edge. Prcperty values projected from a
sample which contained 40.6 v/o whiskers; original values were 76 x 103 pasi
flexural strength and 11.1 x 10% pgi flexural modulus.

##Property values projected from a sample which contained 45 v/o whiskers;
original values were 75 x 103 psi flexural strength and 12.5 x 10® psi

flexrural modulus.

Ignition Rate of Strand

Gradual Char 48.0 64.3 10.7
Rapid Ignition 48.5 56 9.3

Acetate strand containing silicon carbide whiskers, £/d < 50. Heating
conditions: gradual char, temperature gradually raised from 25° to 600°
over a four hour period, sample held at 600 °C for 15 minutes; rapid
ignition, sample placed in oven at 600 “C and held at 600-650°C for 30
minutes.

Whisker Aspect Ratio

2/d = 50-60 47.9 98. 5 13.1
L/d < 50 48.0 53,4 13. 4

Composites prepared from cellulose triacetate strand.
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several conclusions can be drawn from the work to date.
1. High performance composites can be prepared by reinforcing epcxy
resins with whisker fibers, even those having an aapect ratio as low a#
50.

2. The strength of silicon carbide whisker reinforced epoxy resins is

significantly higher than obtainable with boron fiber of the same £/d.
Moduli are of the same order.

3. The fabrication technique in use is adequate for determining the effect
of parameters such as aspect ratio and orientation on properties and
for evaluating the strand produced by variocus spinning systems.

4. The current method cf fabrication may not be practical for larger scale

i studies. A simpler procedure which avoids handling polymer-free

‘ oriented whiskers is needed. Ideally, a prepregged sheet or rod should

be obtained directly from the extrusion or spinning system and molded

directly.
Experimental
The following procedure ie typical of that used to prepare specimens measuring

4" x 1/4" x 1/32": Package whisker-filled cellulose triacetate strand obtained by

wet spinning#® into mats by bonding 4'' lengths of parallel strands together, 1-5

‘ layers deep, with a dilute solution of a non-melting polymer such as polyvinyl alcohol.
Pyrolyze the mat by placing it on a quartz plate in an oven held at 325-350°,
leaving it there for 45 minutes and then transferring it on the plate to another oven
held at 600 °C for 20 minutes. Weigh the polymer-free mat of oriented whiskers
which resuits and split off the amount needed for the composite, 0.3-0.9 grams
depending on the loading desired, along strand lines. Compact the whiskers

to be used to the approxirnate dirensions of the mold, taking care not to disturb
orientation. Prepreg the mat with a predetermined amount of resin solution

by carefully and uniformly adding it dropwise over the mat surface using a syringe
fitted with a 22 or smaller gauge needle; the mat will darken but otherwise

should not change significantiy in appearance. The resin solution should consist
of approximately 10 grams of Epon 815, 2 grams (20 phr) of curing agent 7,

0.3 grams of amino silane A-1100 finish and 100 grams of dichloromethane.

Allow the impregnrated mat to dry in the air for 15 minutes hefore lightly

"B staging'' it in ap oven under house vacuum at 40-45°C for 30 minutes. The
prepreg which reeults should look and feel like damp cardboard, but will bregk and

*Using techniques developed by O. D. Deex
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crumble if severely bent or rubbed. Place it in a conventional compreg3sicn
mold under 2000-2500 psi pressure, holding it at 100°C for 15 minutes and then
at 195°C for 1 hour. Bumping the sample two or three times as soon as the
whole mold is hot is advisable for samples containing more than 40 v/o
whiskers. Post cure the sample for 4-5 hours at 150 ° for improved results.
The sample can be tested in tension by molding glass tape reinforced
epoxy tabs on the ends or in flexure using a microflexural jig with the span
set for a span-to-depth ratio of from 20-1 to 25-1. Tensile strengths have
been found to range from 55-60% of flexural strength for these specimens;
tensile and flexural moduli are equivalent. Whisker loading is most easily
determined gravimetrically; a 20 minute exposure at 600 °C is sufficient to
burn off the polymer. For most purposes density can be simply calculated

from the loading measurement.

COMPOSITION VARIABLES AFFECTING SHORT FIBER COMPOSITE PROPERTIES
{R. M. Anderson)

A hand lay-up procedure which permits control over fiber length, orientation,

and loading has been developed for fabricating composites from discontinucus
boron fibers. The technique has been used to establish experimentally the
relationship of fiber variables to the flexural strength and modulus properties
of short fiber-reinforced composites. Graphs are presented.

Preliminary data is also presented for composites reinforced with short
graphite fiber., These canposites were prepared by hand lay-up or by extruding

bundles of prepregged roving and compression molding the extrudate.

It is well documented that both strength and modulus of fibrous reinforced
comgoesites are highly dependent on fiber loading levels and fiber orientation.
However, quantitative information is available only for continuous fiber composites
(i.e., where fiber length is the same as that of the test coupon).

The equation relating volume fraction of unidirectional fibers and composite

modulus is8 quite familiar:

. = - + F
Fc gfff ’rn m
where E = Young's modulus

$§ = Volume fraction

c,f,my = Subscripts referring to composate, fibers, and matrix.
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In practice, the first term on the right hand side of the equation dominates and
decides the composite modulus. Normally, Qf ig in the range of 0.4 t0 0.8
E
f

and T~ ranges 20 to 100; at a minimum the first tcrm accounts for about 93%
“m

of composite modulus (i.e., using b= 0.4, E, = 10 x 10® psi, and E_~ 500, 009
psi, typical of a moderately loaded fiber glass/epoxy composite).

Theoretically, the equation is applicable to all purely unidirectional
composites reinforced with continucus fibers. It must be modified for any
departure from unidirectionality, however. The literature teaches that, on
the average, randomly oriented fibers impart only 20% of their potential
modulus to the composite as compared to nearly 100% for unidirectional fibers.

As menticned abeove, published quantitative studies of fiber orientaticn and
loading parameters have been largely restricted to continuous fiber composites.
A major ohjective of our work was to develop similar quantitative data for short
fiber composites. Such information would provide: {(a) a test of theoretical
calculations and (b) a property map showing the potential of discontinuous fiber
compozites.,

To accomplish these goals it was necessary to develop a fabrication technique
which would give control of fiber orientation. Hand lay-up was the technique chosen.
It provides maxirnum flexibility and control of several individual parameters.
The essential steps of the procedure developed are:

1. Prealignment of the short fibers in a vibrating "'V' shaped trough.

2. Placement of the fibers in a cavity mold with a width < fiber

lengths, care being taken that fiber ends overlap in adjacent rowsa.

3.  Addition of the matrix resin ana "working' it into fibers with a flat

ended spatula until good {iber orientation is achieved.

4. Caring under heat and pressure.

The process is time consurning, but it provides the essential characteristica
of near perfect fiber orientation. Photomicrographs have demonstrated that a
high degree of fiber orientation is obtained by this method for short boron fibers.

Usging this technique, a series of composites was prepared using short boron
fibers in an epoxy matrix. The principal variable was fiker length /8", 1/4'",
172", 1', and continuous fibers were used). Since these fibers were 5 mils in
diameter, the corvesponding aspect ratios (£/d) were 25, 50, 100, 200 and =,

as indicated in the figures. Flexural strengths varied over this range from
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73,000 to 280,000 pai and moduli from 22 x 10 to 41 x 10¢ pai; an aspect
ratio of 200 gave about T0% of the strength and over 80% of the madulus

obtainable with continuous filament. Simila: results were obtained using a
special grade of boron fiber (1. 3 mil diazneter) and prepregged "'S" glanz

fiber. The small diameter of the glass fibers (0. ¢ mil) did not permit them to

be processed using the vibrating technique, 80 a special hand lay-up technigue
using short pieces of prepreg tape was developed. A '"brick-lap” construction
wae used. Strengths and modulus data are given in Figure I through 4. Figures

! and 2 show the variation of inodulus and strength of short fiber boron composites
with fiber aspect ratio. Ancther way of considering the data is shown in

Figures 3 and 4 where fiber efficiences are pleotted versus aspect ratio of the fibers.
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In Figure 3, modulus data, elficiency is calcwated as:

mieasured modulus
theoretical modulus

Efficiency =

Theoretical modulus is calculated irom the rule of mixtures eguation. In
Figure 4, strength data, efficiency calculations were based on dsta obtained for

continuoue fibers:

measured strength ‘
strength of continuous fiber compogite

Efficiency

In all cases resuits were norrnalized te 5% fibers before being plotted.
Preliminary results have also been obtained using short gragphite fibers.
“"Thornel"” £5, a continuous graphite varn from Union Carbide made up to 10y
diameter filaments, was cut to desired len~ths for the study. Since simall
diameter filarnents cannot be oriented by the vibrational technigque, three
alternative fabrication technigques weore used. In these: {1) yarn was vacuum
impregnated with "A'" stage epoxy while in a cavity mold {2} chopped "B"
stagsd yarn was laid up by hand using procedures developed for boron and (3)
prepregged yarn was extruded and the extrudate compressicn molded.  Data
is summarized in Table I and the fabricavion technique {1, 2 or 2 from above)
indicated. The volume percent fiber reported for the composites was calculated
using the density of the carbon filaments and nifrocger conteny of the cornposite

from Kjeldanl analyses.
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In the future these studies will be extended {0 cover additional varistions
in fiber modulus, matrix modulus, fiber orientation, volume fracticn loading,

coupler studies and water soaking, and test temaperature.

DYNAMIC YATIGUE RESISTANCE OF FIBROUS REINFORCEDU PLASTIC
COMPOSITES {R. M. Anderscn)

In many applications, fatigue performance of composgite materials is of

egual impertance, sometimes zven of greater importance, than other phyasical
properties. Accordingly, Zatigue studies werz started early in the fabrication
program. The information is needed to guide fabrication work since good
dynamic az well as good siatic properties must be built into the composite.
Draring the last year investigatinng have beeu directed loward identifying
and quantifving major factors controlling fatigue of compasite materials. These
» utlics have led to the first reported parametric equation for fatizue performance
of composite materizls. It defines the guantitative contribution of gseveral of the
composite constituent properties in the fatigue phenomena.
E . ¢ G,, dT
MM, J,_.rl M

B
c

matrix modulus

izltirnate elongation

an integral of the shear modulus of the matrix
regin { om cure temperature to test temperaturve.

maximum cvclic shear stress on the NOL ring
under test.

the slope of the line where log F. L. i¢ plotied
versus log,

fatigue hiie; or cumber of elapsed cyoles where
sample deformation haa increased 0% where opera-
ting fatigue under constant load conditions.

in i current forne the rgoation s, oY canrve, reatricted to simple {ilarment
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i.e., (1) the testing mode described in previous reports (2) the use of
chemical conpling agenta, and (3) testing temperatures from 25°C down to J
~196°C. '

Studies not previously reported show that (1) testing speeds from 10¢ to
400 cycles per mdnuie do not significantly affect the fatigue performance and :

(2) nor does surface machining of the NOL ringe. In addition it has been ghown

that the chosen failure criteria in these tests {i.e., cycles where a 30% increase
in deforrnation occurs) gives comparable quantitative compoeite damage whether
starting at low or high stress levels for the fatigue test. In ¢ rrent studies

the influence of reinforcement concentration is being defined. At thie time

however, it can be stated that this factor does influence fatigue life and therefore
~1ll constitute a new parameter to be added io the fatigue life equations.
Qnaalitatively speaking, increases in volume fraction load ag of the glaas rein-
forcement give an increase in fatigue life of the compousite.

A new fatigue apparatus has been designed and is now under construction.
It will provide a new dirnension to the fatigue studies. The apparatus will
accommodate two specimen shapes, (1) a hollow tube testud in shear and (2)

a rectangular cross section beam tested in three point flexural fatigne. These
capabilities will provide for studying important additional factors in the tatigue
studies.

Future plans consist of (1) testing of holiow tubes from which engincering
data can be expected, (2} testing in flexural fatigue mode which will permit
groater stresses to be applied io the fibrouws reinforcement, and (3) to conduct
corresponding studies where short fibere represent the reinforcing phase of the

corunosite.

FIBER ENCAFPSULATION AND FLOW ORIENTATION (H. M. Andersen and

ir. & *Morris)

A rnechod has been developed fur encapsulating chopped boron fibers in
epoxy resin to give a prepreg molding cormapound in which each fiber 1 abeddedd
and vollimated in the resin, Flowe-molding of the granules gives specimens having
high-performante properties. The methed is alao applicable to other fibers,
Feurvication of high performancs comypasites reom discontinuous fibers presents
a puraber of special probiems. Most arise trom the nature of the {ibers which muest

beoused, In addition oo heirg very srmall and very sttif, tnsy inuet ne oo ora -

N

toed at hegh loadings, thorovghly mixed into god welled by the resin matriz, and
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eriented to take advantage of their propert-es. The fihers are highiy susceptible

to damage during mixing a.-1 in any subsequent forming operation, sspecialiy if

melt flow ie involved., Theac and related problems have hindered the developinent

of procesaing techniques for short, high performance fibers.

- Ideally, the fibers should be incorporated into molding compounds processible
: by conventional techniques - exirusion or irapsfer maolding., Granular prepregs
- of this type would permit the prepuration of complen apes by much more effi-
cient and effective methoeds than the Iaborious technignes now uped. Sorae glase
reinforced molding compounds now sva.lable represent a step in this direction but
v generally are deficiert in flow and do not vield the modulus required of high
. performance composites.
Our wo~k has been aimed at developing moldirg compounds which overcome the
processing nroblems and parmik fabrication of complex snapes reinforced with
- short, high perfornance fibers. To thig end, our woerk hag corventrated on
’ incorporation of choyned borou fibe-s in epoxy resins. Ginss fivers and several
- other materials have als» becn ceed. The work is divided into (wo phases:
: (1) The preparatior of the moldiny compound itself (encapsuiation) and (2]
. The forming prrcesses.

Experimmental

Thz molding compound is prepared by a process referved to in the

Project ag encapsulation. This consiats 2L the foliowing steps:

1. The fibers are slurried in an agqueocus solvtion of an emulsifyving agent
aiong with any addivional component such as interstivial {illers. In
some caeges the emulsifying agent can be ormiitend.

. Coupling agent iz added and the sluryy hes’ od to 70°C,

The reguired amount of reain is Lhested to the same femperature and

sdded to the slurry with stirring.

4. The hardener is added and stioriag is continued at 70 ° for 30 minutes.
The choice of time and temperature is arbitrary; i has merely been
found te produce a B-stage satisfaciony for vvr purposes.

The mixture i3 rapidly coolsd, the water decanted, the product washedd
with cold water, and aiv-dried.

The gravsular product obtained frows the albe 2 process has a specialized

yoructure worth noling. Starting with looes nre-cut fibera, granules s ve oblained

5

irn which inedbsvidusl fibers ave uniformiv sl

1 A
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pavallel array. Grain length is roughly one to two times the original fiber length;
grain diamneter iz roughly half the fiber length. Grain shape may vary from slim
and pointed through elongated ellipsoids to nearly perfect right cylinders or
skewed cylinders. The interstitial space between fibers may be filled with clear
regin oy with a mixture of resin and interstitial agent {(finely divided soiidl.

& snixture of fibers such as glass and boron can be used. Some examples are
shown in Figures I ts 8.

¥/ e have employed three methods for forming specimeons:

. Transfer molding.

Z. Extrusion, followed by compresgion molding of the strand.

3. Compression molding of the grains directiy.

Transfer molding and extrusion are highly preferred. Both produce good
fiber crientation and overlap an?d therefore yield improved properties. Transfer
molding has the advantage that a finighed article is produced in one operation.

We have not as ver deterrmnined the degree to which fiber orientation can be
produced and controlled in other than a loug narrow cross-sc:tion. Transfer

maolding has been restricted to small (28'') teasile bars: goed fiber orientation was

obtained in the gage section. Thus far, the extrudad strands have been too irregular

to test per se, bul can Le compression molded to give excellent specim: nx.

The present extrusion equipment is primitive. It consists of a heavy-walled
steel cylinder fitted with an aluminum piston. The orifice is screwed into the side
of the cylinder near the bottom. The assembly is placed in a hydraulic press to
apply furce to the piston. YHeat is supplied by the platens and by stearn tracing
nn the oy fice.

Thia design results in two major problems. One, the preasure is difficuit
to control with the press now in use and regults in vneven extrusion rates.
Second, - extruded strand comes out horizontally: with no take-up mechanism.
1t 1s difficuls to control straightness, continuity, and draw-down. & vertical,
in-iine extruder is being built which i3 expected to alleviate these problems.
Orifice geornetry will require major attention.

Results

We have found that forv vircwiar orifices significant arientation paraliel

te the flow axis will vcour with volume loadings of 20 /o and greater san long as

the orifice cameter 18 about equal 1o oy smaller than the leugth of the fineys.




Figure 1. E-218 Figure 2. E-229
40 v/o glaes, 1/8" chopped 30 v/o glass, 1’8" roving
roving 5 v/o Attapuigus Clay

Pigure 3 B2 30 Sarure 4 Bros 3l
WY v o glasa. 17RY roving W oo plass, o ro

VOO Alrapuiyiis Olay IV v 6o Artgpalius Ol




Figure 5. E-23¢2 Figure 6. E-242
30 v/o glass, 1/4" roving 40 v/o glass, 1’4" chopped
5 v/o Attapulgus Clay roving

WY oo Doron- W ToHS

10 v 0 Attapualpus Clay PO w0 Arvapialpes oy
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At present, alignment of fibers is based only on viasual observation and microphoto-
graphs of strand left in the orifice after extrusion; no actual measurements have
been made. Howsver, orientation must be reasonably good since high efficiencies
of 60-70% are obtained in tranalating fiber moduli to composite moduii. This

is also an indication that compression molding of the strande dves not disrupt

fiber alignment. Strengthe are also high.

The best nroperties obtained for each of several composites are given in the
Property Summary Table. The colunin headed "Formed By" refers to the method
used to make the specimen. Sample E-252, shown on the next-to-the-iast line in
the Tahle, illustrates that the objectives of the study can be niet:

1 It contained a high-modulus fiber ai a loading high encugn to be effective.

L. It was easily extrudable and extrusion produced orientation without

excessive fiber breakage. The extruded strand was readily compression
molded to give test sapecimens.

3. Properties are in the high perfoymance range.
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Epoxy Encapsulates Fibers

Property Summary

Flex. Flex.
Str. Mod.
Vol. pPei x pei x E-
KReinforcement % 103 _ 1ot Formed By ldent.
1/32" Milied
Fiber 40 20. 4 i.5 Transfer 124
1/8'" Milled
Flake 33 17.1 Z. 1 Transfer 110
1/8" Chopped
Strand 40 65.3 2.2 Transfer 206
1/8" Chopped -
Strand 40 55.5 2.0 T ransfer 218
1/8' Chopped
Strand 40 67.0 2.9 Extr. + Comp. | 218
1/8" Chopped -
Strand 45 60. 4 2.1 Transfer 224
1/8"" Chopped
Strand 45 71.0 3.3 Extr. + Comp. | 224
1/4' Chopped
Strand 40 67.5 2.0 Transfer .1 242
1/4" Chopped
Strand 40 71.0 2.9 Extr. + Comp. 242
Whiskers:
SiyM,, 502004 20 23.8 3.0 Compression 158
5iC 290% Particu~ .
late) 30 29.3 1.8 Transfer 147
Asbestos: (Refined)
Chrysotile 40 19. 4 2.0 Tranasfer 131
Crocidolite 40 30.6 1.8 Transfer 23
Crocidolire 40 - - 2.9 Compression (1) 217
Boromn:
174" x 4 il 47 56 12,8 Compiession (1) 196
178" x 1.3 mil 46 66 14,9 Compression (1) 226
/8" x 1.3 mil (2) 35 60 11. ‘3] Extr. + Comp. P
8 o T3 ol 50 75 16.7 Exir. + Comp. l.c“ul
P/ w103 pad {20 15 40 6.0 Ribbon-Extr. + Comp. 244

1 Orventod by hand lay-up
{70 Plus 14 vio attapulgus clay
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10 cur koo ledge this is the first experimental verification that automated
forming processes - extrasion and perhaps transfer molding - can be adapted to
choppel boren composites. It is particularly significant that these results were
obtained with "thin', I.3 mil, boron fiber. This material is more flexible and
basz a small enough diamerer that aspect ratio doee not have to be seriously
sacrificed in chopping to a processible range. Four mil boron fiber in 3"
and &' lengthe has also been successiuily encapsulated, but preliminary extru-
zions have caused excessive fibey breaka ..

Discussion

The exploratory nature of dhe program bhas precluded any systematic variable
study or mechanism study. However, based on spot observations and intuition,
the folicwing iz what is thought to happen:

The oil phase, consiating of hasrdener dissolved in resin, is in the emulsion
state initially. As the resin crosslinks, its modulus gradually increases, the
emulsion becomes unstable, and the particles tend to coalesce. The coalescing
resin is attracted to and wets out the fiber; this process appears to be aided
by a caticonic {inish on the glass or the use of a ¢ .tionic emulsifier. As the
resin-coated fibers ccllide, they stick together. Surface tenaion of the resin
then causes crosged fibers to straighten out inte a parallel array - minitmizing
the total resin-watsr iaterface. This har actvally been observed onder the micro-
scope. In favorable cases, longitudinal motion of the fibters also occurs, giviag
grains with "squared-off" ends, rather than long zrains with over-lapping fibers,
At present, this requires the preaence of a suitable anti-clumping ©or interstitiai
agent. Cure,"'B-staging, i3 now continued to the point where the grains are no
longer tacky enough to stick together when cool. In the absence of un interstitial
agent, the grains may continue o grow indefinitely, resulting 1 a massive
climr.

Squared-off grains are prefevred for nandling characteristics. However,
to produce the fiber overlapping neceecazy for gond strength and miodulus in the
compoegite they require shear during the {orming operaiion. [ his is provided by
extrusion or transfer molding. “"Fointy" gréas have vverlapping fibers, and
therefore compression molding ray betier suffice Jov them,  Some compromise
between 'squared-off and "pointy' 18 probably desivable

An important development in the study 4 recognition of the role of inleruin gl

agente in granule iorraation. They make practicable the wee of the forpe s e




required for best properties. If none is used, the longer fiberas (1/8' and up)

tend to form very large grains (1 to 3'') or clumps. These large aggregates are
unmanageable for extrusion or transfer molding, and car be compression molded
only with difiiculty. Addition of interstitial agents causes the longer fibers to

be encapsuiated in bundles of dimensions roughly the lengths of the fibers used.

As described above, the grain shape mav vary from pointed grains to right cylinders,
depending on the fibers and the interstitial agent.

We have done essentially no work on the mechanism of grain forration,
with or without interstitial agents. We assume that surface tension, electrical,
and rheciogical forces may all be involved. Now that some rerults have been
obtained, such studies are justified and needed.

A potential problem in the process is water retention by the grains, causing
porosity when moldings are made directly from theni without any pre-heating.
Extrusion appears to drive off this water as no difficulties are encountered
in subsequent molding operations. Probably the usual radio-frequency pre-heating
would also serve this purpose. The problem does not appear severe, but a
means to pre-dry the grairs is desirable.

Transfer molding of borun composites haz met ouly lirnited success so far.
Good fills have been obtained, but fiber breakage has been excess ve. Additional
work using molds and gates better suited to this very stiff fiber may cure the
problem. Our transfer molding capability ig being expanded to permit varying
both product rheclogy and the molding operation. If successful, the formation of
complex shapes by this route would be most attractive. The glass composites
transfer-mald readily.

Extrusion offers an alternate route to compliex shapes containing criented
fibers. The extruaed strand can be warmed, shaped to the avproximate contour
desired, and placed in an appropriate compression mold. Heat and prespur e then
result in forming the article in which the fiber orientation has been largely
determined by the placement of the strand,

Fiber orientation in the strand jg achieved by extrusion using an orifice with
the correct exit draneter.  The remaining problems ave essentially to fing the
cormbination of wlet profil-g, tempervature protiles and extrusion pressure,
which for a given wolding compound will give a strand with the desived rompactness,

Bestaging, and nammarn Hher damaee.
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As previously mentiioned, an in-line, vertical extruder is being constructed

which will be in operation by the time thie rewort is published. It will allow
a more therough atudy of the numerous pararceters involved ir melt flow fiber
orientation. Besides alleviating previocusly mentioned problems of preasure
control and horizontal output inherent with the present apparatus, the new
equipment will allow control of temperature profiles and provide a symmetrical
flow pattern. The symmetrical flow pattern should enable extrusio:. at lower
pressures, thus reducing fiber breakage and permitting cxtrusio.. of compeounds :
with higher volume loadings of fibers.
At pregsent, extrusion is generally limited to circular cross sections.
An extrusion of a boron composite through a ribbon orifice 9.%" x 0.060") 3
resnlied in inferior fiber orientation. Additional work on orifice gecrnetry ard

other factors will be nzcessary to produce highly oriented rectangular cross

sections.

Both transfer molding and extrusion have the essential virtue that fiber

orientation and overlap are accomplished mechanically rather than by a manual

process.
~ Overall, the encapsulation technique makes three contributions to the
fabrication effort in the ARPA Project:

1. It permits the preparation of extrudable oriented prepregs from fihers

which are not readily pre-pregged in continuocus, multifilament form.
Boren filament is the prime example.
2. It permits the easy preparation of ternary (or higher} compecsites.

These may be two macro-fibers, such as boron plus glass, or &

macro-fiber plus an interstitial reinforcernent, such as glass plue
whiskers.
3. It provides a method for prepregging loose fiber., This permits use
of whiskers and may present son = advantag - for fibers which can e
pre-pregged before cuttingy, sach as glavs roving. In the latter
viee, bare roving ig easier to cut to short lengths than ig pre- pregged
roving; ard cur encapsulated glass tends to have o lower valk factor
thaw any choppea pre-pregped roving which we have geen.
GConclusions
.o Short fibers, including boron, can be socapsulated in apoxy resin in

a collimated graan form.

=
-~

Soo Sobid phases, inoaddition to the macro-Ohor o vesin, may be Crparar

i the comnpoatis grains,
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3. Such grains coniaining short boron fibers can be extruded and moided by

conventional technigues te yield oriented specimens having high
performance propariies.

4. The process is sdaptable to using a number of reinforcing spaterials.




ABLTRACT (Conti nued)

ln Fabrication and Processing, techniques were developed for whisker
fiber classification; strands of well-oriented whisker fiberg made and
fabricated into high performance comvosit es; x-ray diffraction techniques
applied to measuring fiber crientation, property maps developed for short
fiser compostites; short boroen {ibers encapsul ated to make a pre-preg
wv.0ldi ng compound in bead fovm; f{iber-matrix dry 15ix molding explored;
and data obtained velating mat rix properties to fatigue characteristics,

in education, a graduaste program in materials science was put into effect
by the umiversity;, two one-semester seminar courses conducted for the
Association gtudents and scientists; ind a summer workshop in mechanics
organi zed,

In cormmunication, the second annual syinposium on high performance
cemposites was held; publicstion ot « new journal, Journal of Composite
Materials, begun; and five papers published,
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