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THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of
science and technology relating to aerospace for the following purposes:

— Exchanging of scientific and technical information;

— Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence
posture;

— hnproving the co-operation among member nations in aerospace research and development;

- Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
field of aerospace research and development;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations
in connection with research and development problems in the aerospace field.

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Recommending effective ways for the member nations to use their research and development capabilities
for the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives fiom each Member Nation. The mission of AGARD is carried out through the Panels which are
composed for experts appointed by the National Delegates, the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work are reported to the Member Nations and the NATO
Authorities through the AGARD seri¢s of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.
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PREFACE

This Lecture Series is sponsored by thz Structures and Materials Panel and the
Consultant and Exchange Program.

The objective of the Lecture Sernes is to present an up-to-date review of the
precedures for utilization of advanced composite structural materials,

After a review of materials (fibres, reinforced plastics, metal matrix composites),
their physical properties and strength, the fabrication methods for the materials is
presented.

One complete session is devoted to the presentation of experimental methods,
analvtical methods, automated design, and future trends.

General considerations of the application of advanced composites and airframe
application of composites terminate the formal lecture.

A Round Table discussion with the participation of all the speakers concludes
the Lecture Series presented in Oslo (Norway) on 1 and 2 June, Copenhagen (Denmark)
on § and 6 June, and Lisbon (Pertugal) on 8 and 9 June 1972,

B.Walter Rosen
Lecture Series Director

e D R s § 1t
o * Sl et abuiht SOnia O T R St L NP 1 T

i T

et o

e T R SRRy W A k.m; At ALY a8 S a

At h

NIORTY]

R R S IV TU PRI L T IR Y, WP RTTEN

[T TNTAT 2 PO R P S

R IO R R

e P VP R TS S

LR R RN VO TP

IR - T




AT LT

e

2i o

A daiidaid

BT VR R AATRIATVANTT/AA AT A A AT S 8 7§ IR WA TA TN, L et Rt S S T T 4 o s . e =
- = VYR TS R T TR AR TR IR AT R L - M M Al b A L G R Rt e

LIST OF SPEAKERS

Lecture Series Director Dr B.Walter Rosen
President
Materials Sciences Corporation
P.O. Box 254
Fort Washington, Pa. 19034
U.S.A.

Professor R.J.Diefendorf
Rensselaer Polytechnic Institute
Materials Division

Troy, New York 12181

U.S.A.

Dr B.E.Read

Division of Materials Applications
National Physical Labcratory
Teddington, Middlesex

England

Dr LC.Taig

British Aircraft Corporation Ltd
Military Aircraft Division
Warton Aerodrome

Preston PR4 1AX

England

Mr Max E.Waddoups

Project Structures Engineer
General Dynamics Corporation
P.O. Bex 748

Fort Worth, Texas 7611
US.A.

. ees

PRATEL huh newadin vt

BT RSy

ARTIUTL'S N SCARIYSTIR SR IVRPLO, TPRCRN

ERLIVIVICIEL WAV P5 T3 Ru P

Wl o lie vAnd Wk ne W wdie s A aU S e T

DUNEISUE TN C PN

P TNV B U B SO

Ao bt s b

Lm.-.zmn.._u A




ok

CONTENTS

PREFACE

LIST OF SPEAKERS

DESIGN OF COMPOSITE MATERIALS
by B.W.Rosen

FIBER AND MATRIX MATERIALS FOR ADVANCED COMPOSITES
by R.J.Diefendorf

COMPOSITES IN THE STRUCTURAL DESIGN PROCESS
by M.E.Waddoups

EXPERIMENTAL METHODS FOR COMPOSITE MATERIALS
by B.E.Read and G.D.Dean

AUTOMATED DESIGN AND FUTURE DESIGN TRENDS
by M.E.Waddoups

GENERAL CONSIDERATIONS IN THE APPLICATION OF ADVANCED COMPOSITES
by L.C.Taig

AIRFRAME APPLICATIONS OF ADVANCED COMPOSITES
by LC.Taig

Page

Reference

[ )

e\

ST KL

toottal edaled Las

2

fatnt

Centr - s csornd ) fanileie aiakavs

I SN YUY YO0

atiadidfals Avastl M

RS E PRN T TR W S Y

PRSP YR

PR TR IR IPRYS TR PRy e



T O TRT subaasidiail A s T I s o St e S Attt iy D A LSt T T e L . ez
vt e & e e - ._-An; E

11
DESIGN OF COMPOSITE MATERIALS

by

B. Walter Rosen
President
Materials Sciences Corporation
Blue Bell Office Campus
1777 Walton Road
Blue Bell, Pa. 19422
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Studies of the relationships between the effective properties of fiber compesite
materials and the mechanical and geometric properties of their constituents are reviewed.
The aims of such stuvdies are, first, to provide the ability to analyze the performance
of structures utilizing these heterogeneous materials, and second, to provide guidelines
for the development of improved materials.
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'
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First, the rationale for designing a material to suit the application is described.
The feasibility of accomplishing this aim through the use of high stiffness and high
strength filamentary materials is discussed. It is emphasized that the design cycle
with composites involves many more steps than the equivalent metallic structural design

process.
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The second section of the paper develops the relationships yoverning the thermo-
mechanical properties of composites. The importance of heterogeneity and anisotropy
are treated. Theoretical results are presented for composite elastic moduli, thermal
expansion coefficients, thermal conductivities, and specific heats. Results are pre-
sented in a form easily usable for parametric study of candidate materials during the
preliminary design phase.

1

The final section of the paper explores the status of the understanding of the ten-
sile, compressive and shear strengths of unidirectional composites. The defination of
the mode of failure is emphasized.

Py P 1

PARY I - THE MODERN COMPOSITES CONCEPT

INTRODUCTION

- TP SN BN 7 VP ST PONPRIID-, SIS P 1

i The concept of designing a material to yield a desired set of properties has re- 3
! ceived impetus from the growing acceptance of composite materials. This utilization of

the diversity of contemporary high strength and high stiffness fibers in various struc-

tural applications has motivated a new interest in the study of rclationships between :
the mechanical and physical properties of composites and those of their constituents.
The aims of such studies are, first, to provide the abjility to analyze the performance
of structures utilizing these heterogenecus materials, and second, toc provide guidelines

for thi: development of improved materials. 3

Mhaioa o r it feri e aacaaedd

Inclusion in the structural design process of the material design phase has had a
significant impact upon the entire design process; particularly upon the preliminary de-
3ign phase. 1In this preliminary design, the number of materials which may be consider-
ed for a design generally will include mary for which experimental materials properties
data are not available. Thus, preliminary material selection may be based on analytical-
ly predicted properties. These analytical methods are the result of studies of the re-
lationship between effective properties of composites and the properties of their con~
stituents (studies which are frequently described by the misnomer "micromechanics").

The understanding of the relationships between the overall or average response of a com~
posite and the properties of its constituents permits the representation of the inhomo- 3
geneous composite by an effective homogeneous (and generally, anisotropic} material.
The properties of this homogeneous material are the effective properties of the compos- }
ite; that is, they are the properties which relate the average values of the state vari- E
ables in the composite. When the effective properties of a unidirectional composite have b
. been determined, the material may be viewed as a homogenecus anisotropic material for :
3 many aspects of the design process.
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25 The last decade has witnessed a significant increase in the understanding and utili-
: gation of fibrous composite materials. That decade has also witnessed a much larger in-
crease in the amount of published literature in this field. The present paper provides
a brief review of the avaiiable capadbility for composite material design and analysis.
The aim is to provide quidance for one who seeks to become familiar with the tools re-
quired for designing fiber composite materials. The paper attempts to identify the key
concepts assocliated with the use of these unique materials, and to indicate source publi- 3
cations for detailed explanation. In addition to the publications discussed nerein, there E
is a valuable portion of the composites literature represented by the published collections 1
of papers presented at converences devoted solely to composite materials. Additionally E
thexe have appeared several books which contain chapters by different authore on various 3
aspects of composite materials behavior. These publications are identified on the 3
bibliography list. They are of particular value for locating the widely scattered

S AV st

KR S aadide d




9

3
b
A
4

AR A AL W 1

el Thh dath o ol Ciing aie O™ el pt ki

e

7

-~
(-
¥

e
=

experimental data available for composites.

The Lecture Series on Composite Materials i3 organized to provide a review of the
design cycle from a description of constituent properties to the test of an actual com-
posite structure. Thus, the program contains a review of requirements, and existing and
potential properties of fiber and matrix materials. Fabrication methods for commercially
available fibers and prucessing characteristics of available matrix materials are des-
cribed along with the resulting properties and materials cost. Material design capa-
bilities are defined by describing existing relationships between macro and micro prop-
perties of composites. Requirements and potential for the material mechanical and phy-
sical properties required for preliminary design are discussed. Composite fabrication
procedures for polymer and metal matrix composites are treated. Experimental methods
for determining properties of the resulting materials are described. The structural de-
sign process is then defined with emphasis upon the impact of materials upon design.

The role of the computer in composite design is emphasized. Trends in both design
methods and structural configuration are described. Consideration of the special factors
vhich must be treated in the application of composites to practical structures is pre-
sented. This is illustrated by description of specific airframe composites applications.
Prospects for fiber utilization are discussed.

This compcsites design concept has shown its greatest advances in aerospace appli-
cations. However, it is well to note that, although the development of the so-called
*advanced" composites has taken place primarily within the aerospace industry, even the
most expensive of these new composite materials have €found usage in the commercial market
place. Continued reduction in fiber material costs, coupled with continued attention to
sound design practices will undoubtedly lead to a substantial multiplication of the num-
ber of appiications of these composites.

EFFECTIVE MATERIAL PROPF :I'IES

Certain definitions are of importance in the discussion of composites, particularly
in the treatment of anisotrupy and heterogeneity. Materials whose properties at a point
vary in dif€erent directions are anisctropic; those with properties which vary from
point tou point are heterogeneous. On a small enough scale even the commonly considered
homogeneous materials are inhomogeneous. That is, the common structural metals, on a
smail scale, consist of crystals. Each of these crystals is anisotropic. Its proper-
ties in different directions are different and a group of polycrystals randomly oriented
represents a heterogeneous material since the properties in a given direction vary from
point to point. Thus, there are two concepts, heterogeneity and anisotropy, which are
pertinent to the study of composite materials. A composite can be one cr both or neither
of these depending upon the constituents and the scale of interest. Foxr example, con-
sidexr a fiber composite material; that is, a mixture of fibers contained in a matrix
materizl which binds the fibers together. The two phases may individually be isotropic
or anisotropic materials. Wwhen the fibers are oriented within the matrix - for example,
a set of filaments, all parallel to a given line, embedded in an otherwise isotropic and
“omogeneous matrix -~ the composite material is hetarageneous but isotropic. That is,
the properties at any point are the same in all directions but from point to point the
properties differ. This is on a small scale; however, for contemporary filaments whose
crogss-sectional dimensions are extremely small, practical interest focusses on the average
of stresses and strains over a dimension which is large compared to this cross-sectional
dimension. For that purpose it is possible to consider the materials response in an
average way to be anisotropic but homogeneous; that is, one may consider a material
which has the same average properties as a given fiber composita material. This new
average or "effective", material will have properties in the fiber direction which differ
substantially from those in a direction transverse to the filaments. This makes it an
anisotropic material. Since one is not concerned with the local perturbations asso-
ciated with the individual filaments, this may be considered to be a homogeneous material.
This replacement of actual by effective material provides the transition from icro-
mechanics to macromechanics. On a microscopic scale, the composite is a heterogeneous
isotropic material; wheraas on a macroscopic scale, it is an anisotropic but homogeneous
material. In general the problem can be compounded by recognition that the individual
phases by themselves may be anisotropic, and secondly, that the geometry of the phases
may be such as to produce a great variety of macroscopic anisotropies.

DESIGN APPROACH

An essential factor in a discussion of design with composites is the recognition
that there are many more steps involved in a composite structural design than there are
in the equivalent metallic structural design process. This design cycle for composite
structures is illustrated ir figure 1. The important factor in this composite design
cycle is the recognition that materials design must be performed simultaneously with
structures design. Thus the structural design engineer starts with a selection of con-
stituents and a choice of the volume fractions of these two constituents. These selec-
tions define a unidirectional composite, which is the basic element of a composite
structure. This unidirectional composite 18 characterized by certain effective proper-
ties which relate the average values of the state variables in much the same way that
ph{sical properties of homogeneous materials rnlate the local values of these state vari-
ables.

when contemporary high strength, high stiffness fibers are utilized to reinforce
plastics, they yield composites which are very strong and stiff in the fiber direction
and generally have very poor properties in the transverse directions. Thus, for the
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practical structural design where a multiplicity of loading direc' ons and conditions
must be considered, the elementary structure of this material is obtained by forming a
laminated composite wherein layers of the unidirectjonal material are oriented in vari-
ous directions. At this point effective properties of the laminate can be determined.
Theg:2 define the properties U the basic material with wii'ch to perform structural denign.
It is at this stage, that the composite design cycle firsu reaches the starting point
for s¢iructural design with isotropic metals. From this stage, the designer proceeds to
the ¢v:.ermination of the configuration of each of the structural elemenkis and to the
cver-.'. structural de3ign configuration. 1In the case of composites, the availability of
thes: nony dicfers.% materiars <nhances the opportunity to close the design loop by per-
1 Y strnctuare . efficiency analys:s of the resulting structure and determining the
desi.+ » wmwprovement~ or changes in constituent properties which cai. generate improved
perfci .. ..e fus tha w0 wysite structure. The following sections will discuss these
variou ‘up#ci: Of . « .:rosite de ‘ign cycle.

UNIDIR<CT TONAL FI®TL " .. 20SITE MATERIALS

The first phase in the design cvcle requires relations between the effective proner-
ties of unidirectionel composites and the properties of their constituents. For this
purpose, one may consider the basic materia. schematically illustrated in figure 2. The
fundamenta? material consists of a parallel set of fibers randomly placed within an
otherwise .02, genecus matrix material. From this three dimensional composite one may
visualize that two dimensional layers may be formed which can then be assembled in speci-~
fied sequence in ovder to obtain the kasic laminate configuration. The unidirectional
material has effeciive overall physical properties whiclh relate average values of the
state variables. These properties can be determined by stviying the material subjected
to simple loading crnditions. This is best illustrated by considering the basic mechani-
cal properties relating average stress to average stwain.

Elastic Constants

The nidirectional composite material behaves as an effective anisotropic material.
In the most general case, it may be an orthotropic material having nine independent
elastic constants. For a random distribution of fibers over » given cross section, the
transverse plane may be considered to be an isotropic plane and the composite itself is
then a transversely i.otropic composite having five independent elastic constants. 7The
same situation exist3 when the composite has fihers arranged in a reguiar hexagonal ar-
ray. For the transversely isotropic material the five independent elastic constants can
be evaluated by considering the loading conditions shown in figure 2. Thus a simple
unidirectional app}ied stress in the fiber direction is sufficient to define an axial
Young's modulus, E, , and the associated axial Poisson's ratio, v3. For pure shear in
the axial plane, tﬂe axial shear modulus, G;, is defined. when a two dimensionaily
isotropic state of stress is applied in the transverse plane under conditions of plane
strain, the effective plane strain transverse bulk rodulus, kf, is defined. For pure
shear in this transverse plane, the fifth constant, the transverse shear modulus, G{, can
be determined. Wwhen these five constants are known, it is possible from them to deter-
mine any other desired elastic constants; for example, the transverse Young's modulus of
the material.

With the desired loading conditions defined, it is possible to determine the proper-
ties analytically or experimentally, that is, one could fabricate the desired material
and measure its properties, The development of analytical methods to study this problem
has been motivated by the recognition that in the material design process, it is de-
sirable to retain the freedom to consider a wide range of potential materials, rzather
than to limit the preliminary design to properties of composite materials which have al-
ready been evaluated experimentaliy. An extensive review by Hashin (ref.3) of the prop-
erties of unidirectional fibrous composites has recently been presented. Only limited
aspects of this theory will be aiscussed herein.

Two methods which are based on sound theoretical grounds exist for evaluation of
elastic constants. One of these utilizes computerized numerical methods to solve the
boundary value probiem of a cegular array of parallel fibers in a matrix material. Ini-
tial studies of this type v.ere presented by Pickett (ref. 4). sStudies vtilizing other
numerical methods and different regular geometries were treated in refs. 5,6, and 7.
For a discursion of these numerical methods, see ref. 3. The results of these methods
are a set o elastic constants which are appropriate for the particular geometric array
being studied. The short omings of this method of approach are: f£irst, the requirement
that solutions can be costly; sezond, that the reqular axray being analyzed is noc
necesgsarily representative of materials currently being fabricated. The second method
of analysis is that of the composite cylinder assemblage model (ref. 8). This model cun-
tains some of the random characteristics desired to represent the composite. The short-
coming of the method is that the model contains fibers of varyiny sizes and hence, al-~
though this introduces randomness of stxucture, it does not accurately represent the
geometry of sctual composite materials. The advantuge of this second approach is that
tne results are simple, closed-form, aralytical expressions for the desired elastic con-
stants. For four of the five independent constants, {it should be noted that Hill,
ref. 9, has shown that three of the five constants are interrelated) these results are
exact for the model gwomatry considered., For the fifth, the transverse shear modulus,
the results obtained are in the form of upper and lower bounds on this modulus. The
upper bound has been found tu provide reasonable agreement with axperimental data and
hence is recommended for use by the structural desigrer. A simple analytical expression
is also available for this property.
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The existence of a set of simple and reliable expressions relating the effective
elastic prperties or a composite to the geometry and properties of the constituents is
an ext:ie ...ly useful result for the evaluation of various potential materials in the pre-
liminary design phase. However, the availability of these results is a far greater
value hecause of the exiscence of a remarkable series of interactions among the various
physical orope-ties of a fibrous compasite. When a fiber having xknown physical proper-~
ties, is used in a unidi ctional composite material, to form a two phase oriented
material, the potential user of such a material may be interested in a wide variety of
physical properties. Not only the elastic constants discussed above but various thermal
and electrical properties. The evaluation of any of these physical properties as a
function of the constituent properties may be a difficult problem, however, certain re-
sults are available in the literature by which many of the composite physical properties
can be related to other physical properties. Three major aspects of the relationship
among the different physical properties are illustrated schematicaliy in fiqure 3.

These relate to the problems of thermoelasticity, viscoelasticity «.d conduction, all of
which may be of impoartance to the structural designer; particularly for consideration of
structures performing at elevated temperatures.

Thermal Expansion Coefficients

One set of physical properties which benefits from relations of the type described
above are the effective thermal expansion coefficients. Levin (ref. 10) has obtained a
set of simple relations between the effective expansion coefficients and the effective
elastic moduli of two-phase materials. It has been shown (ref. 1ll) that relations can
be obtained for general anisotropic composites of generally anisotropic phases. For the
unidirectional fibrous composite of two isotropic phases, as considered above, there are
two ditferent thermal expansion coetficients, the axial a;, and the transverse az. When
effective elastic constants are known, by whatever means they are determined, then these
thermal expansion coefficients can be found directly, as long as the individual phase
properties are known.

Viscoelastic Moduli

The second group of physical properties which can be related to previously obtained
properties are the effective viscoelastic moduli of fibrous compusite. In the cases
where the individual phases exhibit viscoelastic behavior, and their creep compliances
or relaxation moduli are known, they can be used to determine equivalent effective proper-
ties for the composite as a whole. The ability to do this stems from a correspondence
principle for quasi-static time dependent deformation of a fibrous composite (see refs.
12 and 3). The effective viscoelastic properties can be obtained by substitution into
the expressions for effective elastic properties. Extensive discussion of this subject
is presented in ref. 3. The availability of these viscoelastic moduli enable an assess-
ment of the damping characteristics of a fibrous composite. These propcrties . an be
of significance in studying vibration characteristics of a fibrous composite st.icture.
Influence of temperature upon viscoelastic response has been considered in ref. 13. Ap-
plication to composite structures has been treated in refs. 14 and 15,

Conductivities

The third s2t of propertizs irdicated ian figure 3 which can be obtained when elastic
properties are known are the conductivities of a material. By analogy between the gov-
erning {ield equations for the thermal, electrical and magnetic conductivity problems
and the axial shear problem for a fibrous composite these effective conductivities can
be determined by a direct replacemeant of phase conductivity for phase shear moduli in
the anaiytical results for the latter property.

The analysis described up to this stage has presented the definition of an integrated
theory which evaluates many of the required physical properties of unidirectional fibrous
composites. However there still remairs the question of material strength which must be
used to perform structural design.

Strength

The understanding of the influence of constituent properties upon composite strength
is not as definitive as are the results obtained in tbe literature for the other physi-
cal properties. The primary rcason for this is the influence of material heterogeneity,
as indicated schenatically on figure 4. Here, the simple problem of assessing the ten-
sile strength of unidirectional fiber compesites under a uridirectional load parallel
to the fiber axes is considered. 2 range of complexities results. First, since the
fibers are generally brittle materials, their strength varies from point to point and
fiber strength can only be definad by statistical measures. &as a result of this, when
load s applied t» the composite, some fractures of fibers will occur, at relatively
low lcad levels, at weak points of the fibers. 1In the vicinity of these fractures there
will be perturhations of the stress field. The resulting stress concentrations can
caus2 a multiplicity of other failure modes. Thus we may have interface separation,
matrii yielding, or matrix aracking, or the stress concentration may cause crack propa-
gation. It is to be expected in the general case, that a combination of these possible
tailure modes will occur. Thus, under increasing load there will be a continual increase
in the punber of damaged regions and in the size of these damaged regions. This growth
of internal damage will continue until either a crack propagation becomes unstable
causing fariure, or until the interaction of the large number of damaged regions causes
overall failure of the material.

il an e

L
mtwe oS Lna s w b Lk NPl DA G b Ut D RS ik, Zor ik s Fa e B D 3 TR

i
3
:
4
H
bl
:
3
H
i
N
d
d
)

Sacratoy

P

CAsaueed

et a0 it L s AP s s

——aT

L AVIN RSN IR



Studies have been made of the statistical relationship between unidirectional tensile
strength of the composite and the pronerties of the constituents, (see refs. 16 to 13,
and the reivew in ref. 3). These studies provide insight into the influence of the vari-
ability of filament strength upon composite behavior. They also provide some of the in-
formation necessary to quantatively compare filaments at different statistical popula-
tions, and to define specifications for desirable filaments. Alternate approaches to
evaluation of composite tensile strength have utilized the parameters of classical frac-
ture mechanics (cee refs, 20 - 22). Questions relating to interpretation of tensile
strength behavior on this basis are discussed by Zweben (ref. 23).
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Analysis of composite strength as a function of constituent properties for other
types of loading has met witvh very limited success. Results have been obtained for com-
pression in the fiber direction, (refs. 24 and 25), and for axial and transverse shear
2 and extension by limit analysis methods (see refs. 26-30). In general, it seems fair
1 to conclude that, although an improved understanding of failure mecnanisms has been ob-

3 tained, composite strength values under various loads cannot be predicted from constituent
- properties with the reliability of the analyses for the other physical properties.

Failure Criteria

Approaches to the definition of failure criteria for design purposes have utilized
both the evaluation of micro-stresses in the material and also the view that the uni-
1 directional fibrous composite can be trcated as a homogencous anisctropic material. Em-

phasis has been placed upon the latter approach. Such a material will have different

strength values for loads in different directions and also for tensile and compressive
loads. It must be recalled that when the composite material is used in a laminate the
unidirections layers will experience coimbined loads even when the loads applied to the
laminate as a whole, are unidirectional loads. This results from the interaction be-
tween the lavers. It is therefore of importance tc describe the strength characteristics
of unidirectional fibrous composites under combined loads. The approach to this problem
is to consider that when the unidirectional material is subjected to unidirectional load-
ing conditions that the strength values are known. The principle values cf interest are:
the axial strength (tensile and compressive strength for loads in the fiber direction);
the transverse strength, both in tension and compression; and the axial shear strength.
In some cases there will also be interest in the transverse shear strength; that is, the
strangth under pure shear stress in a plane perpendicular to the fibers. It would be
3 desirable to know these unidirectional strengths from an analytical study of the con-
9 stituent properties. This would provide the same freedom tc the preliminary design
studies that are available by virtue of the understanding of the other physical proper-
ties. However it is most reasonable to view these upidirectional strength properties
2 as quantities which will be obtained by simple experimental measurements. The question
2 to be resolved then is whether the interaction curve or surface can be defined in terms
of these simple unidirectional properties. To dr .», the approaches to this problem fall
largely within the category which one may descrile as curve fitting. Thus the literature
contains various proposed interaction curves whiclh are postulated in a form suitable to
fit experimental data.

URCRE T

ey

If the unidirectional fibrous composite behaves in the fashion of a homogeneous
anisotropic material, we can state that the failure surface for the material must be a
function only of the following four stresses; the stress in the fiber direction,o,; the
maximum axial shear stress on a plane parallel to the fiber direction 13; and the
isotropic gy and deviatoric 1y components of the principle stresses in the transverse
plane. Thus it is convenient to postulate a failure criterion in the following form.

F (ca, Tar g T,) =1
Two requirements are of importance if this failure criterion is to be of value. First,
the quantities which must be utilized in this expression should be quantities which can
be ohtained from simple e+perimental tests. Second, the failure criterion must reflect
the fact that for unidirectional extensional load there are unegual strengths in exten-
sion and compression for these materials. It is necessary to note also that unlike a
homogeneous material there is little justification for postulating that material failure
will not cccur under a hydrostatic state of tress, since in a composite material, such
a state o. stress does not give rise to an isotropic state cf strain. Utilizing the
form used to express the shape of the anisotropic yield surface (31), Tsai {32], postu-
lated a quadratic failure surface for the composite material. In terms of the variables
used above, the general quadratic failure surface is of the following form:

-2 - - -2 - -
All %, + Alz 0, © + A22 oy + Bl S + 82 Cp +

=2 -2
Cy Tg *+Cyp 1 = 1 1)
Various types of interaction curves have heen postulated in the literatura. See for ex-
ample refs. 33, and 34. 1In generai the major uncertainty is associated with the inter-
action texrm. When the interaction term is retained in the failure surface, then the co-
efficient can only be evaluated by running a combined stress test. This greatly compli-
cates the experimental data necessary for the construction of a failure sutfage. Indeed
it then creates the problem that for uniaxial strengths which diffe: for tension and com-
pression it should be expected that the coefficient of the crcss term }for example “12
in eq. 1) will be dependent upon the signs of the coefficients. For this case, four
values of this coefficient will be required, to reflect the different combination of
signs for the axial ctrass and transverse stress (see the discussion in ref. 25). Any
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increase in information of this type which is to be properly reflected in the failure
criteria increases the number and types of tests which must be conducted for any given
material. The validity of any failure criterion iz reflected in the way it represents
actual experxmental data for combined loads. Unfortunately, as changes are made in a
failure criterion, in order to improve agreement with experiment, the results become more
complex. When it becomes recessary to obtain a large number of data points to define the
curve, the analytical expression for the curve is no longer of great importance.

The requirement for the structural design for those cases where experimental data
are not avallable, is to have a capability to assess the composite strength that can be
expected from glven combinations of materials. It seems logical to expect that this capa-
bility will require consideration of the details of the failure mechanism as influenced
by the heterogenexty of the composite material, since for stresses in different directions
on the composite the associated failure modes have very different characteristics. On
this basis, consideration has been given to the details of the internal stress field
(e. g. ref. 36). These approaches have generally been based upon a regular array of
fibers. Hence the uncertalnty of local values of the stress field due to the uncertain-
ties of geometric details raises questions about the reliability of such failure predic-
tions.

piscussion

The status of the understanding of unidirectional composites may be briefly summari-
zed by saying that there exists an extensive theory for evdluating effective physical
properties of fibrous comp051tes as functions of their constituents propertles. An im-
portant aspect of this theory is the strong interrelationship of various effective physi-
cal properties. Further, it should also be stated that the literature represents an
existing difference of opinion on suitable methods for evaluation of effective elastic
constants. No single method is available which completely fulfills all the required
characteristics: of being based on sound fundamental principles; of providing consistently
good agreement with theory; of being practical for use in design procedures; and of ade-
quately reflecting the nature of the internal geometry of fibrous composite. The author
recommends the results of reference 8, as summarized in equations 1 - 5, as the current,
most suitable method for structural analysis. Understanding of the strengths of fibrous
composites is still a subject which requires further extensive research. Such research
must recognize both the heterogeneity of the composite geometry and the variability of
constituents.

LAMINATE STRUCTURAL ANALYSIS

When the effective physical propertles of a unidirectional composite are know, the
material may be viewed as a homogeneous anisotropic (transversely isotropic or orthotropic
material. This representation is valid strictly only for homogeneous states of average
stress and average strain. However it appears reasonable to use the effective properties
whenever the average stresses and average strains vary slowly over a dimension which is
large compared to a fiber cross-section dimension. Thus, when a laminate is formed from
layers of unidirectional glass fiber reinforced plastics, it is reasonable to treat each
layer as an anisotropic continuum and study the laminate using layered plate theory. On
the other hand, a similar procedure for boron fiber reinforced plastics might be viewed
with some uncertainty, inasmuch as the layer thickness for this case is only slightly
greater than the fiber diameter. Nevertheless, this anisotropic layered plate theory is
in widespread use for all types of composites and represents a suitable starting point
for this discussion. The structural analysis of a laminated material seeks to define for
the basic laminate element, the relationship betweer. the stress resultants and the moment
resultants, on the one hand, and the middle surface strains and curvatures on the other
hand. For the elastic portion of the design problem, a general linear relationship be-
tween these guantities can be postulated. The constants in this relationship can be
evalvated by utiliziny the stress-strain relations for the individual laye:s and the
Kirchoff-Love assumptions of plate theory. Basically, this involves a transformation, of
the stress-strain relations of each layer, from the layer principal axes to the laminate
principal axes. This is followed by integration through the thickness to define the
force and moment resultants in terms of the displacements and curvatures. This theory was
described in detail in ref. 37. (portions of which are more readily available in ref. 38)
Early treatment of the problem was also presented in refs. 39 and 40. More recent com-
prehensive treatments are presented in refs. 41 and 42.

The results of this laminate analysis can be represented by a 6 x 6 matrix array of
coefficients in the generalized force displacement relations. 1In general, the laminate
does not have the symmetries of a homogeneous material, and as a result of this, all of
the elastic coefficients in the matrix may be non-zero indicating coupling effects in the
laminate. These effects are the generalization of the phenomenon found in a bi-metallic
strip which exhibits a change of curvature, as well as a strain, when sulijected to an in-
plane force.

N

b,. €
i 3y i

= b 3 %
Mi bij dij K
where Ni are the three stress resultarts

Mi are the three moment resultants
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€ are the three reference surface strain components

LY are the three change of curvature components

and aij' bij' and dij are the laminate properties.

In these relations the b,. vanish for a homogeneous isotrcpic material or an ortho-
tropic material with principaijelastic axes, x. and . Thus in these cases, there is
no coupling between bending and extension. Hoaever :Em forms of coupling do exist for
even simple laminates. For example, for a laminate composed of an even number of identi-
cal orthotropic layers whose principal axes are alternately oriented at +6 and -6 to the
X, axis, there is coupling between the twis{ing curvature and the extensional forces; be-
tWeen the bending curvatures and the shear force; between the shear strain and the bending
moments; and between the extensional strains and the twisting moment.

WO W0

When the same layers are alternated symmetrically about the middle surface there is
caupling between twisting curvature and bending moments, and between bending curvatures
and twisting moments only. This is generally the minimum type of coupling found for
laminates having orthotropic laminae oriented at other than 0° or 90°, althocugh even this
can be eliminated by cextain special laminate configurations.
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In both of the last two cases the coupling terms become relatively smaller as the
number of layers increases. The coupling effects introduce significant complications
into the analysis of laminated plates. However, methods of solution utilizing plate and
shell theories modified to incorporate these effects are availabie.

PLATE AND SHELL ANALYSIS

The laminate anal;sis described previously, defined the effective elastic properties
which relate the force and moment variables to the displacement and curvature variables.
With these properties known, the composite laminate generally may be treated as & homo-
geneous anisotropic material and existing analyses for such materials may be utilized.

For the basic theory for such meterials reference should be made to references 40 and
43 - 45. A listing of reference material for the stress, stability and vibration analyses

of anisotropic plates and shells may be found in ref. 46.
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Although the approach outlined to this point defines a method for analysis of most
composite structures, several problems do remain. First, much of the literature on an-
alysis of homogeneous anisotropic structures applies tc orthotropic materials. Thus the
coupling effects discussed above are not considered. Second, the existence of layers
creates a possible problem due to interlaminar stresses. Additionally the low shear
stiffness of unidirectional composites results in an increase in the effects of trans-
verse shear upon plate and shell bhehavior, These problems are the subject of current

research.
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PART II - DESIGN FOR PRYSICAL PROPERTIES

The design of a fibrous composite material to yield the properties desired for a
particular applicat_on requires analytical relationships between the effective properties
of the composite and the mechanical and geometrical propertiec of its constituents. A
two phase unidivrectional fibrous composite is considered first. This is defined as a .
material coataining a parallel set of strong and stiff fibers embedded in a homogeneous K
matrix material. For this case, simple and reliabie theoretical results are available for i
the evaluation of composite elastic moduli, thermal expansion coefficients thermal con-
ductivities and cpecific heats. These resulis are -~vesented herein as a summary. Ad-
ditionally, the status of recent studies of the tensile strength in the fiber direction
is examined. Here the results in the literaiure are less def nitive tuan those for modu-
li, ete. However it is possible to demonstrate that the influence upon composite strength
of the statistical nature of the strength of contemporary advanced filaments can be an-

alyzed.
The contents of this section reproduce portions of the discussion presented by this
author in ref. 47.
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Effective Properties

The concept of effective properties is based upon treatment of average values of the i
state variables. When a multiphase material, in which the characteristic dimension of a !
typical inhomogeneity (or phase region) is small compared to the specimen dimension, is :
used as a structural material, we may be interested in the response to loads on both a :
microscopic and a macroscopic level. The former, detailed stress analysis is perhaps of §
interest for development of failure analyses; while the latter, overall response, is of
interest for structural performance. This is analogous to the comparable views of a so-
called Isotropic polycrystalline metal in which average stress, strain and displacement
fields are adequate for most structural design properties, while microscopic detailc of
the stress field may contribute to an understanding of failure mechanics.

It can be shown that for a multiphase material the volume averages ¢f the stress
components can be expressed as functions only of the boundary tractions (and the body
forces, if they are non~vanishing). Similarly, the volume averages of the strain com-
ponents can be expressed as functions of the surface displacements only. BAlso the
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average temperature is surface temperature, when the latter is constant. All of these
relations are independent of phase geometry and phase properties. The insensitivity of
these macroscopic state variables to internal details, and the direct relationship be-
tween these variables and the boundary conditions, are strong recommendations for the
validity of their use to characterize the state of the composite. The composite proper-
ties which relate these average state variable; are defined as che effective material
properties. Thus, the ratio of a given average strees to the corresponding average
strain defires an effective elastic stiffness of the composite. The ratio of the average
free thermal scrain to the average temperature rigse defines the effective thermal expan-
sion coefficient of the composite. When all cf the effective composite properties are
known, one may view the inhomogeneous composite as if it were a homogeneous and generally
anisotropic material.

The study of the relationship between the effective properties and the constituent
properties has the two-fold aim of providing the information necessary to determine the
macroscopic state variables for a composite subjected to specified boundary conditions,
and of defining desirable changes in constituent properties to yield improved performance
in a given environment.

Eilastic Moduli

Relations among the average stresses and average strains in the unidirectional fib-

rous composite have been studied for simple boundary conditions on either the displacements,

or the tractions. In particular the boundary cond‘tions considered are those which, when
applied to homogeneous materials, give rise to uniform strains, €3« {for displacement
boundary conditions) and to uniform stresses, °i§' { for traction boundary conditions)
throughout the material. In the composite material, it can be shown that, al- _
though local stresses and strains are generally far from uniform, the average strains €55
for the displacement boundary conditions described abave are given rigorously by:
- °
€55 = €43 _ (2)
and the average stresses , oij’ for the traction boundary conditions described, are given
by:

- o

%95 %43 (3)
Furthermore, it follows from the fact that the field equations are linear, that for either
case (2) or B3) above, the average stressas and average strains are linearly related.
Thus the effective stregs-strain relations may be written

- + -
%35 = Cijx1 €xa
where the constants, c;jkl' are the effective elastic moduli.

Specifically, for the unidirzectional composite, the material is transversely isotropic

and has five independent moduli. Evaluation of these effective moduli requires some con-
sideration of the matrix geometry. Several possible types of cross-sectional (normal to
the fiber direction) geometry are presented in Fig.S5 . The hexagonal array ic typical of

the regular arrays which have been studied with the aid of computers, by numerical methods,

(e.g. Chen and Cheng, ref. 7). The geometry labeled "real” indicates that the actual
material is generally characterized by an irregular or random cross-sectional geometry.
Material models which reflect aspects of this non-.niform phase geometry include the ar-
bitrary phase geometry and the composite cylinder assemblage geometry shown in the lower
portion of the figure. For the former,rigxous bounds can be obtained (see Hill ref. 9
and dashin ref. 48) for each of the independent moduli. These bounds will generally be
far apart when the phase moduli are, as they apply to any phase geometry including the
cases of a continuous phase geometry of either the stiffer or the less stiff material.

The ccmposite cylinder assemblage is a model proposed by Hashin and Rosen (ref. 8).
This model iicorporates randomness of structure and permits the derivation of simple clo-
sed form expressions for the effective elastic moduli. The five independent moduli are
conveniently selected to be the axial Young‘'s modulus, E*, the associated Poisson ratio
for uniaxial stress in the fiber direction, v*, the tran8verse plane~strain bulk modulus,

k*, the axial shear modulus, G*, and the tranfverse shear modulus, G*. The results for
these composite moduli in te of the matrix and fiber elastic prop&rties are given by:
4v.v_(v=v )2
= fm''f 'm
E, =E+ — v 4)
m+ £+ 1
£ E; Gm
1 _1
. . VeV (vemun) ( K, Ef) )
v, = Vv +
a m+ VE+ 1
ke Ky G
k k. + kG
k.=mf m (6)

t \A £ * v m +Gm
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o =G Veln * fl + Ve)Gg N
a m (1 + Veilh * vmef
where: E Young's modulus
G Shear modulus
k Plane strain bulk modulus
K Bulk modulus (used subsequently)
v Poisson's ratio
v Phase volume £fraction
£ Subscript to denote fiber
m Subscript to dennte matrix
a Subscript to denote axial
t Subscript to denote transverse
Qverbar denotes volume-weighted average of phase properties
3, _ 2 o2
o = (o +8 ve) (1 + pve) - 3 Vf:m 8%
t m (a = Vf) (1 + pvi) -3 VeVen Bé (8)
where: "= y*Bm 6 - 1
¥-1 3 - 4V
B ~Y8 G
m £ _ £
p = I—;—;g;- Y = 5;

The results (4) to (7) are exact for the model treated. The expression (8) for G*
is equivalent to the upper bound for this assemblage as found by Hashin and Rosen (ref.8).

with the moduli (4) - (8) available, other important constants can be evaluated.
Thus for example, the transverse Young's modulus, Ef, and the Poisson's ratio in the
transverse plana, V¥, are given by: =

t'
4K *G*
£ = tot
t 4k€ V;l {9)
* *
kt: * Gt (l'—tE";—-——)
a
E#*
vt =3 ( EE)- 1 (10)

The transverse Young's modulus given by equation (9) is compared with experimental
data of Whitney and Riley (ref. 49) in Figure 6 for Boron fibers in an epoxy matrix.
Similarly the results of equation {9) are compared with the experimental data of Adams
and Doner (ref. 5) for glass/epoxy composites in Fig. 7. Also shown are the numerical
results by the same authors for a square array. The comparisons of Figures ¢ and 7
indicate the nature of the support for the conclusion that the composite cylinder assen-
blage results provided good agreement with experimental data and with elaborate numeri-~
cal results. The simple expressions (4) ~ (8) for the five independent moduli are there-
fore recnmmended for use.

It should alsoc be noted that the composite cylinder assemblage analysig yields local
stress distributions. There appears to be little reason to beiieve that these stresses
are any less reliable than those obtained by numerical methods, in view of the uncor-
tainty of the actual geometry. 1The results presented above can be used in a laminated
plate analysis to evaluate the elastic properties of plates with planar arrays of fibers.
Also, these results can be ugsed with the correspondence principle to obtain effective
viscoelastic properties (see Hashin ref. 12).

Thermal Expansion Coefficients

Evaluation of the respongse of composite material~ to temperature changes is import-
ant, not only for high and low temperature applicaticns, but also for fabrication consid-
erations such as the choice of the cure temperature tor fiber reinforced plastics. For
the elastic composite, the stress-strain relations (3} are modified to include thermal
expansion coefficients. Thus, with the strains as the dependent variables, the thermo-
elastic stress-strain relations are:

- L d - * -

€19 *S19k1 %1 * %45 an
Here the effective elastic compliances,szjyl, are obtained fcom (3) by inversion. The
effective thermal expansion coefficients,”” af., relate the average »trains, €;., to the

average temperature rigse, 9, for traction freeijutfaces {i.e. for zero average Jstresses).

levin (ref. 10) has obtained simple relationships between the effective expansion
coefficients and the effective elastic moduli of two phase materials, For the unidirec-
tional fibrous composite of two isotropic phases, considered above, there are two
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different expansion coefficients (the axial, u;, and the transverse, ag) given by:

3(1-2v%*) T
at = o+ (B17% ) [t - &
a T 1T Ea K (12)
Kl Kz .
_ 3 R (1-20%) =
& —2- - (13)

R 9 "%
Ct'a'f (—1-—-—-}‘) [z,e—g-
Kl K2
When the moduli of equations (4) - (8) are used in equations (12) ané (13), effec-

tive expansion coefficients can be evaluated directly from phase properties. Typical
results are presented in Fig. 8 for phases having high modulus fibers in an epoxy matrix.
The Gominant influence of the fiber expansion coefficient, a., upon the axial composite
expansion coefficients, a*, is evident. In this case, for lgw fiber volume Eractions,
the transverse expansion © coefficient, ag, is larger than that of the binder or matrix

material,cm.

For the evaluation of expansion coefficients of composites having more than two
phases, it is necessary to treat the strain energy. For the material without temperature
changes which was discussed earlier, the strain energy could be written simply in termg of
average stresses and strain and effective elastic moduli. The form of these expressions
being the same as for the homogeneous material. In the thermoelastic case, it can be
shown that in order to write the energy functions only in terms of average valuer of the
state variables (siress, strain and temperature) and effective composite properties, it
is necessary to include the effective specific heat as well as the effective elastic
moduli and effective thermal expansion coefficients, (see Rosen ref. 50). These energy
expressions can then be used to bound all the effective properties. Also they can be

used to yield results for composite heats.

ty
Ea

Thermal Properties

The effective spacific heat of a composite at either constant pressure or constant
volume, is not the volume~weighted average of the appropriate phase specific heats. The
reason for this is that a temperature change at ccustsi’. volume of the composite general-
ly takes place with volume changes in each phase. A s..milar observation can be made for

the constant pressure case,

The effective specific heat at constant pressure, c* , can be found for the two
phase fibrous composite to be (see Rosen and Hashin ref.®ll):

- 2
ct - ¢ a(uf-o) =
L__P . n 1,.
Kf K
T is the reference temperature. The sum of the effective compliances, & *i ., for
an effgctively isotropic compusite is the inverse of the bulk modulus. For thé 3ﬂidirec-
tional fibrous composite it is given by:
(1-2v2 )2 1
%y 4s = —a—— + (15)
iijj EX E{

Although the specific heat theoretically differs from the "rule of mixtures* value,
it should be noted that

C, 2 cs 2 Sy
Since there is a very small difference between the outermost terms of ineguality (16),

for solids, the rule of mixtures does provide a useful numerical result.

(1)

The affective thermzl conductivities of the unidirectional fibrous composite can
also be expressed in terms of the phase properties, (see Hashin ref. 51). The composite

axial conductivity, u;, is given simply by:

UR = U E Vele + VU 17)

Mg and By are the phase conductivities.

The transverse conductivity can Le defined rigorously for the composite cylinder assem-
blage and is given by:
ue " vmum + (1+v£)uf
t m (1+vf) um + Vol

Thus the effective properties required for thermoelastic analysis of a fibrous com-
posita are available. Each one of the elastic moduli, the thermal expansion coefficients

(18)
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and the thermal conductivities alony with the specific heat is given by a simple formu-
Further, the stxain energy expression and the associated thermoelastic variational

la.

principles are formulated so that an energy approach can be utilized for the solution
E n€ thermoelastic properties.

: PART III - DESIGN FOR STRENGTH

The hich censile strengtli of contemporary uniaxial fibrous coumposit.s is well re-
cognized and widely utilized. In contrast, the present understanding of the tensile
failure mechanism and the influence thereon of constituent properties is extremely
limited. There are, however, several existing analyses which provide the initial ele-
ments of a rational theory for the tensile failure of fibrous composites. Analyses and 4
tests of uwniaxial composites have indicated that their strength in compression is also #
attractively high. The me- hanics of composite compressive failure are also reviewed 3
herein. Other studies of composites have demonstrated that weaknesses in the direction !
transverse to the fibers are to be expected and will limit the efficiency of composites i
used in thin plate and shell structures. This leads to the utilization of composites g
in the forua of multi-directional laminates. Treatment of design criteria for laminaces :
is discussed in the section of this Lecture Series prepared by Waddoups. :

R R s T
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Tensile Strength
Two important factors must be treated in the study of strength of fiber composite
matrials. These are the non-uniformity of fiber strength and the heterogeneity of the
composite. Non-unifo:rm strength is characteristic of most current high-strength fila-
This is iliugtrated in fig. 9, which shows typical strength distribuations for a

aents.
gyoun of single filaments of two different types of commercial glass fibers. This
statistical distribution is generally attributed to a distribution of imperfections along

the length of these brittle fibers.
Two impor+ant consecuences of the wide distribution of fiber strengths should be

First, the fider strength will generally be length dependent. The longer the
Thus, average values

e N S T A P T AL,

noted.
fiber, the greater the likelihood of encountering a weak spot.

of the strength of the brittle fibers are of little meaning if they are not related to
the test gauge length. The second effect is that in a composite, one can always expect
some fiber breaks at relatively low stresses. Understanding tensile strength requires
solution of the prollem of determining effects scubsequent to these initial internal
breaks. It is because this requires knowledge of local values of the stresses, that the

strength problem is complex.
In the vicinity of

At each local fiber break, several possible effects may occur.
the fiber break the local stresses are highly non-uniform. As indicated in fig. 4,
this may result in a crack propagating along the fiber interface or across the com-
posite. In the former case, the fibers separate from the composite after breaking and
the material behaves as a dry bundle of fibers. In the second case, the composite
fails due to the normal crack and the strength is governed by that of the weak fiber.
If the matrix and

This latter mode may be considered to be a "weakest link" failure.
interface properties a2re of sufficient strength and toughness to prevent these failures,

then continued load increase will produce new fiber failures at other locations in the
This statistical accumulation of internal damage is indicated schematically
in the last sketch of fig, 4. 1In actuality, it is to be expected that all three effects
will generally occur prior to material failure. That is, fractures will propagate along
and normal to the fibers and tha2se fractures will occur at various points within the com-

This is represented schematically in fig. 10.
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Fibers are generally much stiffer than matrix materials, and therefore they carry
the bulk of the axial load, unless the fiber volume fraction, v_., is very small, There-~
fore the study of the tensile strength of composite materials cénters on the behavior of
the fibers and what happengs when they break at various locations as a composite is loaded.
Composite strength can be expressed directly in terms of the average fiber stress at
composite failure for resin-matrix‘'composites. 1In the case of metal matrix compcsites, it
is necessary to superpose a contribution of the matrix to axial load-carrying capacity.
Previous treatments of tensile failure modes have recently been reviewed in ref. 52.
Portiong of that review are repeated in the following discussion.

. W

Weakest Link Failure

When a unidirectional compousite is loaded in axial tension, scattered fiber breaks
occur through the material at various stress levels. It is possible that one of these
fiber breaks may cause the fracture of one or more adjacent fibers, followed by a con-
tinued propagation leading to overall failure. This produces a catastropic mode of
failure associated with the occurrence of one, or a small number of, isolated fiber
breaks. This is referred to as the "weakest link" mode of failure. The lowest stress
at vwhich this type of failure can occur is the stress at which the first fiber will
break. The expressions for the expected value of the weakest element in a statistical
population (see e. g. Ref. 16) have been applied to determine the expected stress at
which the firgt fiber will break by Zweben (Ref. 53). Assuming that the fiber strength

is characterized by a Weibull distribution of the form

Bt DL L UATE € AT 4T R A >

{19)

Pia) = 1 -exp (-aLe®)
the expected first fiber break will occur at a stress
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where a and B are parameters of the Weibull distribution, L is the length of the fiber

and N is the number of fibers in the material. Thus, eq. 20 provides an estimate of the
failure stress associated with the weakest link mode.

(20)

A

It should be pointed out that the occurrence of the first fiber break is a necessary,
but not a sufficient condition for failure. That is, the occurrence of a single fiber
break need not precipitate catastrophic failure. Indeed, in most materials it does not. 3
This is fortunate because, as shown by eg. 20 the weakest link failure strcss decreases
with increasing material size (length and number of fibers). For practical materials ;
in realistic structures, o is guite low. Other conditions that must be satisfied if
the weakest link mode of ffilure is to occur, are discussed in ref. 52,

Cumulative Weakening Failure

Cdat sl b AL Auri

If the weakest link failure mode does not occur it is possible to continue loading
the composite and, with increasing stress, fibers will continue to break randomly through-
out the material. Wwhen a fiber breaks there is a redistribution of stress in the vi-
cinity of the fracture site. <+his stiéss perturbation is the origin of important mech-
anisms involved in composite failure. The interface shear stress acting on the broken
fiber localizes the axial fiber dimension over which the stress in the broken fiber is
greatly reduced. Were it not for some form of interfacial shear stress, a broken fiber
would be unable to carry any load and the composite would be, in effect, a bundle of k
fibers from the standpoint of resisting axial tensile loading.

& Latas il {

An important function of the mat-ix is to localize the reduction of fiber stress
when one breaks. The axial dimension over which the axial fiber stress is significantly
reduced, which will be referred to as the ineffective length, 6, is a significant length
parameter involved in the failure of fiber composite materials. The magnitude of § de-
pends on the stress distribution in the region of the fiber break This distribution

is quite complex and is influenced by fiber and matrix elastic properties as well as

any inelastic phenomena, such as debonding, matrix fracture or yield, etc., that may
occur. The definition of § is somewhat arbitrary since the stress in the broken fibexr
is a continuously varying quantity.

= Lt

FIRAATe

The concept of representing this variable stress field in a fiber composite material
having distributed fractures, by an asaemblage of elements of length, §, was introduced ;
by Rosen (ref. 18). 1In this model as shown in fig. 11 the composite is considered to 3
be a chain of layers of dimension equal to the ineffective length. Any fiber which
fractures within this layer will be unable to transmit a load across the layer. The
applied load at that crecss—-section is then assumed to be uniformly distributed among the
unbroken fibers in each layer. The effective load concentrations, which would introduce
a nonuniform redistribution of these loads, are not considered initially. A segment of

a fiber within one of these layers may be considered as a link in the chain which con-
stitutes an individual fiber. Each layer of the composite is then a bundle of such links
and the composite itself a series of such bundles as shown in fig.11 . Treatment of a
fiber as a chain of links is appropriate to the hypothesis that fracture is due to

local imperfections. The links may be considered to have a statistical strength dis-
tribution which is equivalent to the statistical flaw distribution along the fibers.

The realism of such a model is demonstrated by the length dependence of fiber strength.
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For this model it is necessary to defire the link dimension, §; the probability of
failure of fiber elements of that length; and then the statistical strength distribu-
tion of the assemblage. This analyeis leads to the "cumulative weakening" mode of failure.
The definition of ineffective length is discussed further below. The determination of
the link strength distribution is treated in Ref. 18, When these are known, the rela-
tionship of the strength of the assemblage to the strength of the elements, or links,
can be treated by the methods of Ref. 16. The result, for fibers having a strength dia-
tribution of the form (1.1) is given in Ref. 138 as:

a* = (abBe) /B (21)
where o* ig the statistical mode of the composite tensile strength based on fiber area.
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As pointed out above, the cumulative weakening model rapresents the varying stress
near a fiber break by a step function in stress. The model also neglects the possibility
of failures involving parts of more than one layer. More invortantly, <‘he cverstress
in unbroken fibers adjacent to the broken fibers has not been congidered. This stress
concentration increases the probability of failure for these adiacent elements, and
creates the probability of propagation of fiber hreaks. This combination of variable
fiber strength and variable fiber stress ~an be expected to lead to a growth both in the
nurmber of damaged regions and in the size of a given damaged region. This is represented
schematically in fig. 10, wherein the cross hatched regions at the ends of cracks repre-
gents the ineffective length of the broken group.

In this situation described above, there exists the possibility that one damaged
group may propagate causing failure, or that the cumulative effect of many smaller damaged
groups will weaken a cross-section causing failvre, The latter possibility is considered
in ref. 52. The former possibility, which was proposed by Zweben (ref. 53), is reviewed
briefly below. First a discussion of the stresses in the vicinity of a broken fiber is
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in order.

Internal Stresses

The stress field around a broken fiber has been studied by many authors. Among the
early studies are those of Refs. 54 and 55. These, or sinilar stress distributions were
used in Refs. 18 and 56 to define ineffective lengths. More recently the studies of
Refs. 57-60 have utilized shear lag analyses to define load distributions in two and
three~dimensional unidirectional fiber composites. These results can be used to deter-
nine the load concentrations in unbroken fibers required to assess the probability of
propagation. The results of these investigations showed the elastic load concentrations
in two-dimensional (planar) arrays of parallel fibers in axial tension are large and
increase with the number of broken filaments. Elastic load concentrations for three-
dimensional arrays of parallel fibers are lower. The effects of fiber debonding, or
matrix cracking, and matrix plasticity for the case of one broken fiber was studied in
Refs. 57 and'58. It was found that non~elastic effects such as debonding and plasticity
can significantly reduce load concentration factors. This would serve to reduce the

likelihood of fiber break propagation.

The effects of an elastic-perfectly-plastic matrix and interfacial failure on the
perturbed region adjacent to a single broken fiber were studied by Hedgepeth and Van
Dyke (refs 57 and 58). They found that, after debonding of a smooth, frictionless inter-~
face, broken fibers will debond completely when the load is increased only slightly
above the fiber fracture load. Experience with real materials indicates that complete
debonding is rarely observed and thus the assumption of no post-failure shear transfer
appears to be unrealistic. The results for the elastic-plastic matrix material pre-
dict a more gradual extension of the perturbed region with increasing stress., For real
materials the post~failure shear transfer probably lies somewhere in between the extremes
of zero stress transfer and perfect plasticity (constant shear stress).

Fiber Break Propagation Failure

The effects cf stress perturbations on fibers adjacent to broken ones are of signi-
ficance. When a fiber breaks, the average stress in the remaining fibers must increase.
Because of the matrix, the stress redistribution is highly non~uniforin. The shear
stress that arises in the matrix when a fiber breaks results in locelized increases of
average stress in the fibers surrounding the break. 1In order to differentiate this in-
crease in the average stress over a fiber cross-section from the increase at a point,
the term "load concentration®" is used for the former and the conventional term “stress

concentration"” for the latter.

The load concentrations increase the probability of fiber failure, and introduce the
propagation of fiber breaks as a mechanism of failure. The probability of occuxrence of
this mode of failure increases with the average fiber stress because of the increasing
number of scattered fiber breaks and the increasing stress level in overstressed fibers,

The fiber break propagation mode of failure was studied by 2Zweben, (Ref. 53) who
proposed that the occurrence of the first fracture of an overstressed fiber could be
used as a measure of the tendency for the fiber breaks to propagate and hence as a
failure criterion for this mode. (at least for small volumes of material) The effects
of load concentrations upon fiber break propagation in 3D unidirectional composites, as
well as upon cumulative weakening failures, was treated in Ref. 61. In Ref. 62, Zweben
presented experimental evidence for a variety of fiber-matrix systems to support the con-
tnetion that the first multiple break is a lower bound to strength. Although the first
multiple break criterion may provide good correlation with experimental data for small
specimens and may be a lower bound on th=z stress associated with fiber break propaga-
tion it gives very low stresses for i.rge volumes of materials, which appear to con-
flict with practical experience with composites. However, there does not appear to be
a sufficient body of reliable data available to assess the influence of matexial size

on strength.

Discussion

Results of the statistical cumulative weakening tensile failure analysis of ref.
18 are presented in Fig. 12 in non-dimensional fashion. The ratio of the strength of a
large composite to the mean strength of a set of individual fibers of length, L, is
plotted as a function of the coefficient of variatiorn (standard deviation divided by
mean value) of the single fiber population., Curves are presented for various values of
the ratio of fiber test length, L, to the ineffective length, § . For reference fibers
of length, § , the composite strength is less than the average fiber strength and de-~
creases for increasing variation of fiber strength. (This is illustrated by the solid
curve of Fig.12). However for the more commonly used reference fiber test length, L/
is much larger than unity and the individual fiber strength is morz sensitive than the
composite strangth to the fiber coefficient of variation. This yeilds ratios of com-
posite strength to mean fiber strength which are greater than unity. (Indicated by
the dashed curves of Fig.12). These curves indicate that the composite strength is ex
pected to be a high fraction of the average strength of very short length fibers. Thus,
the composite may well be of higher strength than a set of individual fibers of moderate
length. Fiber length is considered short when it is on the order of the ineffective
length, (which is characteristically on the order of ten to one hundred fiber diameters).
By this criterion, a one inch length of present commercial glass or carbon fiber is a

long fiber.
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Several analyses of the failure mechanics for this case have been presented and they will
be reviewed briefly in this section. It was suggested in ref. 66, that the mechanism of
failure was a micro-instability of the fibers in a fashion analogour to the buckling of a
column on an elastic foundation. It has been demonstrated that this will occur even for
a brittle material, such as glass. For example, fig. 16 from ref. 24 shows single E-
glass filaments embedded in blocks of epoxy which have been cooled to produce a compres-
sive strain. The three separate specimens contain fibers of 0.0050 in., 0.0035 in.

and 0.0C04 in. The photoelastic stress pattern emphasizes the repetitive nature of the
deformation pattern for each fiber and supports the contention that the deformations re-
sult from an elastic instabiiity.

Analyses of this instability were performed independently in refs. 24 and 25. The
analyses treat a layered two-dimensional medium wherein the fibers are assumed to buckle
sinusoidally. When adjacent fibers buckle 180° out of phase with each other, the major
matrix strains are extensional; when they buckle in phase, the major strains are shear
strains. These two modes ar- ’'cnoted the extensional and shear modes respectively.

The resulting cggpressive strength for the shear mode is given by:
=

O¢ T-v, (22)
The associated strain is
G, = 1 (2 (23)
c vf!I - vfi E¢
The equivalent results for the extension mode are given by:
%, E_v, 2
o =v, [ —t. B £ (24)
c £ * 3II-va
and 2v, 1/2 E, 1/2
G, = = (=)
c [311 va Eg (25)

The stresses of eqs. (22) and (24) are plotted in fig. 17 for glass reinforced plas-
tics as a function of fiber volume fraction. The figure shows that, except for small
fiber volume fractions, the shear mode governs composite strength. The failure strain
defined by egs. (23) and (25) are plotted in fig. 18 which shows that for many composites,
the computed failure strain levels exceed the proportional limit strain for the matrix.

In an effort to assess the significance of this result the matrix was treated as an
elastic perfectly plastic material and the secant modulus was used to define matrix
stiffness. For the generally dominant shear mode, this led to the following result, in
place of eq. (22): 1/2
v.E_o

= [ £°f ]
c 3 l-vf)
where °y is the matrix yield stress level.

The stresses of eq. (26) are labelled "inelastic” on fig. 17.

The results of the present analysis indicate that composite compressive strength is
independent of fiber diameter. Observed departures from this prediction may possibly be
associated with the improved collimation attainable with a larger diametar filawent.

The internal instability of a layered medium was initially treated in ref. 65. Since
the fiber composite instability was studied in refs. 24 and 25 by a two-dimensional ap-
proximation of the material geometry, the result of ref. 66 is directly comparable, When
the fiber to binder modulus ratioc is large the exact result of ref. 66 reduces to eq. (22).

Concluding Remarks

The results of these studies, indicate that for the elastic case, the binder Young's
modulus, is the dominant parameter. However, for the inelastic case, there are strength
limitations which depend both upon the fiber modulus and upon the binder strength. The
nature of changes made in matrix properties to improve the compressive strengt.. of com-
posites of a given fiber depends upon the base of reference. In some cases performance
is limited by a binder yield stress at a given fiber modulus, whereas for other cases a
gain in compressive strength could be achieved by improving the binder modulus. The
analytical results provide guidance for determination of reasonable changes in matrix
properties to yield improved composite compressive strength.

SHEAR STRENGTH

The two principal dicections of applied shear stress are: (1) in a plane which con-
tains the filaments, and (2) in a plane normal to the filaments. In the first case, as
the following failure analysis will show, the filaments provide essentially no reinforce-
ment to the composite and the shear strength depends upon the shear strength of the
matrix material. In the second case, some reinforcement may occur and , at high volume
fractions of fiiaments, it may be suhstantial. Because the analysis shows that reinforce-
ment does not take place in the planes of the filaments, these planes may be considered
planes of shear weakness.

Planes of shear weakness do indeed exist in filamentary composites. Unfortunately
failures involving these planes have acquired the designation "interlaminar shear
failures", the implication being that they occurred because of shear stresses induced
between laminae. In point of fact, it is just as reasonable to define these failures as

] (26)
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The effect of load concentration alone is best illustrated by treatment of a com-
posite containing finite length fibers of uniform strength. The load in such fibers
varies along the length of any given fiber. It is zero at the fiber end, and it is a
reximum at the point opposite an adjacent fiber end. If many of the fibers are adja-

c at to a fiber end, the composite will fail when the load at the overstressed point is
equal to the uniform fiber strength. Thus the strength of the composite will be less
than that of the fibers.

TN ‘.‘»m.vhm..mc_u RPNy 1

As indicated earlier, the influence of both the statistical nature of the fiber
strength and the non-uniformity of stress in the vicinity of a fiber end should be
3 taken into account in a composite tensile failure model. One approach to this problem
by Zweben (ref. 53) involves the determination of the expected number of multiple
x breaks in the material. when this method is applied to a tensile test specimen, results
similar to those shown in Fig. 13 are obtained. In this figure, taken from ref. 61, the
expected number of breaks, E,, due to the basic strength distribution of the fibers is
plotted as a function of avetage fiber stress. As a result of these breaks and the
resulting load conceuntrations in adjacent fibers (as evaluated, for example by Hedge-
peth (ref. 60) for the two~dimensional case, and Hedgepeth and VanDyke (ref. 57) for che
three-dimensional case) there will be some multiple breaks in the composite. The ex-
pected number of groups of n adjacent broekn fibers, E_, is plotted for n egqual to two,
three and four. These curves are plotted for boron fiBers in an aluminum matrix. Ex-
perimental data for such composites, obtained by Kreider and Leverant (ref. 63) yielded
strength in the range indicated. The curves for multiple breaks rise sharply in this
range.

NPT T SRS Y FAPRVLE IO
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This statistical measure of size and distribution of internal cracks suggests the
possibility of using a fracture mechanics type failure criterion. This is indicated
schematically in fig. 14 (from ref. 61) wherein it is suggested that the methods used
to obtain the curves of expected numbers of multiple breaks, as shown in fig. 13, can
be used to yield plots of crack size versus nominal stress for fixed values of probakili-
ty. If a curve of applied stress necessary to cause failure in a composite having a
- maximum crack of a given size could be obtained, then the intersections of the curves
Y. shown would define probability of failure at given stress values.

R o i 2 S
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) An approach which may be used to obtain the upper curve of fig. 14 is that of

3 Cooper and Kelly (ref.64) in which a deterministic analysis is performed on a material
with non-uniform, but known geometry. Bounds on the expected value of composite strength
were generated in ref, 6l1. The cumulative weakening model, neglecting load concentrationg
was used to provide an upper bound to the strength. The stress, ¢,, at which the expec-
ted value of multiple breaks is unity measures the beginning of a crack propagation was
used to represent a lower bound to the strength. These bounds on the expected value of

3 tensile strength are shown in fig. 15 along with individual experimental data points from
§ ref. 63. The curve for the weakest link theory (stress, o3, at which the expected

3 value of number of broken fibers is unity) is also shown. The curves for o; and o are
based on fiber strength data measured on fibexrs extracted from composites. For comparis.n
the curve labelled o;* is based on virgin fiber data. Using this .information, only a
small number of fiber fractures would be expected prior to failure. This is not in ac-
cord with experimental results. The agreement indicated by fig. 15 provides encourage -
ment for continued studies utilizing the statistical failure models. However for large
volume specimens, the lower bounds can be expected to become unreclistically low. 1In

ref. 52, load concentration effects were incorporated into a statistical model. The

model for this fa’lure mode was formulated to reflect the following three effects, which
are deemed to L~ o° importance in the tensile failure of high strength fibrous composites:

1. The variability of fiber strength will result in distributed fiber fractures at
L, stress levels well below the composite strength.
2. Load concentrations in fibers adjacent to broken fibers will influence the growth
> in size of the crack regions to include additional fibers.

! 3. High shear stresses will cause matrix shear failure or interfacial debonding
which will serve to arrest the propagating crack.

In this model, the sequence of events leading to failure is as follows: first
distributed fiber breaks occur at relatively low stress levels; these breaks grow in
size due to load concentrations; additional new damage regions are introduced and grow
in size; shear stresses at the large groups of broken fibers cause dehonding or longi-
tudinal matrix cracking; the debond or non-elastic region grows in size with increasing
load and the maximum fiber load concentration factors are decreased; failure occurs due
to this cumulative weakening of the composite.

Concluding Remarks

Analyses of tensile strength, which relate the composite strength to the statisti-
cal strength properties of the fibers have been developed. These analyses are imper-
fect and not suitable for quantitative prediction of composite strength. They have, how-
ever, contributed to the understanding and definition of the desirable characteristics
of the matrix and the interface. These studies have established the importance of the
statistical characteristics of fiber strength ard the importance of material hetero-
geneity. Although these developments are incomplete, they have demonstrated that the
"rule of mixtures” need no longer be a substitute for an understanding of material be-~
havior.

COMPRESSIVE STRENGTH

Uniaxial fiber composite materials have well collimated fibers have yielded extreme-
1y high compressive strengths “wnder loads parallel to the filaments. (e.g. ref, 65)
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"intra-laminar shear failures". In any event, it is important to recognize that fila-
mants provide little resistance to shearing in any planes containing them.

The confusion surrounding the shear stresses in a laminate seems to stem from the
failure to recognize that interlaminar shear stresses occur only in regions where there
is a change in curvature, or a change in the external load, or at an edge; while the in-
tralaminar shear stresses are in general non-zero tbhroughout the laminate. The inter-
laminar shear stresses act in an arbitrary direction with respect to the principal
elastic axes of any particular lamina. Thus, they have components in planes both parallel
to and normal to the fiber direction. Specifically, if a local tangent plane to the
laminate middle surface is defined as the L-T plane, and the local normal is the N direc~
tion, then the interlaminar shear stresses are the stress components Ty and 1.... In
consideration of any particular lamina having principal elastic axes x ? Xq, alld x '
where the 1 direction is the fiber direction, the 2 direction is the t}ans erse digection
in the lamina plane, and the 3 direction is the direction normal to the lamina (same as
the N direction), the interlaminar shear s“..:s components, TSL and T e MAY be resolved
into locual components, t,, and 1,,. The comp nent T3 acts ilila plan§ parallel to the
fibers. For a transversgiy isotégpic compousite this Ltress has the same effect as the
intralaminar shear stress 1,,. The stress component T,, is in a plane normal to the
filaments and is a through—gﬁe-thickness type shear stégss. Thus consideration of inter-
laminar shear requires an understanding of the composite shear strength in two principal
planes. These strengths have been explored in ref. 27 by use of limit analysis methods.
The approach is reviewed below.

Limiting Strengths

The approach to the shear failure analysis is to consider that a uniaxial fibrous
composite is comprised of strong and stiff fibers embedded in a matrix which is character-
ized by its initial elastic modulus and by a maximum stress leve. Accordingly, the
matrix is idealized so that its stress-strain relation is that of an elastic, perfectly-
plastic material. For homogeneous materials the existence of this plastic region gen-
erally signifies the possibility of unbounded structural deformations beyond some limiting

load.

For the composite, the theorems of limit analysis of plasticity (e. g. refs. 67 and
68), may be utilized to obtain upper and lower bounds of a composite limit load, (ref.
27). This is defined as the load at which the matrix yield stress permits composite
deformation to increase with no increase in load. This limit load has been defined as
composite failure and may be considered as an approximation to the strength of a composite
having a ductile matrix. The assumptions are made that the filaments are elastic-
brittle and that the matrix is elastic-perfectly plastic and obeys the Von Mises yield
criterion.

The lamina analyzed is comprised of a matrix containing a uniaxial set of filaments.
The reinforcemen:s are assumed in the "random" array configuration described in ref. &
so that all filaments are considered surrowr ed by circular cylindrical surfaces such that
the ratios of filaments radius to surrounding circular binder radius are the same for all
cylinders. One of these cylinders, consisting of a filament and associated concentric
binder shell, will be referred to as a composite cylinder.

The procedure is to select "admissible" stress and velocity fields for construction
of the lower and upper bounds respectively. (Details are presented in ref. 27). An ad-
missible stress field must satisfy the equilibrium equations everywhere and the traction
boundary conditions where specified. In the approach utilized, a uniform stress field
was used as the admissible stress field in all cases. A kinematically admissible velocity
field is a continuous (with certain permissible exceptions) field which satisfies the
displacement and velocicy boundary conditions. For the present approach, the elastic
displacement fields of ref. & were used as admissible velocity fields to obtain the up-
per bounds for the two shear strengths described above. The results obtained from this
hounding procedure for axial shear are presented in fig. 19. The upper bound is plotted
as a function of v_. as shoyn by the solid curve, coinciding with the lower bound at ve = 0
and approaching thg value — as v, - 1. From Fig. 19, it appears that the maximum pos=
gible increase in in-plane shear strength due to the filamentary reinforcements is approxi
mately 27%. For transverse shear, the bounds are plotted in £ig. 20, as a function of Vg
In this case the upper bound approaches infinity (becauss of the assumption of rigid
filaments) as vg + 1. The impiication here is that reinforcement against transverse shear

may in fact také& place.
CONCLUDING REMARKS

This lecture has attempted to support the claim that rational methods for analysis of
composite materials and structures do exist. The author intends that this lecture will
serve to guide new workers in the field of composites to appropriate sources in the litera-
ture. Many basic problems remain unsolved. However, theve is a continually decreasing
need to resort to analyses based on the sometimes crude and approximate assumptions made
in the early portions of the last decade.

I have tried to indicate that the understanding of the relationship between physical
properties of laminated fibrous composites and those of their constituents rests on a
sound base. On the other hand, much remains to be done; particularly in such areas as:
failure criteria, reliability assessment, non-destructive evaluation, damage tolerance,
fatigue, creed, and joints and attachment problems.

It appeats that composite materials have not yet had the anticipated impact on struc-

tural design which would lead to creative, new structural configurations. One need not be
disappointad in this fact, for we are only at the beginning of the new materials engineer-
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ing era. Time to come will undoubtedly see changes in structural design methods that
will lead to widespread utilization of composites. The improvements in properties; the
existence of unique combinations of properties; and the fabrication simplications which
can result from the use of fibrous composites will lead to their utilization as the

prominent materials of construction in all engineering disciplines.
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FIBER AND MATRIX MATERIALS FOR ADVANCED CQMPOSITES

R. J, Diefendorf
Materlals Division
Renssalaer Polytechnic Institute

Troy, New York 12181, U.S.A.

SUMMARY

Composite materials provide a solution for the engineering use of high
specific strength-high specific modulus, but brittle materials. These brittle
materials are used as fibrous reinforcement to provide strength and stiffness
in the composite. The fundamental principles for selecting the reinforcements
are described, as well as the concepts used to form these materials into high

Detailed information on the preparation, structure and

strength filament,
Matrix

properties of boron, carbon and organic filament are presented.
materials, which are used to transfer stress to the fiber and also prevent
brittle failure, are discussed in less detail, The techniques for combining
filanents and matrix into prepreg or other preforms, and the fabrication into
structure are considered, Finally, the mechanical properties of composites

based on boron, carbon, and organic fibers are presented.

Technological demands for materials with improved properties has led to the recent
increase in research and develcpment of composite materials., The idea of taking dis-
similar materials and assembling them together for improved properties dates as far back
as at least biblical times., The reason for the recent increased interest has been the
development of high performance fibers which make it technically feasible to produce

composite materials with vastly improved mechanical properties.

I. Materials Requirements

In order to appreciate the value of high performance composite materials, on7 must
ask: "what is really limiting in design?”

Modulus Limited Desigus - Let us lcok over the shoulder of an automotive engineer
whose job it is to specify materials for fenders. Does he pick the gauge of the sheet
metal from a stress calculation for the loading caused by the headlight? No! His design
is stiffness and fabrication limited., Similarly, let us look over the shoulder of an
aircraft designer who is designing a stabilizer, Does he worry about loads? Yes, but
the air loads are quite low, What he really worries about is stiffness (flutter). For
designs where flutter is limiting, a higher specific modulus (modulus/density) material

would allow a more efficient design to be made,
Many designs are limited by strain consideratio si For example, a Boeing 707 wing
1 Ovr imagine a floor of a Boeing

with 1,6% and 3,2% strain would appear as in Fig. 1 .
747 which deflected 20 cm, and was sound from an engineerirs standpoint, but not psycho-

logically.
the deflection is too high at the breaking load. More efficient designs could be made

with higher modulus materials whereby higher stresses would be attained at lower strains.

Strength Limited Designs - These examples shouldn't imply that there are no structures
For example, a pressure vessel is almost purely limited by

which are strength limited.
strength, A rubber balloon doesn‘t need much stiffness. However, the increase in di-~

mensions may be a difficulty. A good example where specific strength (strength/density)

is important is the suspension cables of a suspension bridge or electric power trans-
At the present time, suspension bridges can't be made much longer than

rission cable,
the Verazano Narrows nridge, because increased bridge length requires a non~proportionate

increase in cable and associated structure weight. The cables are approaching a length,
that they can just support their own weight. Obviously, lighter or stronger materials
would be required to build longer suspension bridgus,

In summary, lighter, stronger, and stiffer materials give improved design efficiencies,

Materials Approaches

Now let us leave the designer and lock at what the materials person did to try to

develop better materials,
etc,, but he only tried to improve strength, The reason is simple: the modulus of a

In many cases, the inherent high strength of a material cannot be used because

The materials scientist refined grain size, dispersion hardened,
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1 material cannot be increased, but the strength can. Alsn, if the materials scientist ;
. was in the aircraft industry, where specific modulus is important, all the common engi- 3
3 neering materials have the same specific modulus 2), 1In other words, there is no ad- 3
3 vantage in using Sitxa spruce instead of balsa, or magnesium, aluminum, titanium, steel, 3
2 molybdenum or tungsten for velume lim:ted designs., These materials have a density range
: from .06 to 19.3, yet the specific modulus is almost the same (Table la). For some 1
3 applications, the lighter material does have an advantagz since its dimensions are larger -
% per pound, and the section modulus is correspondingly higher., However, for properly
3 designed structures, there would be little differvence, ¥
A High Specific Modulus Materials 3
The question arises: Are there any materials which have higher specific moduli than j
3 conventional engineering materials? An incomplete answer ie shown in Table 1lb., The N
3 chemical elements, berylium, boron, and particularly carbon, have much higher specific j
] moduli than conventional engineering materials, Also, the compounds between these :
3 elements plus aluminum, silicon, nitrogen and oxygen oftcn have high specific moduli. 3
3 These materials would certainly offer drastic improvements in structures if thLese 3
‘ materials were also strong. ;
: Table la. The Moduli, Density and Specific Moduli of Selected Materials 3
i . : e ;
: Material Medulys Density specific 3
3 Spruce 13, 0.5 26,2 E
3 Magnesium 41.4 1.7 25.6 H
Glass 69. 2.5 27.6 :
3 Aluminum 69.5 2.7 27. 3
7 Titanium 117.8 4.5 27. p
] Iron 207. 7.8 26,2 b
3 Molybdenum 276. 10.5 27, :
3 Table 1b,
Berylium 304, 1.8 166. i
Boron 442, 2.3 193. ¢
Carbon 1010, 2.3 442,
Organic Fiber 152, 1.5 101.
Silicon Carbide 497. 3.2 159. z
Aluminum Nitride 345, 3.3 117. 3
Aluminum Oxide 345, 4, 90.
Silicon Nitride J80. 3.2 119. {

Theoretical Strengths of Materials

3
. i

When a material is tested mechanically and found to fail at a low stress, it is not
known whether the mater.ial is inherently weak, or whether the specimen was improperly
made., Therefore, a thecretical calculation to dcteimine the strength of a flaw-free
material is of great value, The derivation of the eguations for theoretical streéngths of
covalently bonded materials from quantum mechanics has not been accomplished, Theoretical 3
strengths are usually determined by assuming the modulus of the material, that the force-
extension reiationship follows a sine, Morse, or_similar function, and that a separation
parameter is related to the interatomic apacing(3). Kelly has calculated both the i
cleavage and shear strengths for the most widely spaced planes in the crystals (Table 2)?0 %
Pailure would occur at the lower theoretical strength. For metals which fail in shear, i
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an approximate theoretical strength is given by:

Oth = 0.02E
Table 2. Theoretical Strengths of Materials (after Kelly)

1 GN GN GN GN Omax
. E me G me v ®nax m¢  Tmax m< Tmax

Au 67 2.0 0.46 2.7 0.08 34
- Cu 110 3.5 0.42 3.9 0.14 28
Ni 220 6.9 0.37 6.1 0.28 22
e Fe 210 6,2 0.36 4.8 0.69 6.8
3 Nacl 84 2.5 0.16 0.38 0.41 0.95
1 Aly03 670 14.5 0.17 4.6 1.7 2,7
3 Ca 1750 51, 0.1 13.8 12,1 1.2

Although different authors give slightly different numerical factors for cleavage
failure of covalently bonded materials, a good expression is:

O = 0.1E

Hence, the same covalent materials which have high specific moduli will also have high
theoretical strengths, While graphite and ceramic materials have traditionally had very
low strengths in commercially produced materials, they have alsc given the highest known
strengths in nominally flaw-free whisker or fiber form. These observed strengths still
fall far below that expected from calculation, but it also appears realistic that
elongations at least as high as 2% are possible for materials in fiber or whisker form.

3 Impact Strength

3 If high specific modulus materials appear attractive from a high strength standpoint
2 also, why not use them in a monolithic form? why not make a horizontal stabilizer skin
out of a monolithic sheet of chemically vapor deposited boron? Let us assume adequate
properties could be attained. Then, let the plane taxi down the runway getting ready for
take~off, and a rock gets thrown up off the runway, hits the boron stabilizer, and the
impact initiates a crack. From then on, the crash analysis would simply be a study of
crack propagation in brittle materials. Engineering materials must have some impact
strength,

Even in cases where impact is not a problem, designers stay away from brittle
materials. Thexe is a good reason; improper machining or assembly of a part can often
raise local stresses to very high values, Stress analysis is very good with large
dimensions, but apt to be poor in localized areas, Obviously, difficulty can occur if
structural integrity depends on local stresses, Ductile metals will yield and redis-
tribute the load if high local stresses exist, but brittle materials will fracture. The
problem can be snlved, if the ceramic material can be given some pseudo-ductility. The
whole purpose of composites is how to take a brittle material and give it some pseudo-
ductility to minimize local stress concentrations, and a non-catastrophic failure mode.

An example is illustrative., Suppose we decide to make a composite horizontal stabi-
lizer out of boron and epoxy. The boron will be made in small diameter filament, such
that we can get very high strength, Alsc, many filameats will be placed in the structure
to get a redundancy in design. The boron filament will be laid parallel to the principle
stress axes to minimize deflection. These filaments will e separated and cetained in a
high strain epoxy resin. Again, the plane taxis along the runway, a rock gets thrown up
off the runway, and breaks a few of the thousands of boron filaments in the structure.
Debonding at the fiber-matrix interface and fracturz in the epoxy absorb the filament
fracture energy and arrest crack propagation. The epoxy transfers the stress to
neighboring fibers and the plane takee off safely.

Composite Potential

3 The whole basis for filamentary composites is that strength and modulus of brittle

3 materials are traded off for a measure of impact strength. The strength and modulus of a
fiber can only be used unidirectionally, For triaxially stressed states where fibers
must be oriented in at least three directions, the improved performance that could be
obtairad with composites is not great. Fortunately, structural elements are usually

: stressed in one direction (beams), or two directions (plates and thin walled shapes) and
not in three directions.

For biaxially and uniaxially stressed elements, the performance
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increase possihle with high modulus~-high strength fiber reinforced composites cannot be
approached with any other materials concept,

I1. High Strength Fiber Processes

While the last sections described the potential advantages of high modulus filaments,
these advantages cannot be used unless processes exist or can be developed to make these
high modulus materials into high strength filament (or fiber). The development of these
processes has probably been the most important factor in the present history of high
modulus composites. The processes can be divided into two major categories whiuh depend
on the type of microstructure, 1In the first, single crystal whiskers or filaments are
grown which usually have exceedingly fine diameters and very high strengths, The strength
of these whiskers comes from the structural perfection of the single crystal and the fine
dimensions, Whiskers are discontinuous and considered tc be hard to handle, so the
question arises: can continuous fine diameter filament be made? While a good measure of
success has been made by Tyco Laboratories in drawing single crystal filament from the
melt, most conceivable processes for continuous filament would result in a polycrystalline
microstructure, Ceramic materials, with their highly directed covalent bonds, are apt to
have weak grain boundaries; this is accentuated by the fine diameter of the filament.
Ceramic type fibers with grain sizes of the order of tha filament diameter are very weak.
Either very fine grained (or elongated grain) materials, or else no grain boundary
{single crystal) materials are desired, The grain sizes that are necessary are several
hundred angstroms or less, and in the limit zero, e.g., glass. In other words, although
the nature of the material may be important, processing techniques are needed to make the
desired single crystal or very fine grain size filament., The following sections describe
the methods for making the present leading types of high modulus fiber and their properties.

continuous Filament Processes

There are three major filament processes. Chemical vapor deposition is used to make
boron and silicon carbide. The pyrolysis and orientation of carbonaceocus materials is
used to form oriented high modulus carbon fibers. Finally, aromatic organic polymers cza
be spun to give a highly oriented, relatively high specific modulus fiber. In the
following sections, the leading example of each type of process is described in detail.

A. Boron Filament

Boron filament is made by depositing "amorphous" boron on a heated tungsten wire by
the hydrogen reduction of boron trichloride, Fig. 2 details a typical “"single stage"

reactor.
LET OFF SPOOL
( METAL END CAP
GAS IN LET

M
1 J— PYREX TUBE

MERCURY ELECTRODE

-—HOLES ON
CIRCLE

PYREX TUBE

Figure 2. Typical Chemical Vapor Deposition Apparatus for Boron Filament.

y
4
;
i
i
:

EOUSURMISERPIY LY, PILIS JERPYP SUEY AR 1 MPVR SIS SV F L

't d

3
o YR
SRS NOPFRC AT - SRR E VRN RELY. W RPN TS LGS TR RS I S A ] URS TPV R WP SN NPY A YO DS VI ST T R Y NP e i iR L




e Rl adeibic

ToReT

Aol i Sl bl et

T g S TRy T R AndoC-abblat b b tuis 2oL L S L i 4 6 Zads s e et TS wgATRegm T et T e eias e e

25

Tungsten wire about 12um (0.005 in.) in diameter is drawn off a spool, transported
throuwyjh a borosilicate glass tube reactor with mercury erd seals, and then wound up on a
take~ap spool as 100um (0.004 in.) diameter boron filament., The diameters of the initial
tungsten wire and the final boron filament are selected by the specific modulus of the
filament, the cost per meter and handleability of the tungsten substrate, and the curva-
ture that the boron filament may have in a structure. The specific modulus as a function
of final diameter/substrate diameter is shown in Fig, 3. Because of the high density of

: . - . LS ﬁ'
—__f
160}~ BORON BonC -

120

80

40

MODULUS /$.6. GN/m2

0 1 L 1 ! -1 1

| 2 3 4 5 6 7 8
FINAL DIAMETER/SUBSTRATE DIAMETER

Figure 3, Specific Modulus of Boron Filament as a Function of the
Ratio of the Final Filament Diameter to Substrate Diareter.

the tungsten substrate, there is a high penality in specific modulus for any ratio of
initial to final filament diameter ratio of less than eight. The tungsten substrate
diameter, at 12um, is slightly more expensive than the minimum cost/meter wire at 25um,
but this is more than balanced by the flexibility in making smaller diameter boron fila-
ment, Smaller diameter tungsten wire, which is much more expensive per meter is not
obtainable in long lengths (due to breakage in manufacture), and becomes more difficult
to handle in making boron {due to breakage during deposition). Practically, a tungsten
substrate limits boron filament to a minimum final diameter of 100um, Larger filament
diameters are particularly attractive since the substrate cost remains the same per
meter, and capital and labor costs are lower. Mechanical properties for 140pum diameter
boron filament (twice the amount of boron per meter) are identical to 100Mm diameter
material.

The mercury end seals on the reactor serve to keep air from entering the reaction
tube and to make electrical contact. The filament is heated generally by high voltage
direct current. Since the resistance of the filament decrezses and the thermal con~
ductive losses increase as boron deposits, the temperature of the filament decreases as
it traverses the reactor. A slight decrease in temperature is beneficial, but multistage
reactors have heen used to provide a flatter temperature profile, However, the decreases
in strength caused by interfaces forming in the boron between each stage have often
r.verbalanced the improved processing speeds,

The maximum filament temperature must be less than 1400°C to produce amorphous
boron., Higher temperatures produce coarse grained and weak B-rhombohedral boron,
Occasionally, crystals of B-rhombohedral boron or other crystal structures nucleate
randomly at temperatures well below 1400°C, but this is usually caused by insufficient
gas flow, or catalytic impurities on the substrate.

The chemical equation for the overall reaction that is occurring is:
28013 + 3H2 -+ 2B + 6KHC1

The free energy for this reaction at amorphous deposition temperatures is positive, which
means that the amount of boron that can be removed from the gas per pass is quite low.
Depending on the conditions and species assumed to be present, the amount of boron that
can be deposited per pass varies from 6 to 18%. The amount that can be stripped from a
stoichiometric gas mixture if only amorphous material is to be deposited is lower, being
approximately 1iX. The low stripping efficiency requires that rather effi ent (and
expensive) recycle systems be used to keep boron trichloride costs to a minimum,
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The deposition rate of the boron is very high compared to that observed in many
chemical vapor deposition systems, but a 1004m diameter boron filament still requires a
contact time of 15 to 30 seconds for preparation. This contact time, together with power
supply and start-up problems, has led to the design of production plants where many
reactors are run in parallel to provide high output,

Microstructure of Boron Filament

The outer surface of boron filament has the appearance of an ear of maize, This
structure originates when the boron nucleates in the die mark grooves of the tungsten
substrate, In cross-section, the micro-structure consists of parabolic cones with the
apex at the substrate, Although the structure may be amorphous, the growth cones are a
source of weakness, probably because of the stress concentration where two cones meet,
The effect of this growth cone stress concentration has been minimized in recent years
by more uniform nucleation which results in a smoother outer surface.

During deposition, the tungsten core is converting through a sequency of borides to
WB4. A dimensional increase of about 30% is associated with the boriding, and early
boron filaments often split because the boriding occurred too late in the deposition
process, Although this boriding places the core in residual compression, there are di-
mensional changes occurring in the boron sheath which give a net residual stress pattern
as shown in Fig, 4. The outer compressive residual stress, combined with the inherent
hardness of boron, makes boron filament relatively insensitive to surface “laws, N
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Figure 4. The Residual Stress Pattern in Boron Filament.
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» B. Carhon Fibers

Graphite is strong and stiff in the two directions of the basal plane, and weak and
compliant in the third perpendicular to the basal plane., The problem is how to build a
; structure which makes use uf the strong directions without suffering from the poor
’ properties of the third. Obviously, the graphite basal planes must be aligned parallel
) to the fiber axis if high modulus and high strength is to be achieved, but high alignment
will accentuate the poor shear and tensile strength between the planes, A strong fiber
microstructure must consist of small elongated grains,

PRV IDEE RIS P I3

PIVSPE SV R L PY

There are two different conceptual ways to get high modulus graphite fibers:

1) sStart with a highly oriented polymer fiber which upon decomposition gives an
oriented graphite structure,

2) Strain anneal an unoriented carbon fiber at high temperature, The stress field
orients the bhasal planes parallel to the fiber axis.

4
3
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Polyacrylonitrile (PAN) is the most prominent fiber in the first class, while rayon
and pitch fibers are typical of the second. Because of the commercial importance of
carbon fiber produced from PAN, a more complete description will be presented (Fig. 5).

In addition to satisfying the general prerequisites of a precursor material, namely,
that it be a large volume-commercially available fiber which produces a good carbon yield
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POLYACRYLONITRILE PROCESS
STRETCH H M HH H  OXIDIZE H H W
CYCLIZE
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Figure 5. The Generalized Schematic of the Chemistry for
Production of Carbon Fiber From Polyacrylonitrile,

upon pyrolysis, PAN has the added advantage that high modulus carbon fibers can be made
by simple heat treatment of the prestretched (oriented) PAN fiber, The manufacturing
processes vary but, in general, it consists of stretching the precursor prior to, or
during, oxidation at about 220°C or slightly higher 5), after oxidation, the fibers are
converted to carbon (carbonized) by heating in an inert atmosphere to 1000°C, followed by
a heat treatment ("graphitization") to a temperature in the range of 1000°C to 2500°C.

The high degree of axial alignment of graphite basal planes necessary for high
modulus carbon fibers is related to the original aligmment of the linear PAN polymer
parallel to the fiber axis. The initial stretching of the PAN helps to increase the
axial alignment of the polymer molecules., During the stretching of the linear molecules,
some rotation of the cyanide uniis occurs about the linear backbone, While the resulting
structure is not syndiotactic, the stretching of PAN places the cyanide units in close
proximity, where they can more readily participate in the cyclization or formation of a
ladder polymer that develops during the subsequent stabilization stage. During stabili~
zation the fibers must be kept under tension to maintain the alignment of the PAN polymer
while it transforms to ladder polymer, otherwise relaxation occurs and the resulting
ladder polymer is disoriented with respect to the fiber axis.

If PAN is heated in the range from 25°C to 300°C, an exothermic reaction (associated
with ladder polymer formation) is known to occur at approximately 280°C (depending on
polymer composition) with the evolution of sufficient heat to cause complete fusion of
the polymer with loss of orientation. The fusion caused by this exothermic reaction can
be minimized by employing a very slow rate of heating through this critical temperature
range to form oriented }adder polymer. High modulus carbon fibers have been successfully
produced in this manner 6) However, stabilization can be achieved quickly by oxidation
at 220°C or slightly above, Stabilization at this temperature has bheen shown to permit
the formation of oriented ladder polymer while reducing the intensity of the exothermic

peak.

After stabilization, the precursor has an oriented cyclic or ladder structure with a
high enough glass transition temperature that it is not necessary to maintain tension in
the remaining processing., Considerable nitrogen and hydrogen are still present in the
naphthyridene type rings that form the basic units of the polymer, and these elements are
eliminated from the structure during the carbonization stage (heating to 1000°C). The
carbon atoms which remain are principally in the form of extended hexagonal ribbon net-~
works, Although these ribbon networks tend towards alignment with the fiber axis, their
degree of ordering relative to each other and the fiber axis is relatively low. The
effect of this is to produce fibers of low strength and modulus., As heat treatment
temperature is increased, the structyre is found to exist of highly tangled undulating
long ribbons of graphite, perhaps 30A wide and thick, With further heat treatment, the
tangling and amplitude of undulation decrease and the ribbon size increases to a width
and depth of several hundred angstroms and with a length microns lieang (Fig, 6). The change
in preferred orien ition of the basal planes is most simply measured by th2 "half-angle"
which is one-half the angular spread parallel to the fiber axis for which the x~ray dif-
fraction intensity drops to one-half the on-axis value., A plot of half-angle versus

modulus is shown in Fig. 7.

Associated with the increase in axial alignment is a corresponding increase in
radial alignment with the basal planes parallel to the outer fiber surface, Typical
representations f?s radial preferred orientations are shown in Fig, 8 for fully
stabilized fibers!’) Commercially produced fibers are usually not completely stabilized
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Figure 6, Schematic Diagram of Ribbon Structure Model for Carbon Fibers,
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and show a more complex microstructure, but the outer surface always shows the "onion-
skin" structure, There are two main consequences of the radial structure, Firatly, the
shear strengths of high modulus carbon fiber composites is directly related to the
portion of low energy basal planes at the fiber surface, Since axial and radial pre-
ferred orientations are related, the higher the fiber modulus is, the lower the composite
shear strength. Secondly, the onion-skin structure results in a high residual stress
upon cool-down, which decreases the coupling between ribbons and causes lower tensile

strengths,

3 , Sgin i 5 >
R gt YT W AV L1 NI g e

Rayon and pitch fibers are processed to carbon fibers which again appear to consist
of intertwinned ribbons. In these cases, there is no preferred orientation, such that
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PAN Based Fibars

Figure 8, Schematic Representations For the Radial Preferred
Orientation of Fully Stabilized PAN Based Carbon Fibers.

simple heat treatment will not yield a texture, \The preferred orientation is introduced
by loading the filament at a temperature that is high enough such that diffusion of
carbon is rapid, The carbon fiber is deformed (stretched) to strains as high as 60% to
100% to cbtain high modulus fibers. Although the process can be applied to any carbon
fiber with sufficient strength, the high temperature required for the strain anneal is a

disadvantage.

In summary, carbon fibers can be made from a variety of organic naterials. Although
the general structural feature of intertwinned ribbons is ccmmon to =11 forms, the
details of the orientation of these ribbons is important. With the present commercial
fibers, an increase in modulus is associated with a decrease in tensile strain and shear
strength. These prop(rties are not necessarily related, but improved fibers will require
careful control of the radial as well as the axial preferred orientation.

C. Organic Fibers

The ultrahigh modulus of graphite results from the tight 5p2 bonding of the basal
plane, The structure is similar to that of a multi-fused ring aromatic chemical, High
modulus organic fikers are possible if a portion of the ring system can be incorporated
into a polymer, Highly oriented ladder or para-polyphenylene type polymers would give
attractive specific moduli, The major problem is how to get these intractable polymers
into a highay oriented fiber form. The first organic fiber produced with a moderately
high modulus was DuPunt's wholly aromatic nylon, Nomex., The modulus is low when compared
to present high modulus organic fibers, but Necmex was developed primarily for thermal
stability. Nomex is produced by solution polycondensation of n-phenylene diamine and
isophthaloyl chloride in cold dimethylacetamide (Fig. 9). The polymer is soluble in

(CHyN-C-CHy
8

9 Q 9 0 H
C1-Ca L-Cl HAN NH, ol R
PLUS coLo \ |
ISOPHTHALOYL M-PHENYLENE DIAMINE
CHLORIDE So LGl

DIME THYACE TAMIDE

/

"NOMEX' FIBER

Figure 9, The Chemistry For Spinning Nomex Fiber,
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solution of 5% LiCl in dimethylacetamide and is relatively easy to spin. Substitution

of para-oriented phenylene groups increases the ease of crystallizing and orienting the
polymer and gives a higher modulus, but it makes preparation and spinning more difficult,
as well as lowering the solubility in solvents, Although the composition and process for
DuPont's PRD-49 is not complete1¥8k8ywn, several DuPont patents, which produce high
modulus fibers, appear pertinent‘“’'”’/, 1In these patents, para-aminobenzoyl chloride is
polycordensed in any of several solvents such as N, N', N dimethylphosphon-triamide and
combined with a mixture of 6.5% lithium chloride in N, N' dimethylurea or other suitable
solvents (Fig. 10). The resulting swollen mixture is heated to 130°C and is spun into
water at 70°C., The fiber is dried and then given a brief heat treatment at approximately
500°C to improve orientation and crystallinity. A second approach useful for producing
high modulus organic fiber is to spin a more soluble meta polyamic acid fiber, and then
imidize, Obviously, variations are possible such as polyamide-imides and ordered

copolyamides,

POIN(CH )] 6% LiC!

/7 \ % H 2
HCI-HZN- -C-Cl ~———»N- - ——— FIBER7

PARA-AMINOBENZOYLCHLORIDE POLY-P-BENZAMIDE 5130

CRYSTALLINE /
HIGH ORIENTATION

FIBER

Figure 10. The Chemistry for Spinning a High Modulus Organic Fiker,

In order to obtain high specific modulus, the orientation of the polymer in the
fiber must be extremely high, DuPont's PRD-49 has a very highly oriented and crystal-
lized microstructure, In fact, it is the most structured high modulus organic fiber
presently available. While this is desirable for good tensile properties, the fiber
deforms at rather low loads in compression,

III. Commercially Available Fiber and Matrices

Although there are many fibers and matrices that are potentially attractive, very
few have reached "commercial" production. In the case of fibers, boron, o.le organic, and
carbon fibers from polyacrylonitrile, dominate the market, For matrix materials, there
appears to be a much greater number, particularly of epoxy resins. In the case of epcsy
resins, each prepregger and fabricator has his own "formulation", but it is usually based
on the same basic resin system, Differences in resin systems are often of more value to
the marketing man than to the engineer. The description of resin matrices will be
limited to those systems made by major manufacturers rather than on specific formulations.
Similarly, the metal matrices will be limited to those actually used.

A, Fibers: Boron, PRD-49, Carbon

1. Properties of Boron Filament

Boron was the first high modulus fiber to be develcped, and the greater maturity of
the product shows in the consistant composites that can be made from boron. Some of the
reproducibility that is associated with boron is inherent to the system. For example,
the modulus and surface properties of boron are not depend2nt on preferred orientations
as are the organics and carbon. The number of variables which need to be controlled,
(and can be controlled in boron), is also fewer. The major limitation to widespread use
of boron filament is its cost and in the very long term the availability of the raw

materials.,

The mechanical strength of boron filament in early material was often quite variable.
Dirt on the substrate, and inclusions picked up going through the mercury contacts gave
weak filament. Improper boriding of the tungsten core caused the filament to split.
However, selected production runs and, in particular, laboratory runs could average 3.8
GN/m? as compared to normal strxengths cf 2,5 GN/m€, There has been a gradual improvement
in the strength of boron during the past years, mainly by eliminating conditions that
produce bad material. Average strangths are now 3.3 GN/m2 or slightly higher (Table 3)(101
Pew individual tensile breaks exceed 4.1 GN/m2, and future increases in strength of boron
filament will probably be limited to 3.8 GN/m? with the present process, The strength of
boron filament now appears to depend on the surface roughness of the substrate, The
preasent tungsten substrate is quite rough (as well as being dense and expensive), 1In one
experimental program funded by the U.S. Air Foxce Materials Laboratory, relatively smooth
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carbon monofilament was used for a substrate(1l), 1n spite of several difficult process-

Cocfficient to 325°C

The response of boron to temperature is mainly related to transformation of amorphous
boron to polycrystalline B-rhombohedral boron, and the reactivity of boron with its en-
v!ronment., Both short time tensile tests at elevated temperatures and room temperature
tests after short high temperature exposures give similar results. Aas long as the
exposure time and temperature is short and low enough, the measured strength is found to
be close to the room temperature value, Increased exposure results in an increase in the
number of low strength brezks although there remains an appreciable number of high
strength breaks., The low strength breaks are usually associated with a recrystallized
spot on the filament, A temperature of 800°C in vacuum ..ay be maintained for a period of
hours, while a temperature of 900°C or above may be rzid for only minutes before
recrystallization starts, and strengths are decrezsed.

ing groblems, boron strength in individual boron filawents breaks were as high as 8.3 j
GN/m¢, and the breaks were still observed to occur at points where defects were present i
on the originul substrate, Future improvements in boron filament strength will depend on }
the development of uniform substrates, but it appears that strengths of at least 10 GN/m? A
should be possible, d
Table 3, Properties of Boron and Boron Filament (Diameter: 100um) :

Boron Boron Filament(lo) 2

Density 23.4% Kg/m3 25.6 Kg/m3 ;

Tensile Modulus 420 GN/m? 400 GN/m? g

Hardness (KPH) 3.6 x 102 Kg/m? 3.6 x 10° Kg/m? ?

Shear Modulus 165 GN/m2 3

Tensile Strength 3.3 GN/me )

1 inch gauge b

Standard Deviation 0.2 GN/m? %

Strain to Failure 0.8% 1

1

Poisson Ratio 0.21 3

¥

Thermal Expansion 4.9 x 107%/9¢ j

;|

b

S L aerdravae X L

The strength retention of boron filament in air as a function of temperature is very
much worse as might be expected., At only sever>l hundred degrees centigrade, a boric
oxide film forms and the strength remains on a plateau at about 0.6 of its initial
strength, Above 500°C, particularly with water vapor present, the boric oxide film
becomes fluid, the oxidation rates increases, and the strength drops drastically to
essentially zero by 600 to 700°c (12), :

oo n v Eatealt

Boron, like carbon, is a very reactive element, Boron will react with almost all

metal matrix materials to form a boride, as well as quite often forming a low melting
eutectic., This requires that metal matrix processing be performed at relatively low
temperatures for short times as for magnesium and aluminum, or a protective coating be
placed on the boron, Silicon carbide coatings about 2.5um thick and nitrided (boron
nitride film) filament have both proved effective in inhibiting attack by aluminum
matrices, For higher melting matrices, such as titanium, the silicon carbide coating
provides marginal long-time protection.

The tensile modulus of boron filament is maintained close to the room temperature
value of 400 GN/m2 to about 250°C, At higher temperatures, the modulus decresses at an
increasing rate, being about 240 GN/m2 at 650°C and 220 GN/m? at 800°c (13), Creep
apperrs to be negligible ap to 800°C, and thureafter is lov, but complex, due to residual
stxess relief and recrystallization. Although the overall structure of a boron filament
is not isotropic, the filument is dominated by the large amount of boron present and
behaves isotropically. Hence, the Poisson ratio of 0,21 is typical of brittle isotropic
materials,

2. Cost of Boron Filament

The present price for boron filament is approximately $290/1b. for 100Mm filament
and $205/1b. for 140um filament., Approximately one-third of the cost, or $100/1b., is
due to raw materials cost for 100Mm filament. The remaining $200/1b, is added by direct
labor, amortization, quality control, packaging, marketing, and profit. Both the
materials and labor cost should decrease with increasad volume of produce, The vaw
materials cost is high for twc reasons: 1) a highly vniform, high strength, suall diameter,
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subscrate in very long lengths is not cheap; 2) boron trichloride is used mainly for
boron filament and, therefore, is only made in pilot plant quantities. The 1l2um
diameter tungsten wire, which is used as substrate, was originally used for filaments in
Christmas tree lights and in instrument lamps. The price was $3.85/1000 meters, and it
was often rot available in long lengths, (greater than 10,000 meters), Price projections
| for large quantities were not encouraging as labor and die costs were major items and did
not significantly change with volume., However, the price of tungsten has decreased to
$2,00/1000 meters and in moderate quantities, quotations to values as low as $1.00/1000
meters have been made, perhaps resulting from a threat of using an alternate substrate
and also due to a relatively stable boron demand, The substrate lengths have also
increased to 30,000 meters and more, which decreases labor required for reactor threading.
Based on these quotations, the cost of substrate for one pcund of 100xm and 140um boron
filament is $25 and $12.50 respectively. Boroa trichloride accounts for about $33 of the
cost in one pound of boron, The basic costs for the boron trichloride process and raw
materials are low, Large production could reduce the cost of boron trichloride to §$3-5/
1b. boron filament, although for the gquantities of boron filament projected out for t}«
next several years, the price is not apt to fall below $16~17/1b, boron filament, The
total materjals cost for the next few years will not be less than $30/1b., or $42/1b. for
140ym and 100um filament. Should a low cost substrate become available, raw materials
costs for very large quantities could conceivably fall to $10/1b. For guantities of
boron filament as large as required to have materials costs in the $30-42/1h, range,
selling prices as low as $70-100/1b. have been quoted by manufacturers, Any lower prices
for boron filament would depend on larger volume, new, ?w cost substrate, and improved
processing to lower capital equipment costs or labor(1

IR N, AR T T O R TS RN A TR L RO R SV TR LT

k]

3. Properties of Carbon Fibers

There is a profusion of commercially produced high modulus carbon fibers, The
fibers are available in a bewildering array of yarns and tows with differing moduli,
strengths, cros:-sectional areas and shapes, twists, plies and number of fiber ends,

3 They may be purchased in meter lengths or in "continuous" lengths, Availability with

3 such a diversity of physical properties is one of the benefits of carbon fibers as each
use tends to require different sets of optimum properties. One major problem is the
cost required to evaluate this large number of fibers since complete evaluation requires
actual compnsite tests as well as individual fiber characterization,

Xl e

; Certain general comments can be made about the types of fibers., First, twist in
yarns or tows, (even "false twist" in tows), is undesirable as it gives lower strengths,
particularly in compression, as well as lower moduli. Part of the reason for the
decrease in properties can be directly attributed to the increase in misorientation that
the twist introduces, but part is also due to the resin rich and poor areas that occur
because of less perfect packing associated with twisted yarns and tows., Second, the
number of fibers in a yarn and particularly in a tow affect its cost and prepregging
handleability. While the cost of a heavy tow is significantly cheaper than a light one,
the processability into high quality prepreg has generally keen more difficalt. Thixd,
the strain to failure decreases with increasing modulus in the modulus range of interest,
for all fibers produced to date., This makes high modulus carbcn composites sensitive to
impact and brittle failure, Finally, as film modulus increases the surface of the fiber
becomes more highly covered with graphite basal planes oriented with their “c"-axis
perpendicular to the fiber axis. This lowers the wettability of the fiber surface, and
also decreases shear strength in composites,

The fiber properties can be classified into three main types: 1) rayon base carhon
fiber with a crenulated irregular cross-section whose tensile strength is observed to
increase with modulus, ("Thornel" by U.C.C.: Hitco); 2) polyacrylonitrile base (Courtelle)
carbon fiber with a circular cross~section whose tensile strength decreases with modulus
in the range of interest, (Morganite-wWhittaker, Courtaulds-Hercules and Rolls-Royce):; 3)
polyacrylonitrile base with a dog-bone cross-section whose tensile strength increases
with modulus in the range of interest, (Celanese, Great Lakes Carbon). The properties
of these types of fiber are shown in Table 4, Early quoted values of strength were
often those obta.ned in good pilot plant runs, Present values from production runs, are
very similar to the earlier good pilot plant values.

Lower modulus PAN base carbon fibers are flaw sensitive and therefore are affected
by abrasion 18), More careful handling should increase fiber tensile strength in the
future, The effect of surface abrasion on higher modulus fibers is >t so well known,
but it appears ?ggye much less important. 1Internal flaws may be muli)significant if the
work at Harwell and Rensselae:r Polytechnic Institute is correct . Assuming this
to be the case, improved precursor fibers or processing would be required for higher
strength, The author has analysed the ratio of strengths at two giauge lengths for a
group of runs, to obtain an estimate of the inherent flaw-free strength of a 380 GN/m?
modulus Courtelle base carbon fiber the ratio was extrapolated to unity and the inherent
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Table 4. Properties cf Carbon Fibers (Au Surface Treated)

Rayon Base Pan Base Circular Pan Base Dog-bone
Cross-Section Cross-Section
Courtaulds-
Thornel(ls) Hercules?is) Great Lakes(17)
25 50 75 A HTS  HMS 3T 47 5T 6T
Modulus (GN/m?) 170 390 520 207 262 379 210 260 330 4c0
Tensile Strength (GN/mz) 1.2 2.7 3.6 2,7 2,5 2.2 2.1 2.4 2.7 2.8
Density 1.43 1.67 1.82 1.7 1,77 1,92 1.80 1.78 1.85 1.90
Diameter ~ 6.6 um ~ 8 um ~ 5 x 13 pm

strength of the fiber was found to be 12 GN/m2. While this value is well above present
strengths of carbon fibers, the strain to failure is similar (or lower) to fracture
strains in virgin fiber glass, This value probably gives an upper limit on the strength
that can be obtained from present processes in the future.

The present range of fiber moduli is from 200 GN/m? to 550 GN/m?, well below the
theoretical value of 1020 GN/m2. Experimental fibers have been made with moduli as high
as 800 GN/m2, but the poor shear strength between the aligned basal planes in the fiber
is very noticeable when observing the fracture surfacec.

Present production technigues for cbtaining high modulus graphite fibers require
high temperatures (I 2= 2400°C), which result in a low shear moduius and necessitates
very high alignment of basal planes for high modulus. While this provides high tensile
modulus, the structure will give much lower effective compressive mcduli because of

buckling. Improved fibers will require a lower temparature process to be developed to
retain higher shear mcduli.

The modulus and strength of all the present carbon fibers is constant at least to
1000°C. Since some of the fibers (PAN base) have only been heat treated to slightly
higher temperatures, irreversible property changes occur at temperatures near the
processing heat treatment temperature or higher. This uncertainty in modulus and
strength would not be a problem with carbon-metal matrix composites, since the reaction
of the fine diameter carbon fibers with a metal matrix would limit use of carbon fiber
composites to temperatures well below 1000°C,

The onset of oxidation as measured by tnermogravimetric analysis varies for the dif-
ferent firers'“”), Por low modulus PAN base and rayon base fibers, oxidation staits
slightly below 400°C. High modulus PAN base fibers begin to oaidize between 600 and
70C°C. These results are for short times; long time applications would require an oper-
ating temperature 100°C lower, Oxidation can be inhibited or stopped by metal matrices,
but any machining which expused the fibers would allow oxidation to begin.

Only two metals appear suitable for metal matrix composites of carbon fibers.
Aluminum is non-wetting, but can be made to wet carbon fibers by applying a suitable
coating. Nickel is also satisfactory as it has a low solubility of carbon. However, if
high temperature processing is used, nickel is found to recrystallize the fiber and
degrade the strength. For cther metal matrices, including nickel base alloys, diffusion
barrier coatings on tho fibers will be required. Larger diameter carbon fiber will be
necessary such that the thickness of the layer which prevents diffusion does not decrease
the specific strength and modulus too greatly.

Tha tharmal ewpansion coefficiencs of carbon fibexs are unusual as they are nogative
for high medutus fibera parallel to their axis at room temperature. This negative
expansion can be combined with the potitive expansion perperdicular to the fibor to make
zero expansion coefficient structures. Although the small values of coefficient of
thermai expansion mean that tnere wi:i be high thormal stresses, it should be pointed out
that all high modulus fibers have loiw thermal expansion coefficients, This is a general
preblem in high performance compositee.

The propestius of carbon fibers -~eipendicular to their fiber axis cannot be measured
directly because of their small size and must be derived from composite data, This
behavior will be described in composite properties,
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4, Cost of Carbon Fibers

The present price varies from $60/lb. to $300/1b. for continuous fiber products in
small quantity to a low of $45/1b, or less for meter lengths in large quantity. The
present market is very small and the above prices do not necessarily reflect the total
costs or manufacturing costs, However, future estimates of selling price can be made
rather accurately. If special precursors are necessary, the price for several hundred
thousand pounds of fiber would be from $40 to $100/1b. depending on desired modulus.
Prices for similar quantities of a heavy tow using a commercially available precursor
fiber are in the range of $10 to $20/1b. depending on modulus. These values appear to
be about as low as present processes will yield, Although pitch base fibers have a sub-
stantially lower raw materials and, possibly, a lower processing cost, these processes
have yet to be reduced to commercial practice. Never-the-less, this process has the
possibility of producing fiber in the $1 to $3/1b. range which makes it competitive with
glass and other structural materials.

5. Properties of PRD-49

organic fibers are the newest high modulus fibers on the market, and the properties
described are those for DuPont'’'s PRD-49-3 as shown in Table 5. The product is available
as continuous length yarns or rovings of a golden yellow fiber,

Table 5. Properties of DuPont's PRD-49-3 Organic Piber(27)
Modulus 140 GN/m?
Tensile Strength 10 inch 2.8 GN/m?
Strain to Failure 2.0 %
Density 1.47 gm/c.c.

The specific modulus and strength are very competitive with carbon fibers at present.
Future trends are more difficult to predict. The modulus of PRD is probably as high as
can be obtained with the present polymer as the orientation and crystallinity ave
extremely high. However, the boundary between an organic and carbon fiber is indistinct,
and future organic fibers could have substantially higher moduli if desired. The present
value of 140 GN/m? for modulus is a good compromise as it is very compatible with the
moduli of metals, and the low density of the fiber still provides a high specific
modulus, The compression characteristics of PRD or other highly aligned crystalline
structures are not good, as the structure buckles at low stresses, deformation bands
appear which are very similar to those in metals. Future improvements in comprecsion
would appear to require some major changes in polymer chemistry.

PRD is likely to be limited to temperatures not exceeding 150°C, as its modulus
drops rapidly above this temperature. It is thermally stable below this temperature, and
resistant to environmental effects, although moisture pickup may be a problem. PRD is
very abrasion resistant and easy to handle although this tcughness presents some diffi-~
culty in machining. Finally, the PRD is a good dielectric and shows promise for radomes

and similar applications.

6. Cost of PRD-49

PRD is priced at $50/1b. at present, which makes it competitive with ca.%“on. Con-
sidering the processing and materials costs of PRD as compared to conventional textile
fibers, it should be relatively expeusive for a textile fiber. An estimate of its price
at the several hundred thousand pounds per year level would be $19/1b. or less. This is
based on the present price of Fiber B of $2.65/1b., an apparently similar product, and
the relative prices of the competitive fibers at that time.

B. Matrices: Epoxies, Polyimides, Aluminum

The proprietary nature and the large number of epoxy resins make complete coverage
impossible, However, most epoxy systems are based on either; 1) DNEBA: diglycidyl ether
of bisphenol A, or 2) cycloaliphatics: bis (2, 3 epoxycyclopentyl) ether of ethylene
glycol. The choice depends on trade-offs of shelf life and performance. Several
examples are shown in Table 6. DGEBA resins such as Epon 828 have good shelf life and
are cheap (less than une dollar a pound). However, the properties in the neat form or in
composite performan:e do not match the cycloaliphatics such as ERL 4617. These improved
properties in ERL 4617 are obtained at a much higher cost (about $10/1b.), short prepreg
shelf life, and long postcure. The high elongation of ERL 4617 with MDA cure is
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Table 6. Properties of Epoxy Resins(zl’zz)

Epon 828/ Epoxy

MDA/BF3 ERLA 4617/PDA ERLA 4617/MDA Novalak
Heat Distortion Temperature 145¢°C 175 170 220
Tensile Modulus (GN/m?) 3.5 5.4 4.8 3.4
Tensile Strength (GN/m?) .062 .13 .13 .043
Percent Elongation 3.0 2.8 6.0 1.6
Compressive Modulus (GN/hz) 3.6 6.1 5.2
Compressive Yield Strength (GN/m2) .15 .22 .19

MDA - methylene dianiline
PDA - metaphenyldiamine

especially ne-efuial in giving toughness to uniaxial and cross »lied composites, Higher

temperature 23i.nw ity can be obtained with epoxy-novalaks, but with a large sacrifice in
strength and teughness,

Although 5 large number of polymer systems have been and are being worked on for
temperatures as high as 300°C, only the polyimides have rached a limited commercial
usage., The major problem with polyimides is the elimination of water of condensation and
solvernie duriay the processing cycle. Processiny must be done properly and slowly to
prevanc void fsruiation in the composite, One technique to minimize void formation is the
use of an addition polymerization cure of the polyimide so that no additional volatile
matter is produvcd, The penalty for this advantage is a somewhat lower maximum, continu-
ous use tempersture of 250°C. A typical example of this type of system is Geigy's P-13N
(Table 7). Price of P-13N is $75 a gallon for 85% solids.

Table 7. Properties of Geigy P-13N Reain(zz)
Heat - stortion temperature > 300°C
Tensile modulus (GN/m2) 3.8
Tensile strength (GN/m2) .075
Percent elongation 2.5
nensity (gm/ml) 1.33

-,

z only metal matrix to be used in substantial quantity is the aluminum alloy 6061.
lov contains magnesium and silicon in approximate proportions to form magnesium

. 3 thus making it heat treatable, It is used both for plasma sprayed and diffusion
e horoafaluminum. The room temperature propevties are shown in Table 8,

Table 8. Properties of 6061 Aluminum Al;gz(23)

(0.6% Silicon, 0.27% Copper, 1.0 Magnes.um, 0.20 Chromium)
Annealed Fully Aqed

yltimate tensile strength (GN/m? 0.127 0.316
Yield (GN/m2) .056 .281
Elongation (%)

Shear strength (GN/m?) .084 .211
Hodulus (GR/r )

Density (gm/c.c.) 2.7

T. Eezbzication

There have been numercus occasions when ribexr from the same production run and resin
from the same batch have lLeen fabricated by diiffereut groups into simple test bars which
gave quite different mechanical test :esults. The importance of great care and good

fabrication procceduxes cannot be overemphusized. This is particularly true with the more
brittle systems,
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1. Organic Resin Prepreq Fabrication

Although test specimens and some small parts are made using wet resin and matched
metal molds, most resin matrix composites go through the intermediate step of forming
"prepreg”. The prepreg can be in the form of continuous tape (1.2 cm to 15 cm wide,
commonly 7.5 cm) or in the form of broadgoods. In the case of tape, a large nuber of
filaments are unwound from a creel, collimated into a uniaxial ribbon, impregnated with
resin, and partially cured into tacky tape, Broadgoods are made by a circumferential
winding on a drum, which 1s later split axially to form the sheet.

Boron filament is laid up as a single layer about 0.13mm thick with a fine type 104
“E" glass scrim cloth for support. The whole tape is carried on a low-stick, plastic-
coated paper. The relatively large diameter boron fibers allow very careful collimation
and control of spacing to ke obtained. The consegquences of this perfection wil} be shown
later in the mechanical test results,

The large number of fibers in carbon and PRD tows cause additional problems in pre-
pregging, particularly the heavy tows. At best, central portions of the tows are resin
poor; at worst, especially with high viscosity or polyimide resins, the central portions
may be non-impregnated or voidy. Collimation is also more difficult, particularly when
catenary is present (one side of the tow longer than the other). Crossovers are common,
and the degree of alignment is usually no better than + 5° locally. Because of the more
flexible nature of carbon and organic fibers, scrim cloth backings are generally not used.
A good prepreg tape will have enough tack and drape to be able to form shapes with gentle
curvature. Epoxy resins generally give acceptable tack and drape, but the high performance
cycloaliphatics have a short shel: life. Polyimides and other high temperature resins
tend to be stiff and hard to work with.

Prepreg tapes can be used with numerically controlled tape laying machines for large
surfaces such as aircraft skin covers, More complicated shapes such as fan blades are
usually more economical to hand lay up. Curing is generally performed by compression
molding in matched metal dies, or by vacuum bag and autoclave molding. In either case,
the curing recommendations of the prepregger should be used as a guide. Prepreg prices
have generally followed the rule that one kilogram of prepreg is equal to the cost of one
kilogram of fiber.

2. Metal Matrix Composite Fabrication

Three processes have becn used to make metal matrix composites:

1) Liquid melt infiltration
2) Diffusion bond
3) Plasma spray.

Liquid metal infiltration has been used to make boron/magnesium and coated boron/
aluminum composites, The excellent filament-matrix compatibility of boron/magnesium
allows cheaper uncoated boron filament to be used in this low cost process., For the case
of aluminum iatrices, the boron filament must be coated with either a protective coating
of boron nitride or silicon carbide. Shapes such as I beams, tubes, and rods have been
continuously cast, and the specific strength and modulus are good.

The major activity in metal matrix composites has been the werk performed by several
companies to provide boron reinforced aluminum tape or sheet. 1In the technique used by
Hamilton-Standard, a 6061 metal foil 25um thick is wrapped on a drum, overwound with a
single layer of coated boron filament, and then metal is plasma sprayed over the fibers to
form a foil. The foils can be rlied and then diffusion bonded by the customer gt 520°C
for one hour under compression of 0.035 GN/mZ to form a multilayes composite(24 .

Havvey Aluminum and Amercom produce boron/aluminum sheet by diffusion bonding the
boron filament in a 6061 aluminum alloy matrix. Monolayer and multilayer sheets can be
made up to 46 cm wide by 4% meters long. There is essentially no limit on thickness and
the composites are uvailable with fiber volume fractions from 40 to 50 volume percent,
The composite sheet can be diffusion bonded, brazed, spot welded or adhesive bonded into
more complex parts. Diffusion bonding is preformed under similar conditiong to plasma
sprayed tapes, For braze bonding, 718 aluminum alloy can be specified, Prices are now
about $330/1b. for small quantities, Future selling prices are strongly coupled to fiber
cost, and the present producers estimate that the cost of one kilogram of boron/aluminum
composite should b2 equal to one kilogram of boron fiber for large guantities

IV, 2Droperties of High Performance Compocites

The properiies of composites depend not only on fiber and matrix propexties and the
interfacial bond between them, but on the fabrication and test techniques as well.
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Furthermore, mechanical test data are usually obtained from relatively small well made
test specimens., For composites that are not flaw sensitive, the test results from small
specimens may be used to adequately describe larger scale hardware. However, for brittle i
composites, such as surface-ireated, high modulus graphite/epoxy, the application of small i
specimen test data to a large structure will over-estimate the strength of the structure, A
for the structure is more &pt to have strength reducing flaws, The property data to be j
presented is from small test specimens and only for uniaxial layups. The data is for the H
four most highly developed systems: boron/epoxy, graphite/epoxy, PRD/epoxy and boron/
aluminum, Pertinent information on higher temperature resin matrix composites is also
presented,

h

The mechanical properties of boron/epoxy composites are shown in Table 8., The good f
fiber alignment and the fracture characteristics are such that composite properties are i
well predicted by the law of mixtures from fiber moduli and the average fiber strength 3
measured at a 2,5 cm, gauge length, In addition to the good tensile strength, compressive é

and interlaminar shear strength are also high.
Table 8. Properties of Boron/gggﬁy,Composites(ze) 3
(Uniaxial Layup, 50 v/o AVCO-5505 Resin)
220 1%0°c
1 0° Tensile Strength (GN/m?) 1,73 1.38
" 0° Tensile Modulus (GN/m?) 210 197
f 0° Flexural Strength (GN/mz) 2.07 1.65 ]
E 0° Flexural Modulus (GN/m?) 200 165 ;
1 90° Flexural Strength (GN/m?) .13 .079 :
: 90° Flexural Modulus (GN/m?) 21-27 9.0
: 0° Cnmpressive Strength (GN/mz) 3.10 1.45
0° Compressive Modulus (GN/mz) 228 217
§ 0° Short Ieam Shear Strength (GN/mz) .103 .038
> Table 9 presents composite values for some better carbon fiber/resin composites.
The poorer fiber alignment and differing fracture modes make prediction of composite
properties from available data difficult. In general, moduli parallel to the fiber axis
are about 15% lower than that calculated from the ru.e of mixtures. Lower preferred

orientations in chopped fiber mat results in still lower 0° moduli.,, but higher 90°

moduli, Accurate predictions of tensile strength cannot be made from fiber tensile test
data collected at 2,5 cm. gauge length, and data at short gauge lengths is generally not
available. Low modulus fibers are more sensitive to surface flaws, and the strengths of

3 these fibers show a greater gauge length effect than high modulus fibers, that is, the
shorter the gauge length, the higher the tensile strength is. Consequently, composites
reinforced with low modulus fibers may have observed strengths that are higher than the
rule of mixtures fiber strenyth value based on a 2,5 cm. gauge length. For a 200 GN/m?
modulus fiber, the average experimental strengths are commonly 10-15% high, As the fiber
modulus is increased, fracture becomes more brittle such that, for the present surface
treated fibers of 400 GN/mZ, the fracture surface has a typical mirror-hackle appearance.
Fracture is initiated at gross flaws in the comvosites and composite strengths fall below
that calculated by the rule of mixtures, Strength values are typically about 25% low,
Tensile, and compressive strengths are well balanced with intermediate modulus carbon
fiber composites, and interlaminar shear strengths are high, Higher modulus carbor fiber
composites are often more limited by the poorer compressive and shear strengths than their
tensile strengths, However, the high modulus carbon fiber composites have a unique
characteristic in that cross plied stiructures can be made with zero expansion coefficient.
This allows extremely light stiff, strong, dimensionally stable structures to be made.

etk A2l

The properties of PRD-49-3/epoxy composites are shown in Table 10, While the tensile
strength of the compogites is good, compression and bend properties only match aluminum.
This limits the usage areas to pure tension applications such as pressure vessels if
maximum performance is to be achieved. However, combinati ons of PRD {(for tension) and a
surprisingly small amount of boron (for compression) are attractive for hybrid composites.

Bozon/aluminum composites can be fabricated by either plasma spraying or diffusion
bondinz (Table 11), In general, diffusion bonding gives superior properties. Early
diffusion bonded samples often failed in 90° tensile tests by fiber fracture ox inter-
facial debonding. ‘The higher 90° tensile values shown in the table correspond to recent
results with newer fibers and improved processing. As can be seen, the compressive
strength is extremely high and essentially never limiting in design, The tensile
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strength is somewhat lower than the corresponding values for epoxy matrices, but room
- temperature strength is maintained to 200°C with useful strength to 325°C.

N Table 9. Properties of Graphite/Resin Composites (16,17,22)

L J

4 ms, I HIS, II 5T sy HMS  HTS
L Cycloaliphatic Epoxy Polyimide
L Mat Continuous Mat (Continuous __ —
Fiber Volume 55 54 55 60 60 60 6l 57
; 0° Tensile Strength (GN/m?) .70 1.38 1.17 1.03
3 0° Tensile Modulus (GN/m?) 179 131 172 207
3 90° Flexural Strength (GN/m2) .055 .037 .083 .041
3 90° Flexural Modulus (GN/m2) 9.65 8.2 8.96 6.9
3 0° Flexural Strength (GN/mz) .61 .95 1.08 1,65 1.45 1.38 1,07 1.56
3 0° Flexural Modulus (GN/m2) 165 186 103 124 172 207 193 159
3 0° Compressive Strength .81 1.43 «96 .83
4 (GN/m2)
Interlaminar Shear
Strength (GN/mz) .055 .072 .103 .131 .090 .076 .065 .098
0° Thermal Conductivity
(cal/cmesec.°C) (x 10~4) 400
90° Thermal Conductivity
(cal/cmesec.°C) (x 10~4) 15
0° Thermal Expansion Coef,
(x 10~6) -0.6
90° Thermal Expansion Coef.
(x 1076) +29

* HMS, HTS: Hercules-Courtaulds high modulus and high strength fibers, respectively.
I, II: Morgan-Whittaker high modulus and high strength fibers, respectively.
ST, GT: Great Lakes Carbon 50 and 60 million modulus fibers, respectively.

Table 10. Properties of PRD-49-1I1/Epoxy Resin Composites (@7

(Uniaxial Layup, 60 v/o Fiber, BP 907 Resin)

(A 202
Tensile Strength (GN/m?) 1.45 .019
Tensile Modulus (GN/m2) 87 8.0
Flexural Strength (GN/mz) (Yield) .34
{(Ultimate) 0.7

Compressive Strength (GN/m?) 25 .082
In-Plane Shear Strength (GN/m?) (55 v/0) .039
In~Plane Shear Modulus (GN/m?) (S5 v/o) 2.8
Short Beam Shear Strength (GN/m?) .069
Poisson's Ratio 0.32
Coef, of Thermal Expansiom (°C x 105) -6 +
Thermal Conductivity (54 v/o) (cal/sec/cm/°C) 40 x 1074 3.4 x 1074
Moisture Regain (Fiber only) 1.5%

, Density (g/cm3) 1.37
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Table 11, Properties of Boron/Aluminum Comj oaites(24'25)

(Uniaxial). Layup, 48 v/o Fiber, 6061-T6 Matrix)

R

100gm dia,  140um
3 Filament
Plasma Spray Diffusion Bond 3
0° Tensile Strength (GN/m2) 1.2 1.4 1.5 :i
, 0° Tensile Modulus (GN/m2) 207 234 228 3
1 90° Tensile Strength (GN/m2) .10 .28(.11)  .28(.15)
rf 90° Tensile Modulus (GN/m?) 83 165 186
E 0° Compressive Strength (GN/mz) > 4.3 > 3,2
0° Compressive Modulus (GN/m?) 234 228
Interlaminar 3hear Strength (GN/mz) .089 .
4 Shear Modulus (GN/mZ, 48 g
3 Poisson's Ratio .22 .22 3

V. Conclusions

The development of high strength-high modulus fibers provides significant potential
increases in hardware performance, Furthermore, the continued development of these
fibers can be expected to further improve properties and also to reduce cost. The
3 incorporation of these fibers into structural materials has been successfully accomplished
3 with good translation of the fiber strength to the composite strength. At present, the
improvements in performance are not being exploited because of the high material and
fabrication costs at the current low volume production and lack of confidence, It is ;
3 believed that costs will decrease with increased volume and development of new low cost 1
fibers, Lack of confidence, however, must be overcome with experience and a much broader ;
q data base than is now available. ]
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SUMMARY

The use of advanced composites as a primary structural material for aircraft struc-
tures has required alteration of the characterization and design process., Specific de-
partures from conventional lightweight metal design practices have resulted because of the
E fabrication and process control characteristics, the failure characteristics of the mate-
3 rial, and the additional structural design variables, Each of these subject areas with
the attendant impact of composite materials on design practice will be reviewed. Case

examples from actual prototype hardware are presented,

ASSTAVIM, v mekams o

INTRODUCTION

The conversion of advanced rilaments and matrices into aircraft structures has been
guided by a single overwhelming requirement--reproducibility, The successful use of

£V

i aluminum alloys in aircraft structures has been primarily a consequence of in-process

{ control and reproducibility of vital components, This parallel in composite materials 3

3 is the antithesis of the material design problem. While it may be theoretically possible i
to construct an ideal material for every given application it then becomes necessary to :

characterize a wide variety of structural materials within a gingle filament matrix com-
bination. When one considers the testing, the di.ta development, and the process control ¢
standards development required to produce consistent aircraft structural components it is i
soon determined that utilizing the ultimate advantage of composite materials is, at least

for the short-term problem, impractical. This has led to the conception of material sys-

tems. In material systems, the components are optimized for a broad class of applications

within aircraft structures. The constituent properties, filament volume/matrix volume

relationships, and process control parameters for producing the final form of the material k
are standardized. This standardization has led to a set of reproducible materials for E
which characterization processes and standard design data presentation techniques allow k
the material to be confidently designed for a wide variety of aircraft structural com- ;
3 ponents. Implementation of the material systems into the structural design process is i
dependent upon the characterization data, criteria postulation, and design data presenta- ;
tion to the product designers, Each of the cited steps are mutually dependent upon under-

standing the structural characteristics of the materials.

3 CHARACTERIZATION STRATEGIES

The basic material unit for an advanced composite system is the lamina or monoply.
This lamina consists of filaments bound in a partially cured matrix and temporarily bonded
to some suitable carrier form so that the material can be handled. Boron-epoxy production
tape is shown in Figure 1. The monoply can usually be characterized as a transversely
isotropic material. The stiffness characterization for membrane stress applications neces-
sitates measurement, as a minimum,of the elastic modulus parallel to the filaments, the
elastic modulus perpendicular to the filaments, the Poisson's ratio, and the in-plane
shear modulus of the basic lamina unit. The lamination theory can be used to compute the
basic stiffnesses of laminates constructed from the lamina. The stiffness characterization
process is complicated by the fact that the matrix dependent properties, i.e. the trans-
verse moduli and shear moduli, are time-dependent and nonlinear in stress and time. This
may geem to be an insurmountable complication; however, in practical laminates, the design
objective is to provide maximum atrength for the actual load demands of the structure.
Congsequently, the laminate properties are generally filament property dominated. The non-
linear extensional deformations are controlled by matrix properties. For the practical
structure, the problems of characterization of the matrix dependent responses beccme
second order. An exception is glass-spoxy for which filament viscoelasticity is important.

Two alternate strategies have been developed for the fracture process. The first
approach considers that structural collapse will occur when any stress at a point in the
structure reaches a limiting value as defined through lamina and laminate test, This
strategy implies that by characterizing the structural capacity in the principal direc-
tions for the laminae, performing the lamination analysis, conducting an elastic structural
analysis, and subsequent application of a failure theory a sufficient characterization of
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the structure will be obtained, This has been found to be applicable for the design of
composites in the areas of continuous material., 1In the design of major attachments, cut-
outs, and examination of the damage tolerance of the material, an alternate concept has
been explored. This concept treats structural breakdown as dominated by local performance
of the material and is closely related to the fracture process of a brittle solid. This
behavior has been demonstrated in several experiments. The introduction of a sharp flaw
fnto a composite material results in a size dependence which is suggestive of a fracture
toughness controlled failure mechanism. A consequence of the behavior is pronouncad
scaling dependence of the composite structural properties,

Fatigue characterization has been pursued using two alternate strategies--use of
simple history (constant amplitude) characterizations to produce a data base for damage

rule analysis and use of random history characterizations for the examination of history
effects on fatigue life,

CHARACTERIZED SYSTEMS - BORON/EPOXY

Boron-epoxy was the first advanced filament-based material system developed in the
United States. About six munths were required to develop this material system after
stabilization of filament production. A variety of filament spacings, constituent prop-
erties for the matrix, and basic forms for the material tape system were explored, In
some of these initial systems, matrix properties were found to be of primary importance
in successful conversion of the bundle strengths of the filaments into laminate strengths
for the engineering laminate. The first sandwich beam tests were tests to indicate the
ultimate potential of boron-epoxy. Development of a reproducible tensile coupon actually
trailed the development of the materials system by approximataly one year., The early
development of boron-epoxy was guidad by observations made with the sandwich beam tests
as shown in Figure 2 (Reference 1), The key to the sandwich beam test is the method used
to introduce the load into the test specimen facing sheet., This specimen design trans-
lates to the entire structure where attaining a high structural efficiency in the composite
structure is also dependent upon a carefully designed load introduction scheme,

The stiffness of a boron-epoxy laminate can be adequately characterized, at least for
the initfal portion of the stress-strain curve, by first characterizing the laminae prop-
erties and following this with a lamination theory based analysis. The failure mechanisms
of complex laminates in boron-epoxy have been studied; however, one of the objectives in
developing the material system was to extend the transverse ply failure strains to levels
equal to the strain failure for the properties parallel to the filaments, This resulted
in a material which could operate at stress levels in the neighborhood of 2/3 of the
capacity of the filament controlled failure modes without substantial degradation in matrix
dependent propertles, The breakdown of the transverse lamina can be discerned within the
stresg-strain curve of the laminate (Reference 1). Calculations based upon sequential
breakdown of lamina can be made to estimate the ultimate strength capacity of boron-epoxy
laminates (Reference 2).

The coefficient of variation in strength for boron-epoxy has been shown to trauslate
from lamina to laminates (Figure 3) and from unnotched specimens to specimens with small
round holes (Figure 4) (Reference 3). For a round hole, the strength capacity of an in-
finitely wide sheet is strongly dependent upon hole radius (Reference 4),

For flaws, the load capacity of a composite structure has been found to be fracture
toughnes: rontrolled., The effective fracture toughness of boron-epoxy may be deduced
from either hole radius experiments or sharp flaw experiments. It has also been found
that standard characterization techniques, (sandwich beam test, a simple coupon test, and
quality control level flexure tests) can be statistically correlated (Reference 5).

Boron-epoxy, in production tape forms, is a brittle material with a coefficient of
variation in strength comparabl : to aircraft metal alloys. For a sheet of material to
be used in membrane applications, the material variability is preserved with and without
discontinuities. At a discontinuity, such as a round hole, the fracture prnness is sta-
tistically independent; hence, structural strength is a function of comple: ..y (number
of holes and fastening techniques). The endurance of laminates with unloaded discontin-
uities is remarkably high (Reference 4), The material has reached a point of production
application.

CHARACTERIZED SYSTEMS - GRAPHITE-EPOXY

Graphite-epoxy has not evolved into a single family of specified tape systems such
as boron-epoxy. This development has been initiated; however, it has been impeded by th:
wide variety of filament/matrix forms available. 7The potential application of a graphite-
based composite system offers attractive properties at what appears to be a substantially
lower price. Certain candidate graphite-epoxy tape . ' ~m8 have received preliminary
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characterization. These systems have been formulated to meet requirements similar to tte
requirements specified by boron-epoxy for reproducibility and for structural properties.
The reproducibility has not been met in the tape system; however, this appears to be a
consequence of the state of development rather than a serious impediment to the future
development of graphite-epoxy. Proceeding aguin as with the previous characterizations
of boron-epoxy the stiffness characterization can be adequately completed by characteriz-
ing the basic unit, the monoply, and utilizing monoply properties and laminate analysis
to give preliminary predictions for the stiffness of engineering laminat2s. The fracture
process for graphite-epoxy appears to be identicil to that of boron-epoxy. The fracture
sensitivity to flaw size and flaw shape is as important as it is in boron-epoxy. The
fatigue characteristics of graphite-epoxy appear to be superfor to other available engi-
neering materials, 1In fact, in one set of experiments a sharp flaw was implanted into
the material and resulting fatigue experiments showed an actual increagse in residual
strength (Reference 4). The hole size dependence problem for the case of a round hole is
as important in graphite-epoxy as it is in borra-epoxy. In fact, most of the initial ob-
servations of the fracture characteristics of the advanced composite systems were made in
graphite-epoxy. The coet trends for graphite-epoxy are very encouraging. A material form
Structurally equivalent to boron-epoxy can be obtained at prices which may bottom out in
the $30 to $40 per pound range at projected material usage requirements over the next -
years. This means that a substantial proportion of the development of advanced comp

in the United States is focused on the optimization and the development of a materi: .
system that can be reproduced and used to fabricate major parts.,

JOINTS

As discussed earlier in the presentation of test techniques, load introduction into
a composite structure is a key feature of the design of the structure. Thus it seems
appropriate to present the development of major attachment systems within the same context
as the development of the material system. When a bolted joint or a bonded joint is in-
troduced into a composite structure, the character of the mechanical breakdown of the
structure is vastly altered, [n this case, matrix properties become very important and
many of the structural failvce modes observed appear to be closely related to the mechani-
cal breakdown of the lamirate as observed in matrix dependent failure modes. The system
used to fasten the composite structure must be developed independently and the treatment
of the fatigue characterization and the static characterization of the major attachments
must be treated independently since the failure characteristics differ from thosc of the
basic material. Two techniques have been developed to characterize bonded joints. The
first of these techniques is the classification of the static fracture characteristics of

the material with respect to available strengths, available efficiencies, and the fracture
process, The second technique is the characterization of the fatigue properties of bonded
joints. 1In bonded joints, development has been concentrated on three basic configurations:

the step-lap joint, the tapered starf joint, and the multiple step joint configuration.
Preliminary design data is available for each of these configurations and limited data is
available on the scaling of a design as different load intensities are incurred in the
basic joining area. Fatigue problems associated with joining appear tc be of the same
magnitude as those encountered in designing splices for metal structures. The slope of
fatigue S-N curves appear similar to the slope of the S-N curves achieved for a metal-to-
metal joint either with comparable adhesives or under a comparable Kp (Referenmce 6)., The
load history effects on the anticipated life of the joint must be treated carefully (Ref-
erence 7). The design of bolted joint systems has also received parallel development
through the bonded joint. Initially, a bonded joint was thought to be the most efficient
Joint configuration; however, bolted joints have been shown to be :qually feasible; in
some instances bolted joints have been shown to be competitive from a weight standpoint.
The static fracture capacity of bolted joints has been determined to be scale dependent.
In fact, in developing bolted joint data careful attention must be paid to the absolute
dimensions of the system as well as the nondimensional parameters of the joint. The

fatigue in a bolted joint has been repc.ted only for a constant amplitude characterization.

In these characterizations; however, the bolted joint fatigue response is comparable to

the fatigue response of a bonded joint, Attachment systems paralleling the basic material
system development have been developed for the development of advanced composite structures.

CRITERIA

Boron-epoxy was developed as a direct substitute for metai in aircraft structure,
Initially, the criteria postulated for designing metal structure was utilized in design-
ing composites. For the substitution designs examined, the strength/lifetime character-
istics observed have been equivalent to those for metals, For the first stage in the
development of advanced composites, this has been a feasible and useful approach. The
original design criteria was postulated under three major assumptions--(1) no changes to

current Air Force structural deeign criteria with respect to loads and overall safety fac-

tors, (2) special criteria applied to expected operational stresses to prevent mechanical
breakdown of the composite matrix and (3) allowables philosophy similar to current metals
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practice. The criteria for structural characterization was developed to allow freedom
in laminate optimization. Current design criteria may be stated as follows: (1) Design
¢ ultimate load results in a stress that does not exceed the design ultimate stress for the
1 laminate used (Figure 5), where design ultimate stress is the maximum stress obtalnable
without rupture of any lamina. (2) Design limit loads are defined by vehicle specifica-
tion and shall result in a stress that does not exceed the design limit stress for the
laminate used, where the design limit stress is the stress beyond which the laminate
suffers damage or degradation of stiffness.
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For the characterized systems previously cited, the material properties perpendicular
4 to the fiber direction dominate the limit load failure of the laminate, Figure 6. This
results from failure of the matrix, Although the linear properties dominate the design,
secondary failures such as matrix crazing, loss of environmental resistance, and loss of
capacity to maintain fuel and other fluids can be avoided completely if the previously

4 mentioned criteria are followed. The resulting designs will provide superior fatigue life,
Even with the conservative criteria, a substantial advantage in mechanical properties can

] be observed for advanced composites over typical aircraft structural materials. An example ;
of the impact of this type of criteria and the selected design stress levels for boron- ¥
epoxy is shown in Figure 7, and an example of the presentation of the stress allowables
information prepared within the characterized material properties presented and tie cri-
teria statement is shown in Figure 8.
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The postulated criteria is effective only in predicting the strength capa- . - :il-
able in the material for the case of the pristine material and limiting size ¢ ¢ =u:
discontinuities, Current research in fracture mechanics of composite material. - . er-
mined the relationship of fracture statistics to design allowables for the mate._. . and
rational technologies for predicting damage accumulation rates for the materisls. As the
number of members constructed from composite materials increase, the criteris statements
3 will probably be re-examined and explored further. 3

TN

FABRICATION METHODS

Composite material systems were developed with future fabrication methods as a domi- E
nating factor in selection of material form. The material appears as a collinated set of 4
unidirectional filaments carried in a semi-jelled epoxy resin with a backing scrim mate-
rial and a paper or other easily removable carrier which renders the material handleable 3
(Figure 1). This composite tape system can be applied lamina by lamina to form plies and 3
: plies can be ?minated to form a part. Two methods are generally used to fabricate ad-
vanced composites parts. These include hand lay-up of a lamina on Mylar templates which
give the shape to be used in the construction of a part, These Mylar templates are then :
transferred to a master bond form, and the tape materials are sL-*;;:d from the template (
and laminated ply by ply outward in the direction of the maste:' template. 3

PN S

A scheme for the lay-up of the tape has been developed in the form of tape laying
machines (Figure 9) which fully automate the process including delivery of tape in the
proper direction on the master bond form. The machine laminates the tape side by side
and shears the material at the boundaries of the parts., Typical components fabricated
from the advanced composite materials are shown in Figure 10. Woven materials have not
been developed from the advanced composites. The degradation in strength caused by weav-
ing plus the difficulties in maintaining resin content control in such materials have
precluded their use for high-performance parts. Drilling and machining of graphite-epoxy
parts can be accomplished with standard tools. Because of the hardness of the boron fil-
aments, diamond tools or ultrasonic machining techniques must be used ~o provide attach-
ment holes,

b
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In general, it is most cost effective to construct the parts to the correct size,
leaving only the minimum amount of trim, The material scrap factors described in thke pre-
ceding paragraphs are exceedingly low. While the material costs are high, the low scrap
is an offsetting factor when compared to the cost of construction, and when compared also
against machining aluminum parts, for which in the case of integrally machined parts, in
accegss of 907 of the material is not used,

MATERIAL IMPACT UPON STRUCITURAL DESIGN

AL s U0 ot oy & 2l AL TNV i VAN S i K 2,

The full impact of composite materials in the design of structures has not been
realized., Some reflection of the physical properties of the material indicate that sub-
stantial alteracions will be made in the design pro.ess as use progresses., Initial ob-
servations indicate that because the material does not yield there is a necessity that a
more detailed analysis be made earlier in the design process to avoid stress concentra-

tions and to formally define major load paths in the structure. Because of this demand 3
teams of specialists, including designers and stress analysts, have resorted to the ;
application of large scale structural analysis techniques such as the finite element method k
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. for determining thke distribution of load within a structu.c, even early in tne preliuinary
" design process. Because of the difficulty and number of computavions involved in even

the simple strength analysis of composite materials, digital comoutexs are employed even
for determining design allowables and checking safety margins (€ the design. Many por-~
tions of the design process have been fully automated, and the metnods kave been utilized :
for fully automated redesign of structure, Beyond the impact that composite material has <
on the simple calculation efforts required for the design of a structure ar: the fuinda-
mental impacts on the allowables philosophy, criteria and characterization strategy.

P

A

Advanced composite materials are brittle, but they possess a low coefficient of ver-
iation in filament-dominated ifracture processes., The materials also do not have a propen-
sity for through-crack nucleation or propagation during cyclic loading processes. It has
beer demonstrated that tFe fracture statistics for advanced composite materials translate
from straight unnotched specimens tc specimens with uniformly sized flaws, without dis-

! tortion of the coefficient of variation of the materiai. This indicates that the failure E
process is relatively independent of surface area in a laminate since a 1 x 9 inch coupon :
will give approximately the same variability in fracture as an area a quarter of an inch
square, as in the case of focusing the stress concentration near a small round hole.
However, individual flaw sites must be assumed to be statistically independent. A penalty
in mean capacity of the structure must be paid for increasing design complexity. This is
in contrast to the response of mr*~al where the effects of plasticity in at least the static
case negate much of the penalty which would be a result of increasing the complexity of

the structure. Thus, there are quantitative arguments which reinforce the designers in-
tuition that the most reliable structure is the simplest structure that can be made to do
the job. With respect to fatigue performance, the major portions of the structure which
are fatigue critical have been found to be .o history dependeat that the most acceptable
characterization strategy is a real-time, flight-by-flight random simulation of the ex-
pected service environment for both des-.4n development tests and for major structural
component qualification tests. Because of the uncertainties involved in scaling from
laboratory structures to full-scale structures, careful attention is being paid to the
quality of the data which can be scaled and to the quality of the data which cannot be :
scaled. Even with the use of the best analytical techniques, the probability of a de- y
signer achieving a safe design without first going through a development test program is
sufficiently small that any attempts to achieve quantitative reliability must be coupled
with full-scele testing. The material impact on structural design has not been rapid; in
fact, the first stage has been to develop materials systems which exhibit characteristics
3 that allow them to directly replace a metallic structure, Where the comparable metal

3 component exists, direct one-for-one weight savings comparisons have been made at the ex- 4
treme of minimum efficiency. This is a direct one~-to-one substitution of a composite
component fnr a metal component, This stage is being outgrown as the weight savings
available with advanced composite materials have been established. Thus, the full impact
of the physical properties of the material will be realized as the technology is scaled i

up to the conceptual design stage.
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ANALYSIS OF COMPOSITE STRUCTURES

The availability in the aircraft companies of large-scale digital computation has
been a key feature in the rapid introduction of composite materials from the state of the
simple material system to full-scale working flight hardware. The necevwiiy of digital
computation is easy to realize. First, consider the computation required for the simple
determination of the state of stress in a laminate at a point. Using the assumpctions of
lamination theory, it is found that the lamina stiffnesses must be transformed from the
lamina reference axes to the particular axis for a global reference in a laminate. Fol-
lowing this operation, the individual stiffnesses of the layers must be summed in scalar
operations involving thickness for the delermination of both inplan~ extensional stiff-
ness, coupling stiffness, and bending stiffness for a laminated structure. Following the
determiration of the distribution of strain in the structure, the system must then be de-
composed from the basic membrane strains and curvatures applied to the element to the
strains in the lamina for either stresses or strains for comparison with failure surfaces
(Reference 9). Conducting these operations with slide rule computation simply impedes
the capability of the design organization to consider either sufficient lamination patterns
to optimize the structure or sufficient points within the structure to allow full confid-
ence in the integrity of the component. Thus, the role of the digital computer has been
an integral part of the growing composite design capability.
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ANALYSIS OF LAMINATES

Most major design crganizations in the United States have the above-mentioned opera-
tions involved in determining the constituent properties for laminates and the decomposi-
tion of strains and curvatures into information for design allowables fully automated and

! directly accessible to the design engineer. These laminate analyses proceed from a variety
of agsumptions from the first, simple application of yield thecsy, and appropriate failure
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surfaces for estimates of damage threshold or linear projections of the ultimate capacity
of the material. The same prccesses have been developed to account for additional prob-
lems such as change in stiffness cf the laminate due to progressive breakdown of the
lamina and extensions for prediction of ultimate strength when, for instance, the break-
down (Referance 2) of the non-load-bearing direction material in a 90 + 45° liaminate coa-
trols the basic fracture of the larinate system, Theee analysis procedures appear in

the form of computer codes and the development of a capable design ovganization requires
training engineers in the use and interpretation of the data from the codes,

ANALYSIS OF ELEMENTS

The next level of analysis has been to code the behavioral response of generalized
composite elements such as flat plates, (References 10 & 1l1), stiffened panels (Reference
12), cylindrical shells (Reference 13), and other basic building block elements for air-
craft structure. The analysis required to determine the state of inplane strains and
curvatures in these types of building block elements have required a generalized imple-
mentation of numerical methods for solving the boundary value problemg. This is princi-
pally due to the anisotropic behavior of the material which renders close-form solutions
available for only the simplest of elements., In the library of already catalogued tech-
niques, are inclvded methods for the analysis of anisotropic plates for lateral loads,
dynamic response, and stability (Figure 11) for the cases of both uniform and ncnuniform
boundary tractions, and for distribution of material properties in the element. In fact,
a library of analysis procedures is available for most of the elements commonly encountered
in the design process.

ANALYSIS OF COMPLEX STRUCTURES

The finite element method has been almost universally used (References 14, 15 and 16)
in making further analyse ~f major structures for determining load path stiffnesses for
elastic computations and vz ..sal modes for failure computations. Finite element methods
reduce the problem of elastic or nonlinear analysis of a complex structure to a problem
of almost elementary bookkeeping; therefore, it is particularly amenable for use by design
engineers and people not completely familiar with the theoreticai bases of the methods.
This has made the finite element methvd particularly amenable to the analysis of the com-
plex advanced composite structure, While the task in finite element analysis has been
reduced to a description of the geometry, appropriate selection of element locations, and
coding the appropriate deta for final solution of displacements and internal strains in
the structure to a protiem of bookkeeping, the data management problem, nevertheless, is
quite difficult,

The need to obtain relatively precise information on the distribution of internal
forces and strains on the structure even earlier in the preliminary design process has
caused consideirable emphasis to be placed upon development of methods to automate the
development of the finite-element representation of a complex structure. One of the most
highly developed areas is the utilization of the digital computer for numerical descrip-
tion of lines and subsequent division of the structure into a finite element simulation
for wings and empennage-type structure (Reference 17). This coding of the appropriate
gsoftware for immediate evaluation of the structures was deemed necessary because of the
first-order importance of the participation of the structural stiffness in such failure
modes as static aercelastic divergence and flutter stebility of the aircraft. Specific
procedures have been developed which allow the development of a complete simulation from
a first-order description of the structure such as basic airplane geometry and desired
surface network to a grid for the finite-element simulation. The need for this type of
analysis can be seen when one realizes chat for a single planform and within a single
weight it can be shown that varying material orientation in the composite structure can
caugse a fluctuation in flutter speed of approximately 40 percent for equal weight struc-
tures. All of the sctructures are not acceptable from the standpoint of strength, and
this latitude in an interaction between strength and flutter speed for composite lifting
surfaces forms a formidable design problem which is being investigated. Generally, if
careful simulation techniques are used and care is taken to ensvve that the fabrication
processes are represented correctly, an accuracy in the neighborhood of 5 percent on
such gross responses as vibration and normal modes can be achieved for large-scale complex
structures. It is also noted that the displacement related phenomenon such as stability
and vibration response are found with first-order accuracy. Distvibution of the stresses
within the structure are not as accurately represented, and the failure mechanics knowledge
is not sufficient to precisely detail the strength of the structure. A distribution of
strength in composite structures as tested in the United States has shown the accuracy
of the design process is, however, equivalent to the accuracy which can be obtained in
the design of metallic structure, The availability of the methods for the analysis of
complex structures has been a key element in the rapid advancement of composite design
technciogy.
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EXPERIMENTAL METHODS FOR COMPOSITE MATERIALS

v

B.E. Read and G.D. Dean
Division of Materials Applications, National Phyaical Laboratory,
Teddington, Middlesex, TW11 OLW, England.

SUMMARY
A vide range of techniques is discussed for measuring the elastic, viscoelastic, ultimate strength,

thermal and electrical properties of fibre reinforced composites., Main emphasis is given to the determina-
tion of the basic properties of unidirectionally reinforced composites and, for this purpose, the
mechanical test samples considered are mainly in the form of rectangular bars. However, some consideration
is given to methods involving honeycomb sandwich structures, circular rods, plates, rings and cylinders.
For determining tbe static Youngs moduli and Poissons ratios, tensile and compressive tests are considered
in addition to flexure methods (cantilever, 3-point and 4-point) and also the honeycomb sandwich technique.
Methods for measuring the shear moduli include both torsion and off-axis tensile tests. Comparative
elastic data obtained by these methods are collected and discussed for unidirectional silica fibre-epoxy,
carbon fibre-epoxy, boron fibre-epoxy and boron fibre-aluminium composites. Creep and stress relaxation
methods are outlined for studying time~dependent vizcoelastic behaviour and results illustrated for nylon~
rubber and boron-spoxy composites., Several dynamic tests are described including the low fregquency forced
non-resonance, torsion pendulum, audiofrequency resonaace and ultrasonic pulse techniques. Dynamic
elastic constants and damping factors are illustrated for carbon fibre-epoxy composites as a function of
frequency and fibre volume fraction., Methods are assessed for determining the tensile, compressive,
flexural and shear strength, fracture energy and fatigue life, and selected data are illustrated for some
carbon fibre, boron fibre and glass fibre composites. Techniques for measuring the thermal expansion
coefficient, thermal conductivity, heat capacity, electrical resistivity, dielectric constant and loss
are outlined, and some results presented for unidirectional carbon fibre compositea. Brief mention is
made of magnetoresistive and thermomagnetic data obtained on a composite formed by the unidirectionsl

solidification of a cutectic InSb-NiSb mixture.

1.  INTRODUCTION

Oving to the structural complexities of fibre reinforced composites, an adequate characterization of
their properties frequently requires the combined appiication of several experimental techniques. The
purpose of this paper is to survesy the range of available methcds for determining the elastic, viscoelastic,
ultimate strength, thermal and electrical properties and to present and discuss comparative data for a
number of composites., Major emphesis will be given to the determinavicn of the basic properties of
unidirectionally reinforced compcsites and, consequently, many of the sele.i¢d methods apply to specimens
in the form of narrow rectangular bars. However several of the tests are applicable, either directly or
with some adaptation, to plates, and some consideration is also given to methods based specifically on

eircular rods, honeycomb sandwich structures, plates, rings or cylinders.

The most obvious feature of unidirectionally reinforced composites is the extreme directional
dependence, or anisotrcpy, of their mechanical properties, and this fact can have an important bearing on
+the selection of experimental methods and on the interpretation of data. In the case of composites con-
taining polymeric matrix materials, the viscoelastic behaviour must al<o be considered. This behavicur
manifests itself, for example, in u dependence of the apparent elastic constants on the rate of loading in
a stress~strain measurement or on time for specimens subjected to a constant load or deformation. Certain
of the strength, thermal and electrical properties will also be directionally dependent and may depend on
the experimental time scale. For determining the elastic, viscoelastic and strength characteristics, the
same basic method can often be erployed. However, since this is not generally the case, and since a
given method ususlly requires modification depending on the property under invesiigation, the determination
of elastic, viscoelastic and strength properties will be considered separately in Sections 2, 3 and L and
a brief outline of thermal and clectrical measurements given in Section S. This subdivision is also

convenient for purposes of data comparison.

2. MEASUREMENT OF STATIC ELASTIC PROPERTIES

Most studies of the elastic properties of fibrous composites have involved pseudo static tests in
which the stress-strain measurements are made at low rates of loading or after sufficient periods of
elapsed time. Besides the possibility of rate dependencies, the stress-strain curves may also be non-linear.
In specifying the elastic constants of a material it is therefore necessary to verify, or assume, that the
stress becomes linearly dependent on strain when the latter is small, For quasi-homogeneous anisotropic
materials, the elastic properties may then be defined in terms of the generalized Hookes law (1). Using
contracted subscripts i and j each having values 1, 2, 3, I, 5 or 6, equivelent in tensor notation to
11, 22, 33, 23, 13 and 12 respectively, Hockes lav may be written as,

e (1)
een (2)

<1i = c” C’

or T
are stress and strain components, respectively, being normal components for
and s are modulus and coupliance

vhere the o, and €
th-1 snd we note that the

im1,20r Y and shear components for i = L4, 5 or 6. The cIﬁ

components, respectively, related by the matrix inversion &, = B ,
repeated subscript j in equations (1) and {2) indicates sumdation frod 3 to 6.
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3
Under conditions of static equilibrium, strain energy considerstionz ensure that g

5, = us# s and semple symmetry may cause a further reductzon in the number of ...udependen& el(’nt:.c

o{mt 8. Vor & unidirectionally reinforced composite it is customary to take direction 1 parallel to

the fibre direction and directions 2 and 3 perpendicular to the fibres and in the vidth and thickuess

directions, respectively, where appropriate. If these directiors correspond also to the orthogonal

reference axes parallel to the sample faces, and the fibres are randomly packed in the transverse plane,

then the specimen becomes hexagonally symmetric and is characterized by five independent moduli o.

compliances (1),

-
b

1/

E,
83 = 1/E,
13 o "’12/31

SEE Ani ke .

-
~

eee (3)

22 =~ 83) =5 (1 4+ v,) =1/6, :

23 2 /¢

and the remammg ¢, 's and 's are zero. Here we have adopted the usual terminology, according to
which E, and a’re the respe’ctr ¢ Youngs moduli measured in directions parallel and perpendicular to
the fzbres, are sk . woduli for shear forces in directions 2 and 3 and on planes perpen-
dicular to 1 a.n%. 2 reapec%:.vely, N vn(- czlcl) and vy (--s /c ) are Poissons ratios obtained from ;
appropriate atrain measurements during successive loading m the 1 and 2 directions. It follows that the E:
five independent compliances, and hence modul:.. can be determined from a combination of two tensile (or ;
compressive) and one shear (G,,) experiment. In practice the measurement of G,; may serve as an 3

g aiternative to the determnatxon of Voo

T

oy

For very thin specimens, such as composite plates, subjected to stresses ian the 12 plane, the planz
stress condition My =m0, =g =0 is frequently assumed. When referred to the principal directions 1
and 2, the specimen is temd orthotropic end is characterized by four independent compliances 8

and Be6 where the 's are givan by Eq. (3). Alternatively, four reduced stiffness componen%a

Qu, Qu, le and Q“ be invoked where Q” = c” c” /°33 tor i, =1, 2, and O‘“ = C6°

In cases where the fibres are oviented at some angle other than 0° or 90° to the sample faces, then
the sample symmetry is reduced and the mumber of non-zero conacants increagses. With reference to the
sample axes, we denote these transfomed constants by ' and note that the zvaluation of
the matenal constants ¢, from the men red ’vu.luea ot' respectively,
can be effected by sta.ndu’d u’nstormt:.d&x procedures (1, 2). The basic :&astzc stzfmess’es can also
4 be used to predict the elastic properties of certain multidirectional laminates formed from congecutn.ve p
3 layers of differently oriented orthotropic sheets (2). As shown in Section 2b, the results of laminated |
plate theory can be used to estimate G,, from tensile tests on bidirectional (cross-ply) specimens. d
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28, Meesurement of Youngs Moduli and Poissons Retios
Axial Tensile and Compressive Tests

T e

According to Eq. (3), the compl:.ances s 29 8129 8 and 8, can be determined from mcasure~ 3
ments of the Youngs moduh E, and er Po:.ssons ratios v, and v,,. These quantities are 3
conveniently determined by uniaxial loa,dmg as in Fig. 1, using a tensile testing machine equipped with
calibrated load cell, and employing either strain gauges or extensorsters to measure both longitudinal and
lateral sample deformations. The specimen shape and dimensions are not critical for tensile modulus k

determinations, pro—iding that a reasonably long gauge :
length of uniform cross section is available, The use
of end tabs on the specimen is desirable for purposes
7777 of gripping, and self-aligning grips serve to avoid the
application of bending moments. Reference 3
Load cell illustrates an experiment".n.]-. set-up which uti1i§ea
(w) extensometers for determining the Youngs moduli and

Poissons ratios of AGARD silica~epoxy and silica-phenolic

composites, For an applied load W parallel to the

fibre direction,

W L
E = [ALabL ree ()

r and v, *® [%]1- [%}‘-’—{)‘-]1 <o (5)

whereas for lcading perpendicular to the fibre direction,

o L

¢

E, * | % ab ]2 .es (6)

Moving
grip md vy, [ o ]2 vee (D)

In these equations a, b and L are the initial
specimen widths, thicknesses and gauge lengths,
FIG.I TENSION OR COMPRESSION respectively, and AL, Aa and £Ab are the measured

changes in L, & and b, respectively. The subscripts
1 and 2 are included to indicate the loading
direction, and for loading in direnrtion 2 the fibres are
taken to bYe parallel to the width aimenesion a.

Equations (L) to (7) can also be used to determine the Youngs moduii and Poissons ratios for specim.as

subjected to compressive loading. For compression measurements, shorter specimens of relatively large

cross-sectionsal areas sre desirable to avoid buckling. The technique is particularly useful for determining
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the transverse properties E3 and Vas siuce, in the transverse direction, samples are relatively weak in
tension. If both medulus and ultimate” strength values are required (i.e. the complete stress-strain curve)
then the smple dimensions and alignmant techniques become more critical in order to avoid failure in the
clamping regions. References 4 to 7 give a number of specimen dmena:.ons which have been used, and

Park (8) hes recently repcrted clamping methods and a "dog bore" shaped specimen which yield lugher values
for both modulus and strength.

Flexure Methods

The moduli E, and of unidirectional composites can also be determined from various flexure
tests on beams having fibres oriented along the length and width directions, respectively. The cantilever,
3-point and k-point bending methods are most familiar. In the cantilever method, the sample is clamped at
one end, as shovn in Fig. 2, and tue displacement at the opposite end is measured as a function of the
applied load W. An inhevent problem associated with this technique arises from the occurrence of both
longztudmd and shear deformations, and this
problen is particularly severe for fibrous com-
posites owing to the large E/G ratios typically
encountered. For isotropic beams, Timoshenko and
Goodier (9) have discussed the distribution of
normal and shear stresses. On each cross section,
normal (or bending) stresses are distributed across
the thickness, increasing from zero at the mid-
plane to maximum tensile and compressive values on
the upper and lower surfaces respectively. Along
the length of the beam the normal stregses increase
from zero at the loaded end to a maximum at the
clmped end. The shear stresses are uniform along
the béan length but are distributed across both
the depth and width. For narrow beems the shear
stresses are a maximum on the neutral plane and
decrease to zero on the upper and lower surfaces. - ND‘NG
For sufficiently long beams the displacement § FIG.2 CANTILEVER BE
at the loaded end becowmes,

3
WL
§ = SET oee (8)

vhere I (= ab’/ 12) is the moment of inertia of the cross section about the transverse axis., Assuming
that Eq. (8) may he applied to anisotropic beams, then measurements of &§ as a function of W can thus
yield either E, or depending on whether the fibres are oriented along the length or width of the
beam. Corrections for shear deformation may either be cbtained theoretically (9) or investigated experi-
mentally by varying the length to thickness ratio of the beam. The expermentul method also serves to
.iiminate the effects of localized stress concentration in the clamping region. Rothman and Molter (10)
have employed the static cantilever method, analysed according to Eq. (8), to determine E  for
unidirectional carbon fibre-epoxy specimens. The values obtained were about 6% lower than values derived
from the L-point bending method (Table 2), possibly due to the neglect of shear deformations.

ANANNANNANNNY

The effects of shear deformatiou also influence the determination of E, and using the 3-point
bending technique., In this method the beam is supported near to cach end, and is loaded centr&lly from
above (Fig. 3). Each side of the loading point, the distributicn of normsl and shear siresses is similar

‘to that existing in the cantilever beam and for long
beams the vertical displacement & uader the applied
load W is given by,

3
- VL
w d = ToET vee {9)
| This equation neglects the contribution from shear
deformation and also the effects duc to localized stress

concentrations and deformation around the loading and
support points. Both theoretical (9, 11, 12) and
————— L= experimental (13) correction procedures have been pro-
posed to account for these effects, ard Ogorkiewicz and
Mucei (14) have made a systematic investigation of
various types of support using a glass fibre-epoxy
specimen, In the latier study shear deformations were
- estimated to be negligible on account of the large span
FIG.3 3-POINT BENDING to thickness ratio (263), and small diameter rollers
located in semicircular grooves wers found to provide
the most suitable method of suppoit.

Problems associated with shear deformations are eliminated in the 4-point banding method in which a
pure bending moment is produced over the central gauge length (Fig. 4). With this technique the Youngs
modulus can be determined from the equations,

2
Wel ¥eb
B o* W5 " L - (10)

where W iz the total applied load, L the central gauge length, c the distance between inner and outer
pivots on each side, & the vertical deflection of the beam mid-point relative to the inner pivots and ¢
the longitudinal surface strain in the central region. In practice either & or ¢ may be determined

using, for example, & duplncuuent transducer or strain gauge respectzvely As in the case of the three-
point bending method, this technique is subject to errors arising from iocal stress concentrations,
frictional effects and indentations at the supports. The use of roller pivots vould seem to offer the
best chance of minimizing these problems (1k).
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The stress distributions and equations considered

above, relevant to the anslysis of the different
1. bending tests, are based cn considerations for w ]
5 isotropic materials. A rscent analysis at the NPL by i
Johnson (15) of the berding and twisting of /%
i enisotropic beams, has established the validity of —— - é
Eq. (10) for sufficiently long beams (L>20b) having 1
0° and 90° fibre orientations and subject to a pure 1
El

bending moment (as in a Y-point test)., Equationa T
were also derived appropriate to the l-point bending |

of "off-axis" unidirectional composites. Such e—C~-
measurements, in combination with the bending and

torsion of 0° and 90° oriented specimens, can yield

all five independent elastic constants., FIG.4 4-POINT BENDING
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Honeycomb Sandwich Tests

Many of the experimental difficulties encount.~-
ered vwith the tensile, compressive and flexure tes:s
can be eliminated by the use of a honeycomb sandwich
structure (4, 5), in which a thin composite strip or plate forms one of the surface layers (Fig. 5).
Although more difficult and costly to construct, such structures enable a more uniform application of load

S8,

Al K

- kL

FE™S

pecimen w

JSUPRPIPS TPV St

—— e Lo

() Tension (b) Compression :

FIG.5 HONEYCOMB SANDWICH ;

to the composite, thus eliminating clamping and support problems, and alsc provide support against buckling
under compression. If the composite specimen is bonded to the lower surface of the honeycomb, it is
subjected to tension when the sandwich beam is loaded from above (Fig. 5a). Alterratively, if bonded to
the upper surface the couposite undergoes compression when l.ading is effected from velow {Fig. 5Sb).
Assuming that the honeycomb core contributes a negligible amount to the net bending stiffness, then the
tensile or compressive stress in the composite facing is given by,

- = KWL
2ab (£+ (b+v')/3

where W is the total applied load, a and b tihe width aud thickness, respectively, of the composite
facing, t and b' the thicknesses of the core and opposite face respectively and kL the distance
between the points of loading and support on each side of the beam. Roth longitudiral and lateral streins
in the composite may be determined Irom appropriately aligned strain gauges bonded to the specimen surface.
Heuce E;, v and v (8 v, l:.)/E } can be obtained from reasurements on unidirectional composite
strips cut ml. 0" and 90° to the ﬁbre axis respectwely We note that the composite facing is .ere
regardea 45 a thin orthotropic plate and that Vi3 is not involved.

eee (17)
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2b. Measurement of Shear Moduli and Coxpliences

Torsion riments
From Eq. (3) vwe observe that the shear constante e, oand ¢ (or s,, and s“) are cbtained
directly from measurexents of the moduli G. and G reapectxve&y r%:.culsrly well-known and

suitable method for obteining G, involves” the torsion of solid cxrcula.r rods or rectangular bars about
an axia parallel vo tha fibre direction. The additional shear modulus G. could, from Eq. (3), be
deternined from essurements of E2 and v 3 28 described above. However the measurement of Va3 by
the above metho’. is difficuit for thin specimens owing to the very small lateral displacements involved,
snd torsional t:sts slout an axis perpendicular to the fibre direction provide an alternative means for

obtaining (.'vz 3

For isotropic rods of circular cross sectmn, twisted about the longxtudina.l axis 1, the net shear
stress at any pomt of a cross section is in the circumferential direction and is proportional to the angle
of twist per unit length and to the distance from the centre of the cross section. The net shear atress is
resolvable into components ac(= o,,) and o, (= g,,), the component o (= ¢,,) bejng zero. For
unidirectional composites t\uatcd %out an ana parallel vo the fibre direction, the shear modulus G,
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may be obtained from,

E M L
: 6, = ¢, = - e (12) }
E 12 13 "} ¢ B
; assuming the material to be transversely isotropic. Here M is the twisting moment applied to each end ;
[ surface, ¢ the angle of twist over a gauge length L and r the specimen radius. N
l‘ j
b In the case of bars of rectangular cross section, the stress distribution in torsion is somewhat more ’
1 canplicated, and for thin isotropic sampies the maximum shear stress occurs at the centres of the wider 2
£ lateral surfaces. The following approximetion, iaken iiow Rel. 5, has been used (13, 16) to deteimine G, i
for unidirectional composites twisted about the fibre axis, - )
1 ML
6, = — e (13) 3
¢ av” (1-0.63 b/a) ;
vhere, as usual, a and b are the sample width and thickness respectively, This equation is velid to a
3 good approximation for small values of b/a such that tanh{r a/2b)} = 1, An alternative approximation, ;
3 v.lid for 1 32 b/a > 0.25 and for L > 20b, has recently been derive! by Johnson (15), 4
] M, L00’) fisiin®) + b6’
G, = 7 Y eee (14) 3
g 56 I ¢ (9+¢82)0° + 9. )

[TV

wnere A =b/a and I = ab3/12. Eq. (13) has been employed by two sets of workers (13, 16) to determine

. G, for upidirectional AGARD silica-~epoxy composites. In each investigation an Instron tensile test

Y machine vas employed, together with a suitable loading device, in order to produce the required torque LY

through loads W = M /a applied to each corner of a rectangular specimen as in Fig. 6. The angle ¢ was

measured with the aid of offset displacement transducers over a central gauge length of 50mm. Closely
related tests, in which loads are applied to 3
four corners of a square plate, are described
in references 5 and 10,

‘m‘
Canidnins vl

Adaisd:

] w The determination of &, 3 from torsional
tests about an axis 90° to tfxe fibre direction

follows, for small b/a such that

tenh(n a G2, /2b G”) = 1, from a modified

14

PR R

; W form ofJEq. (13) Y ;
W O - o063 | A2 i

M. = 3 ¢ Glz 1 0.63 a [G23 } ] e (15) ;

§

|

in which the width direction a is taken to

be parallel to the fibres., An alternative

JI equation, similar in form to Eq. (1k), has
FIG.6 TORSION been given by Johnson {15). j

Off-Axis Tensile Tests on Unidirectional
and Bidirectional Laminates

AEF s

Two simple methods for determining S,,
for unidirectional orthotropic specimens are of particular interest. These involve the tensile loading
of (a) unidirectional specimens having fibres oriented at different angles to the loading direction
{Pig. Ta), and (b) bidirectional laminates having individual layers with +45° and -45° fibre orientations,
respectively (Fig. Tb). Regarding method (a), the modulus E , determined at an angle © o the fibre
direction, is related to G, through the coordinate
transformation of compliances, )

2v,
-;—- ':-:-cos‘o + ain‘e + 51—— 12 sinze cosze .eo (16)
x 1 EI 12 El
Hence G (and also v, .) mey be obtained from mensure-
ments of'’E_ at four knbiu engles 6. Pabiot (17) has
employed thls method, based on Eq. (16), to determine E
E, G, snd v for the AGARD silica-epoxy composite.
H’euurmnts ot’l %he tensile stress o, sta single angle
8 can also yield G,, if the shear strain is also
determined. In this case the shear stress component
equals (o /2)sin 20 and the shear modulus can be
written, *

W aannbasl g

e aa e .

At b T Tt AN

RPN

e s

(c_/2)sin 20
X - vee (17)

G,
12 (90~y)n/180

wvhere 350-y is the angular change, in degrees, of tne
initial right angle betveen directions naraliel and per-
pendicular to the fibres. This method has been employed
by Halpin and Pagano (18) for a -ubbor/nylon f{ibre
composite, the angle y being measured vith the aid of an

Sarin ot i ath s v

appropriate grid system drawn on the sample surface. FIG.7 OFF-AXIS AND = ‘50
Oresxczuk (19), on the other hand, employed s ctrain gauge TENSION

rosette to measure the shear strain for an S-glase-epoxy

copposite. Por the particular case 6 = U5S° the latter

aethod is based on the equatiom,
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X
G, = 2{c_-c )} - (18)
x Y
vhere €, and e, are sf.rain components measured along and perpendicular to the loading direction
respectively. The off-axis loading experiments are relatively simple and inexpensive to perform. However,
the clamping method must be designed to &llow the free rotaticn of the upper and lover edges of the sumple,
80 that a uniform state of stress exists (18).

X The determination of Gu from tensile tests on th5° laminates has been discussed by Petit (20).
With this technique, the shear modulus determinaticn is based on the following relationship, derived from
laminated plate theory,

2!.!l E‘

G
1 s -k
1 x

vhere B is the measured Youngs modulus in the direction x (at +45° and -45° to the respective laminae
corientatlons} and U, 1is given vy,

e (19)

E +E + 2v E
1 2 21 1
U‘ t ] “ee (20)
8(1 - v,v,)
Hence if El N and v y @are known from longitudinal and lateral loading tests (above) then G,, may be
obtained from neuuraenls of E . Using straight sided coupons and also axial saidwich beam eons%ructions,

Petit derived apparent G, valles as a function of “he calculated shear strain €, = (W + v, )e for
both graphite-epoxy and boron-epoxy composites. The measured values of Vyy averaged about 0.%5,
illustrating slight deviations from pure shear conditions (for which Vyy @ 1). Also the G, values

decreased continuously vith increasing shear strain showing that the behaviour in shear is appreciably
non-linear. Quoted values of G, {as in Table 1) should therefore refer to the limit of very small
strains. At shear strains below about 0.01 the results were in excellent agreement with those obtained from
a cross sandvich beam technique (b, 20). The latter method requires a relatively elaborate construction
but yields accurately a state of pure shear in the centrsl region of the cross sandwich.

Several other methods have been investigated for determining the shear properties of composites. The
so-callad "picture-frame” method for square plates (7) yields an undesirable stress non-uniformity, whilst
the "rail shear” test has received favourable cooment (T). A method involving the use of split rings
(19) Las given shear moduli which agree well with those obtaired from other techniques for an S-glass-
epoxy composite. Tension and torsion tests on thin-walled cylinders have been recommended for the
determination of both longitudinal and shear constants of orthotropic composites (21), although fev results
seem yet available. Despite the somewhat specialized processing and test facilities required, this method
deserves future study owing to the relatively uniform and well-defined stress—strain fields involved.

2c¢. Results of Static Elastic Mearurs uents

One method of assessing the relative merits of the above techniques is to compare values obtained for
the variocus elastic constants on given materials. However, this is by no means a simple task, oving to
the variations encountered in fibre and matrix type, processing conditions, fibre fraction and void
content. In order to minimize these variations, results obtained by a given author, or by different workers
on nominally the same material, should be compared. Examples of such comparisonz are exhibited in
Tables 1 to 3 for three types of composite.

In Table ! we have collected together recent data reported for a unidirectional silica-epoxy composite
by different laboratories. The results were obtained as part of an AGARD cooperative programme on
composite materials. The samples investigated ranged in specific weight from sbout 1.65 to about 1.89 and
a dependence of the results (particularly Gu) on specific weight was generally observed. The values 2
in Table 1 correspond to the average specific wei value of 1.80. The average E, value is 46.1 GN/nx
vith a spread of about :6%. The value of 41.2 CF¥/w" obtained from 3-point bending seems rather low,
suggesting that the experimental corrections for sanear and sample deformation at the supports may be
slightly inad te. Considerably larger scatter is cbserved for the El values (average

= 14.T GN/x” + 20%) possibly due to clamping errors for the short specimen lengths and the observation
of transverse creep effects. The most pronounced observation concerans the wide range reported for Gu.
This undoubtedly arises from the non-linear behaviour in shear, & typical result for unidirectional

composites.

Regarding the Bl wvalues for carbon fibre-epoxy specimens in Table 2, the most notable result is
“he considerable increase cbserved by Park (8) using a clamping method which ensures good specimen align-
ment. The variation of E  with cerbon fibre type is also evident. The results for boron-epoxy
composites in Table 3 illustrate the relatively large value of E, in compression using ghe sandvich beam
technique. We also note that the stress-strain behaviour in shear, obtained from the :h5~ laminated
specimen, vas continucusly non-linear, and that the value of G, given corresponds to the smallest strains
analysed. Table 3 also illustrates the relatively lowv anisotropy of the boron-aluminium composite, as
represented by the Bl /zh ratio, arising from the relatively high modulus of the aluminium as compared
with the epoxy matrix. though the different methods illustrated in Tables 1 to 3 appear to give overall
agreement in elastic constant values, the rather vide scatter emphasizes the scope for further improvement
in standardising methods and, in particular, the need for selecting identical and well characterized

samples for purposes of data comparison.
3. MEASUREMENT OF VISCOELASTIC PROPERTIES

A typical feature of polymeric materials is the cbserved dependence of the apparent ulaatic moduli or
complisnces on the experimental time-scale. Such behaviour is frequently termed viscoelasti~ since, at
small strains, it can be described phenomenologically by models comprising both linear elasti: elements
(Hookes Law springs) and Newtonian viscous elements (dashpots). The terms “anelastic" or "reiaxation" are
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Table 1
Comparative Values of Elastic Constants for AGARD Silice-Epoxy Cmaite"
E E . Ref
1 2 v v, v, Method Equations /
(c8/u’) | (oN/a') ' " 2 (Guj:’ ) (Year) p
47.1 0.25 Tension (4),(5) ’
- 16
5,880 Torsion (13) (1971)
L6.4 13.7 0.22 A0.07 Tension {L)+(6)
22
L8.1 1.7 Compression (4),(€) (1971) :
45.0 15.1¢ 0.26 | 0.09 | 0.l Tension (8)+(T) 3 :
(1971)
49.4 18.0 0.22 7.80 orr-Axis (16) 17
0.08 Tension (1971) ,5
3
Lk.1 13.7 0.24 Tension (4)+(6)
4t.2 3-point i
Bending (9) 13 3
(1971) %
Range ;j
3.69+7.51 Torsion (13) H
4.7 0.26 Tension (4),(5)
¢
15.9 0.09 Compression (k)+(6) 23 ¥
(1971) A
6.80 In-Plane j
shear

a. 66% by volume Silica Fibres. Standard Unidirectional Sample 150mm x 40mm x Umm. Where possible values
given for specific weight of 1,80. Otherwise averages given over range of specifis weight.

b, Value corresponds to Tpax = 9.81 ml/mz.
¢, Due to creep in transverse tension, strain neasured 1 min. after load application.

Table 2 ;
Some Compurative Values of E; for Carbon iibre-Epoxy Composites by Different Methods i
4
Fibre - Vol % E . Ref 5
Matrix s 1 Method Equation 1
Type Fibres (GN/m?) (Year)
297 Conventional 3
Tension (Dog Bone)
Celanese Epi-Rez
Graphite 508 60 324 Tension (Straight Bar) (1) 8 :
Fibres Epoxy Modified Grips ;
(1971) ;
365 Tension (Dog Bone)
Modified Grips 3
E
Thernel ERL 165 Tension (1) :
50 2256 58 :
Epoxy 170 4-Point Bending (10) 3
10
Cantilever (1969)
157 Bending (8) ]
Morganite | ERL 223 Tension (4) 2
Type I 2256 62.6 12 k
(Treated) Epoxy (9) (1969) f
239 3-Point Bending Shear !
L. Corrected b
alsc used to describe this behaviour. From a structural point of view, the observed time dependen~ies g
| rasult from the relatively weak forces of interaction betveen neighbouring chain molecules or between :
localized sice-chain groups. Subsequent to the application of a given force, the molecules rearrenge to ;
nev equilitrium conformations at a rate dependent on their thermal mobility, and these processes give g
rise to an observed increase in the material deformation with time, The covalent three-dimensional 3
structures of most reinforcing fibres preclude the longer range movements required for significant visco-
elastic response, and tLe fibre behaviour tends to be purely elastic. Consequently, for unidirectional
composites comprising polymerin matrices, modes of defosmation most influenced by the matrix would be k

expected to give rise to the largest viscoelastic effects. We have already noted in Table 1 the observation

62




Table 3
Elastic Constants of Boron-Epoxy and Boron~Aluminium Composites By Different Methods
Composite E, E& G,
| v 12 Method Equation Ret
Tyee (eh/a’) | (ew/e’) | ' (GN/a’ ) e (tear)
M-SP- '
272 20k Tension ()
24
245 Compression (1) (1971)
. Sandwich
Boron 9]
Fibre~ 3-Foint
203 . Shear
Epoxy Bending Cerrected
212 26.2 0.36 Uniaxial . (11)
Sandwich
a 20
7.1 Sandwich (1969)
+45° Fivre {19),(20)
Orientations
Boron Axial
Fibre- 239 162 Compression (1) 25
6061 Al
50% Fibre
Vsi. Fract.
a. Value obtained at shear strain ¢,, = 0.00183 and stress 1 . = 14 Mm/mﬁ.

12 12

of time dependencies in the elongation of the transversely loaded silica~epoxy composite, and similar
effects might also be expected in shear.

3a. Creep and Stress Relaxation

Probatly the simplest technique for studying viscoelastic phenomena is the well~known creep test in
vhich the increase in strain with iime is recorded for sazples subjected to a constant load or stress. The
creep behaviour of anisotropic materials may be studied by measuring the time dependence of a given strain
component ¢ (t) resulting from an applied constant stress component ¢, . If c‘(t) is proportional to
o at all times t after the stress application, then a creep complian%e ccmponent 8 (t) can be
ekaluated as the ratio ci(t)/o s providing that 9 is the only non-zero stress component. For an
arbitrary stress history, the skrain component :i(t) can then be represented, for a linear anisotropic
viscoelastic material, by (18),

do, (1)
(t-r)——qj—Tdr eee (21)

t
qw = [ 4 —

i

-
where 1 is used to represent times prior to t and the repeated subscript j again indicates summation.
Closely related to the creep test is the so-called stress relaxation experiment in which the specimen is
subjected to a fixed strein and the decrease in stress with time is observed. For linear response, if a
single strain component o is held constant, and all other strain components are zero, then scress
relaxation modulus components cij(t) are cbtained as the ratio o, (t)/g , where 6, (t) is the time
dependent stress component. For an srbitrary strain history, stress-strain relations are of the form,

t de, (1)
o (t) = I Ly (¢ - 1) —4— ar oo (22)
dr .

In tensile stress relaxation tests, the decrease ir tensile stress is measured for a fixed tensile
strain, and relaxation moduli such as Ea(t) and Ea(t) are obtained. Components such as ¢ l(t) and
c, (t) are not determined since lateral strains are also applied. For stress relaxation in shear, however,
reiations such as css(t) = Glz(t) are valid. It should alasc be emphasized that reciprocal relationy
such as s, = 1/E , vhich apply in static tests, are not generally valid for time dependent phenomena
(e.2. s‘lik) ¢ IIkl(t)). Experimentally, each of the methods discussed in Section 2 can be adapted to the
measurement ct creep compliances or stress relaxation moduli, providing that facilities are available for
recording time dependencies of the deformation or load. The Instron testing machine is suitable for this
purpose, and equipment specifically designed for tensile creep measurements on plastics and coinposites has
been described (26). -

Few results are yet available on the creep or stress relaxation of fibrous composites, but two recent
studies are of intesrest. Halpin and Pagano (18) measured the creep of orthotropic sheets of nylon fibre
reinforced rubber using longitudinal, transverse and off-axis tensile loading. Tensor components of the
creep compliance were determined with reference to axes defined by both the fibre and loading directions.
Fig. 8 shows the results for the shear coupling compliance s{s(t) referred to the loading arxes, and the
recovery of strain following the removal of load is also shown. The linearity of response, as represented
by the superposition equations (21) and (22), is verified by the successful prediction of the creep from
the recovery data. Good agreement was also ocbtained between the respective compliance components measured
with reference to the sample and loading axes, using standard transformation equations based on symmetric
compliance matrices. Thie result is also indicated in Fig. 8 and provides accurate confirmation of the
symuetry relations ulj(t) -5 l(t) which cannot be assumed from equilibrium astrain energy considerations.

b3
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For the relatively rigid boron-
epoxy system, Ashton (27) has obtained
stress relaxation results for a laminate
with t45° fibre orientations using
4~point flexure of a honeycomb sand-
wich beam, It follows from Eq. (19)
that E (t) = G,(t) so that the
relexation is domznated by the shear
component. The failure of the relaxa-
tion curves to superpose at different
strain levels, as illustrated in Fig. 9,
shows thet the viscoelastic behaviour
for this polymer in shear is non-linear
and that equations (21) and (22)
require modification. This behaviour,
vhich contrasts with that exhibited by
the softer nylon-rubber cosposite, was
qualitatively ascribed to stress con-

o Cr2ep and recovery data

e Creep computed from recovery data

0 Crcep and recovery from
transtormation equation

o
X
N

o

sty (8 x107ibt /in2)”

o 2 centrations within the epoxy matrix
(o] o] 10%-0 e I 10 which cause the linearity limits to be
Log t. min exceeded locally,
FiG.8 CREEP ANv RECOVERY 3b. Dynamic Methods

FOR NYLON IN RUBBER ) } ] )
Viscoelastic phenomena in composites

may also be investigated by a range of
dynamic tests in which both the moduli
and damping propsrties are measursi us
a function of frequency. At low

frequencies, where inertial forces are negligible, it follows from Eq. (21) that the linear strain response

to prescribed sinusoidal stresses can ve expressed by e} = s“" o* where the complex stress and compliance

components are of the form !

of = g, ; exp(ivt) and

/9, Jexp(-is, 'y )

re’spect:.ve y. ere 0, and

€,y &are the amplitudes of the

stress and strain cycles,

respectively, w is the frequency

in redians per sec., i = /=1 e 40 T T T
and &, is the phase angle by < Strain €4=1850 M in/in
which t e strain cycle is found to 2 32+ o -
lag the stress cycle (see Fig. 10). °
If the prescribed stress is o 3. af __
arallel to the fibre axis, and = . .
gther stress components ar; —3 I — Strain €°.l2 SOO}J in/in
abgsent, then it follows that, 3 1-6}- —
w | 1 [
of = (1/5&):{' = E ¥ ¥ o] 100 1000 10 000 100000
= (B! + i E")c ® e (23) t(s)
1 =101
from which FIG9 STRESS RELAXATION OF BORON-ERPOXY
E'= (°o, 1/, § Jess 8, ,

E" = (°o, llco,x)Sin I )
E"/E' = tan §

where 6‘ is used as a contracted form for § zZ ' and E " are real and imaginary uomponents,
respectively, of the complex modulus E;*, ana are propornonal <o the maximum energy stored and the energy
loss per cycle, respecnvely The so-called loss tangen® tan § 3 « 4o proportional to the ratio of
energy loss to maximum energy stored per cycle. Equations smzlar to (23) aad {(24) also hola for low
frequency experiments in tension perpendicular to the fibre d1rect1on and for torsion about the fibre axis.
In these cases, the real and imaginary components of * pd ,* are respectively involved, as well
as the upprOpnate loss tangents. The variation of 2 E" anh tan § with frequency is shown
schematically in Fig. 11. So-called "relaxation regions" are generally observed in which E' increases
with frequency and both E" and tan ¢ exhibit peaks. Outside of these frequency regions, the loss
factors become small and E' becomes essentially frequency indejendent. Similar frequency dependencies
shoull be observed for thz components of other complex moduli sich as G*. For polymeric solids, the
significance of these effects in terms of molecular motional frequencies is discussed by McCrum, Read and
villiams (28), and this reference also contains a survey of dynamic mechanical test procedures.

Low Frequency Non-Resonance Method

In the low frequency forced non-resonance technique, the real and imaginary components of the relevant
modwli are determined from direct measurements of stress and strain amplitudes anl the loss angle accerding
to equations (2k). This method is most suited to high loss materials, having tan é values above about
J.1 and has the advantage that the frequency may be continuously varied, not being determined oy sample
resonance. Fig. 12 illustrates equipment developed at the NPL with which a sinusoidal deformation of fixed
amplitude may be applied by means of a mechanical eccentric device in the frequency range 0.1 Hz to 20 Hz.
Specimens are deformed either in tension, 3-point or U-point bending, the strain being monitored by
displacement transducers and the force measured with calibrated load cells. Cutputs of the displacement
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transducer and load cell are analysed for amplitude with a digital voltmeter, and the loss angle is

derived from the time interval between the zero points of the sinusoidal outputs, using an electronic counter.
An extension of the frequency range to 10*Hz is being effected by the incorporation of an electromagnetic
vibration generator and piezoelectric transducers for monitoring the stress and strain cycles.
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FIG.12 LOW FREQUENCY

NON-RESONANCE METHOD FIG.13 TORSION PENDULUM

Torgion Pendulum

Low frequency dynamic properties in shear are most often determined by means of the well-known torsicn
pendvium technique., In this method one end of the specimen is clamped to a freely suspended inertia arm
\ (Fig. 13) wvhich is pulsed electromagnetically, and the free decay of torsional oscillations observed. As
ki indicated schematically in Fig. 14, the angular motion may be described by a sine curve whose amplitude
decrenses exponentially with time. This decay is characterized by the logarithmic decrement A given 'y,

A A e T T P UP ORI SR S PR IN

A = (/) 1n(e /) e (25)

vhere ¢ is the amplitude of the n'th cycle and m is the number of swings over which the decay is
measured. For low damping the loss tangent may be calculated from A = w tan § and “he real part of the
shear modulus G' may be evaluated from the period of cscillation P,

2 i1 A?_
P 8m[1+h2] oo (26)

vhere I is the moment of inertia of the pendulum and (M /¢), the twisting mcment per unit deflection,

is theoretically related to the shear modulus through equa%ions such as (12) to (15). The term containing
A in Eq. (26) is usually negligible. For unidirectional composites, it will be observed from equations
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(12) to (14) that vwisting about the fibre

axis yields the components of G,,* whereas
from Eq. (15) torsion about a perpendicular
axis involves a comhination of Gu" and Gu".

The torsion pendulum is best suited to the
study of low loss materials (0.001 < tan 6§ < 0.3),
and its frequency may be varied over about a
decade by altering the moment of inertia end
d the sample dimensions. In practice, the
t frequency is usually fixed at about 1 Hz and
variations in G' and tan § are determined
over a wide temperature range. Temperature
veriation provides a powerful means of exploring
I multiple loss peaks in polymers (28). Since
the torsionai rigidity of a specimen may
FiG.14 FREE DECAY METHOD depend significantiy on tensile loads, the
inertia arm is preferably suspended from above
the sample than from belew. Som: designs employ
a low loss bearing for the suspenaion, but with
this method frictional affeccs iy the bearing
can yield serious errors in A, particularly
for less rigid specimens. Other designs use for the suspension a torsion wire which msy be passed ovar a
pulley for purposes of counterbalancing the weight of the inertia arm. The pendulum designed at the NPL,
and illustrated in Fig. 13 uses a suspension comprising three thin steel strips mounted symmetrically about
the neutral axis. This method eliminates frictional losses and maintains ¢ degree of lateral rigidity in
the system, The added stiffness also enables higher loss samples to be studied by eliminating or
minimizing the effects of critical damping. Measurements of A and P are made with and without the
specimen, and the material properties are determined from appropriate equations which take into account the
effe.~s of added stiffness, With the NPL equipment, the torsional oscillations are detected with a rotary
differential trensformer, the output of which is analysed with a digital volimeter u~d electronic counter.
Data is recorded on punched tape and analysed by computer, and the temperature is auvumatically controlled

in the range -200°C to +200°C.

Audiofrequency Forced Rescnance Methods

In the audiofrequency range, typically 20 Hz to 1¢* Hz, dynamic mecharical properties are usually
determined by resonance methods in which the specimen is driven by a sinusoidel force of constant amplitude
and the resulting deformatior amplitude measured as a function of frequency. ~Peaks are observed in the
emplitude versus frequency plots, as illustrated in Fig. 15, corresponding to the different resonance modes
of sample vibration., For low losses, the loss tangent is
approximately obtained from the width of a peak, Af (Hz) at
an amplitude 1/vZ of the maximum amplitude (i.e. when the
amplitude level is 3dB below the maximum),

tan § = Afn/fn ees (27)

vhere f, is the resonance frequency in Hz corresponding to
the peak maximum of the n'th mods, the fundamental mode Ampl.
corresponding to n =1 and n = 2, 2, evc. representing the Aty
harmonics. Alternatively, the loss tangent may be
determined after tuning the frequency to resonance and
recording the free decay of the vibration amplitude when the
driving force is removed. This method is analogous to that
described for the torsion pendulum, and is useful for low
losses and low resonance frequencies when the peaks become {

too nsrrow for a precise bandwidth determination. 1In tn 1
general the modulus is proportional to fnz » the proportiona-
lity constant being determiued by the sample dimensions and

FIG.1S RESONANCE PEAK

density, and the resonance mode,

Three different types of resonance method moy be
employed, depending on whether flexural, torsional or
longicudinal vibrations are excited. In detail, each of these methods may be designed in a variety of ways
by employing different methods of excitation, clamping or support. By way of example, the three techniques
currently employed at the NPL will be briefly described, For studying the transverse resonance modes, the
B & K Complex Modulus Apparatus is employed, in which the semple is clamped either at one or both ends.
The former (cantilever) method, illustrated in Fig. 16, is more often used, the sample being driven at the
free end by an electromagnetic transducer in combiration with a smsll megnetic mass bonded to the specimen
tip. A similar transducer, or alternatively a capscitive tranaducer, is used to detect the vibration
amplitude at some optimized position near to the top of the specimen. The amplitudes are recorded on a
B & K level recorder which alsc serves to advance the frequency of the driving oacillator syanchronously with
the recorder chart. An electronic counter is empluyed for the accurate devermination of resonance
frequencies. Using specimens with 00 and 90° fibre orientations, the respective moduli E' or E,' are

evaluated from, 3

2 Lz f‘n
E' = UWn'p | — ‘ ... {28)

bk
n
vhere p ia the sample density and k, has values of 3.52, 22.0 and 61.7 for n = 1, 2 and 3 respectively.
With this method, it is necessary to ensure that the attached masses are sufficiently small not to
significantly influence the results.

In the case of composites, resonance frequerncies of the higher modes
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may be appreciably influenced by contributions from shear
deformations, owing to the high E/G ratios. This
affect nas been expiored by Dudek (29) and other types of
flexural resonance equipment have been employed with
composites (30, 31, 32).

- :] Displ. The torsional and longitudinal resonance devices
developed at the NPL are illustrated in Figs. 17 and 18
respectively. In the torsional method, the bar is
oscillated in a free-free mode by means of a megneto-
strictive wire looped under one end of the gpecimen, Coils
surround magneticelly polarized parts of the wire near to
each end, and generate oppositely phased mechanical waves
vhich act to excite torsional vitrations in the sample.
The vibration amplitude is detected by a similar wire

looved under the opposite end of the sample. The
Force appropriate shear modulus is calculated from,
N, L UBE RS
C J _— = oos (29)
4 n
FiG.16 TRANSVERSE RESONANCE where I,, the torsional moment of inertia per unit length

of sample, is equsl to pab(a? + b?)}/12 for rectengular
bars. M, L/¢ is the twisting moment per unit deflection
and is reiated to the wuppropriate shear moduli by
equations such as (12) to (15). We thus note that
torsional resonance %“ests about axes parallel and
perpendiculer to the fibre axis, respectively, cen yield both G12 ' and G.n' , &8 in the case of the
torsion pendulum.

In the longitudinal resonance method, flat
polarized metal plates ar= placed close to and
parallcl with each end of the specimen. An alterna- mm
ting voltage applied to one of the plates produces the
driving force and the resonance amplitude is detected
electrostatically at the opposite end. The specimen
is supported by two sets of needles located one third
the length of the bar from each end. For bars of

rectangulsr cross section E;' or E;' may be
evaluated from,

2 2
B = Lol £/C,n ... (30)
using sanples .°*h 0° and 90° fivre orientations L= oo s |
respectively. The .orrection factors Cg, which
depend on the beam dimensions and Poissons ratio.
are tabulated in an NPL publication (33). FiGI7 TORSIONAL RESONANCE

Ultrasonic Pulse Technique

This test offers & rapid and reliable method for determining all the dynamic elastic stiffness
components of & composite specimen of small size and requiring relatively little preparation. The technique
utilises the dependence of the velocities of
elastic waves propagating in an anisotropic medium
upon the density and one or more dynamic stiffness
components. In principle, therefore, a knowledge of

' | | l the density and velocity along a sufficient number

. . of directions allows all the elastic moduli of a
T R material of arbitrary symmetry to be defined,

. For purely elastic materials, Musgrave (3k) has
FIG18 LONGITUDINAL RESONANCE shown that three bulk waves may b:z propagated in any

direction and that tne solution to the equation,
det M“ = 0

where M“ = cl“dn]n1 —pvzén
gives the velocities, V, of the waves for any wave lormal, (n, , n,, n, ). One condition of Musgraveés
analysis is that the solution applies to plane waves travelling in an infinite medium which requires that
velocities are related to stiffness components, c¢;, , see equation (1). In practice, this condition is
satisfisd for the propagation of waves of wavelength less than specimer dimensions. If this equation is
solved for a unidirectional composite possessing hexagonal symmetry, see equation(3), the velocities of waves
travelling along principal axes are simply related to the density and a single component by expressions of
the form V = v’c” 76. Thus longitudinal and shear moduli may t -alculated from messurements of the
velocities of longitudinal and transverse waves, respectively, t:avelling along, and normal to, the fibre
axis. The re.aining components ¢,y % ¢, necessary to define fully the elastic behaviour, must be
deduced from a measurement of the veloci“,y of a wave propagsating at an angle to the fibre axis. For low
loss viscoelastic materials, V = /¢ /o. Although, in principle, both real and imaginary components of
stiffness may be determined from the velccity ane attenuation of a vave, attenuation by scattering in
composite systems usually makes loss measurements impossible.
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In an experimental arrangement (35) designed at the NPL to measure dynamic elastic moduli,
ultrasonic pulses of frequency around 5 MHz (wavelength = lmm) sre introduced into & specimen by immersing
it in a tank of water in which longitudinel pulses may be propagated between & transmitting and a receiving
transducer. The time differences between the arrival of a pulse through water and through water plus the
specimen is measured by an accurate electronic delay circuit and is related to the wave velocity by the
specimen thickness. The specimen is mounted on a turntable so that waves may be incident at any angle.
Since transverse waves cannot be generated along principal axes of the specimen in this way, a shear wave
transducer may be glued directly to the specimen. This, however, can produce insccuracies owing to the
effect of the layer of glue, and possibly a more reliable method involves measurements of the velocities
of quasi-transverse waves at angles to the fibre axis. Fig. 19 shows the refraction of a longitudiral wave
incident at an acute angle to a plane of the composite containing the fibre axis. The refracted quasi-
transverse wave has velocity V; and a displacement vector which is not precisely perpendicular to the
wave direction, the deviations being cependent upon
material anisotropy. A plot of V.2 against cos 2r.
is linear near cos 2rp = -1 and may te extrapolated to
give the velocity of *he pure shear wave along the .
fibre axis. The component c!, = c!, may be cal- Specimen
culated from the quasi-transverse wave velocity at
some angle rr, usus® - 45, once &ll the other
components are knoiz., although reliably accurate values
may only be deduced from very accurate measurements of
velocity ana values for the other components. This is
inevitable as no bulk wave velocity is particularly
sensitive to the magnitude of this component.

/ Quasi-transverse

Quasi-longitudinal
Specimen dimensions, typically, Scm x fem x lcm

are ideal, where the long dimenr:cn contains the
fibre exis, and adjacent faces snould be machined FIG.19 REFRACTION BY A SPECIMEN
accurately perpendicular. Although smaller
dimensions are satisfactory, an uncertain
inaccuracy is introduced if these are comparable
with or smaller than a wavelength. The accuracy of
this technique is usually limited by factors that influence the yuility or the composite specimen studied.
Parameters such as the void content and variations in fibre fraction and packing arrangement with position
in the specimen affect wave velocities and, in addition, voids reduce pulse amplitude by scattering the wave.
The technique, therefore, contributes information on specimen quality and is valuable for characterizing
material symmetry and homogeneity by means of measurements made along & range of directions and in the same
direction but at various positions of the specimen.

Results of Dynamic Measurements

The majority of dyramic moduli and loss factors for fibrous composites have been obtained using

0-02 audiofregnency resonance and
tan 6 G ¢ ultrasonic methods, and details
3 12 of the results can be found in
P tanf¢e, @ references (10) and (29) to (32).
000. ol v ¢ 2 Some dynamic moduli and loss
c v tangents obtained with the NPL
S v equipment on a low modulus carbon
. tibre-epoxy material are also
. L ey \ tan 615' shewn in Fig. 20. A fair
o T T T L T v * meagsure of agreement is found
between the dynamic moduli obtained
v v — E, & by the different methods and

) El'»Ez"c'l '>Cv2 ' at all
frequencies. &’he loss tangents
obgerved in shear and transverse

100} © Torsion pendulum

v Transverse resonance tension are greater than those
. in longitudinal tension and rise
O Torsional resonance with frequency in the low audio-
o Longitudinal resonance f:eg‘;:ﬁg Tenge. Purther work
&; A Ultrasonic pulse , observed scatter (due partly to
€ & density variations between samples
> a 2 _a £  cut from the same sheet) and
Z SO 0=
(U] v v b4 obtain more precise resuits on the
:’_ 61‘2 9 frequency dependence of the dynamic
w ] parameters.
Gy 5 - Resultc of ultrasonic measure-
©. &< (5 ments are illustrated in Fig. 21
¢ e vwhich shows the variation of four
\ { 1 1 ! | ! w dynanic stiffness components with
-1 o) 1 2 3 3 6 2 fibre volume fraction for a uni-
L t (H2) directicnal type II carbon fibtr--
°9l0 epoxy composite., The scatter .n
FIG.20 DYNAMIC MODUL! AND LOSS TANGENTS values for the c;, ' component
FOR LOW MODULUS CARBON FIBRE-EPOXY was too grest to allow any trend

vith fibre fraction to be obgerved.

(0% FIBRE VOLUME FRACTION)
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The value for ¢;3' for a 60% fibre fraction, togethex v'th values for the other stiffness components
at this t1br? fraction (obtained from Fig. 21) are shown ° .zble L., The values for Youngs moduli,
Poissons ratios, and shear moduli were derived from the.. ussuming transverse isotropy.

T T T T T T 1 T 250
! 200
I (i
i Gt‘/mz
GNp2 Ci

Css o %;f ~{1s0

—00
—150
ob— 1 1 00y 4
(o] 02 0-4 o6 = 08 1-O
Fibre fraction—»

FiG.21 VARIATION OF ELASTIC STIFFNESS COMPONENTS OF
TYPE I CARBON FIBRE REINFORCED EPOXY
WITH FIBRE FRACTION

Table «

Dynamic Elastiz Constants for Transversely Isotrcepic Type II Carben-Epoxy
at_60% Fibre Volume Fraction (GN/m?*). Frequency = SiHz

[} [ ) 3 [ ) ' [ E._‘I_'_1__'_'~-sl:2 t ayt iv-—' :ii}_(;v '
C11 §%22™%33 %23 1123 [Saa 155 ™% By = o (B2 = T V123 Tor [V21 TV T Tar |V23=Vi2 = o G253 {Gh,
11 22 11 22 22
146} 13.5 |6.71 7.0 |3.4] 6.05 | 1.0 0.35 0.025 0.49 3.416.05
1

L4,  STRENGTH OF COMPOSITE MATERIALS

The ability of many compesite m:terials to sustain high loads is a reflection of the properties of the
fibres and so test procedures designed to measure ultimate properties of composites usually concentrate on
unidirectional material. The fracture behaviour of composite systems is, however. generally complex and
an understanding of the processes of crack propagation under a variety of stress conditions requires
ccnsideration of the anisotropic and inhomogeneous nature of the composite microstructure. The design of
composite components to utilise efficiently the load bea~ing capacity and crack resisting properties of the
fibres therefore involves a knowledge of matrix properties and the character of the fibre-matrix interface.
A comprehensive account of the principles of fibre reinforcement in a range of composite systems is given
by Kelly and Davies (36).

In this section, test methods are considered for studying failure in composite materials., A test that
is designed to determine 'static' strength i.volves an applied strain rate of around 0.01/minute. Under
certain conditions, failure may result for applied stress levels different from the static value. TlLese
conditions include repeated cyclic loading, fatigue; sustained loading at a constant stress level, creep;
and impact loading. In addition to the maximum stress, further infcrmation is required on the rumder of
cycles to faillure, the time elapsed before fa.lure and the energy required to cause failure, respectively,
from each test.
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The purpose of performing failure tests on composite materisls is, ultimately, to improve the efficient
design of components and structures utilising these materials. This may be achieved by producing rfundamen-
tal material properties that may be used confidently by the designer. However, the stringent requirements
of such techniques are not always necessary to yield valuable data. For example, qualitative results may
be used to compare the relative merits of a range of materials to assist the choice of the optimum material
for a specific application. Also, the material scientist requires test methods for means of indicating
property control or trends in material improvement brought about by revised processing or febrication
techniques. Some of the test methods to be described are capable of producing values which are constants for
the material under test and hence independent of specimen dimensions and the test arrangement. In these tests
it is necessary to establish a macroscopically pure state of stress in the volume of the specimen through
which fracture occurs. In other tests, the stress condition is not pure but is a combination of shear,
tensile and compressive components. These tests are designed so that one component predominates but the
mode of Tailure, and hence measured values, usually depends upon test variables. The results cannot, there-
fore, te used confidently as design data but are valuable for material comparison where only qualitative

data is required related tc a material property.

Test methods used for determining the energy necessary to fracture a material commonly involve a
measurement of either the work done in loading a test specimen to failure or the energy lost by an impacting
device in breaking the specimen. Results from these ‘echnigues generally contain contributions from the
energy required to initiate failure and the energy dissipated in propesgating & crack across the specimen.
The relative magnitudes of these contributions depends upon material and test parameters. Tn & test where
the strain energy stored in the specimen and released on failure is more than sufficient to propagate the
¢ ‘ack, the measured energy is solely that to initiate failure and will depend upon ultimate material
p-operties and specimen dimensions. Alternatively, a strese concenirating feature, such as a notch, may
localise the failure resulting in a controlled crack growth so that all the energy is consumed by processes
associated with tlie mechanism of crack propagation and, in the limit, no energy would be stored or lost in
the bulk of the specimen. In this case, & lower limit to the fracture energy of the material is obtained.
The effect of a notch ia many composite materials is, however, reduced by their ability to relieve the
stress concentration associated with the notch tip by debonding or splitting, and thus a greater volume of
the specimen is unavoidably involved in the fracture process.

The reliability of test data on any compesite system is determined by the reproducibility in results
obtained for a number of specimens or a range of test variables. Where measurements of ultimate strength
and work of fracture are found to depend upon factors such as rate and method of loading or specimen and
notch geometry, this dependence should be investigated fully to cbtain a comprehensive understanding of
the material's failure behaviour. Scatter i individual results may arise from imperfect reproducibility
of test conditions, from variations in fibre properties from batch to batch or changes in specimen
character brought about by slight lifferences in processing conditions. For these reasons, an estimate of
the value of varisus %est methods for measuring fracture properties by a comparison of results on a certain
composite system is valid only if the character of the specimens studied is identical. Where possible,
therefore, test methods will be illustreted by reference to results quoted in the literature for a single

source of naterial.

The methods to be discussed are generally applicable to fibre reinforced plastic, metal and ceramic
matrices. Most of these methods are described in the ASTM standerds so the details are not presented,
but emphasis is placed on considerations important to the testing of composites, particularly those contain-
ing very strong or stiff fibres. Emphasis will also be placed on unidirectional systems but, owing to the
anisotropy of ultimate propertiesr and failure modes, mention will be made on the testing of off-axis and

angle-ply specimens.

ba. Measurement of Tensile and Compressive Strength

Tensile Test

The arrangement used for testing a material under tension has been described in Section 2 and is
illustrated schematically in Fig. 1. If failure occurs in the specimen gauge length, the tensile strength
may be calculated from the ratio of the maximum sustained load to the initial cross-sectionel area.

The problems associated with establishing a uniform state of pure tensile stress in the specimen are
enhanced when the material studied contsins fibres of high modulus aligned in the direction of applied
loed. Accordingly, specimen dimensions and alignment and the design of the grips are critical features of
this test if premature failure, from the introduction of bending moments and stress concentrations, is to
be evoided. Bending forces are reduced by using self-aligning grips and a system whereby the specimen is
alloved to rotate to align itself in the direction of a small applied load before the grips are finally
tightened. A design similar ¢o that shown in Fig. 22 from reference (8) will achieve this situation.

The function of the grips is to transfer a tensilc stress to the gauge length of the specimen by means of
a shear stress applied at the specimen-grip interface such that,

r'A' = o.A eee (37)
vhere 1 is the frictional stress at the interface of total area A and op is the tensile stress in
the specfunen at a cross-sectional area A,. Self tightening grips ralse T, 8s 0oy is increased but
reinforcement tabs, glued to the specimen in the area between the grips, may be necessary to prevent
crushing of the specimen. The specimen should be designed so that when the ultimate tensiie stress of the
specimen is reached, <, is below ihe limiting frictional stress and the shear strength of the composite.
This requirement may be assisted by waisting the centre of the specimen and this also promotes failure
away from the grips where the stress condition is more uniform. A varicty of shapes for the raduction of
specimen width are discussed by Dastin et al (6). Table 5 illustrates an increase in measured temsile
strength for a specimen of carbon fibre reinforced plastic with reduced gauge section.
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When symmetrical angle-ply laminatcs are
tested for tensile strength, a marked
dependence upon specimen width is observed
(37, 38) which varies with the angle
between the luminate fibre axes. The
tersilc testing of unidirectional material

at oz angle to the fibre axis introduces

shear deformations in the plane of the
specimen which are constrained by the grips.

This effect may be reduced by increasing
the length to width ratio of the specimen

vhich diminishes the influence of the grips
in the centre of the specimen (39).

A split disc method (ASTM 2291) has

been designed to measure the tensile

~trength of specimens in the ahape of &

ring. The loading arrangement reduces

the shear stresses associated with grips

but introduces a small bending moment

into the sp ven

The method has pro-

duced reprcducibly high velues for the
strength of composite materials.

Compression Test

The compressive and tensile strengths

of composites are usually not equal, so

both properties need to be evaluated.

Conventional methods for the measurement
of compressive strength involve mowiting

a free standing specimen, of suitable

crcss-gectional area to prev t buckling, between parallel, hardened steel plattens of a testing machine.
This procedure is not suite..e for many composite materials possessing high anisotropy in strength as the

Specimen

FIG.22 SPECIMEN ALIGNMENT (8)

@ Alighment pin
@ Collet grip
= @ Serrated jaw face

@ Set-screw for
opening the jaws

Table
Comparative Tensile Strength Values (wmz_l
Fibre Matrix Vol!.ume ' o Method Reference
Fibres T
Celanese Epi-Rez 508 1117 | Grips. Waisted Specimen
Type I Epoxy 60 8
889 | Grips. Straight Specimen
Harwell 863 | Grips. Straight Specimen
Type 1 Epoxy 60 54
1069 Flexure. L/b = Lo
Morganite II | Spi-Rez 508 50~55 1020 | Grips. Waisted Specimen 8
Morganite 12ko Grips
Type II Epoxy 6l 24
1500 Flexure
Boron Epoxy 50 1200 | Grips. Straight Specimen 38
3M Sp-272 1280 Grips
Boron Epoxy >50 2l
1770 Flexure
SP-272 1450 | Grips. Straight Specimen
Boron Epoxy L2
1470 Honeycomb Beam

R U -
T T e A T W= oA %P e Tvrrempe s - mern < oe e+

lateral stresses produced at the specimen ends can give rise to end feilure by splitting parallel to the
fibre axis. The design of clamps and sockets to supply support to the specimen ends has been described
(40, 41) and buckling has been prevented in the testing of flat specimens by using a honeycomb core (L2)

to give lateral support to the specimen whilst contributing a negligible restraint to the compressive load.
The care required in gspecimen preparation and alignment between the plattens of the test machine is, again,
particular.y important when testing high modulus composites to ensure that the compressive load is
distributed evenly across the specimen cross-section. A successful support design has been employed at
the Royal Aircraft Establishment for the testing of cylindrical specimens of type I carbon fibre reinforced
plastic (43). The specimen ends are glued into holes prepared in mild steel end fittings whose faces

are then machined accurately perpendicular to the specimen axis. The sample is waisted and reproducible
results have been quoted for failure away from the end fittings. The use of self-tightening grip
assemblies to transfer a compressive load to a2 specimen of rectangular cross-section has been descrived by
Park (8) and Broutman (Lb4)}. Grip alignment is achieved by means of a sleeve which fits closely over both
assemblies. Broutman (4h) presents results for a variety of shapes of waisted specimens. Table 6 shows
compressive strengths for some composite systems and illustrates the low vslues that can be obtained on
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3

-

A

high modulus material if the pre.autions outiined are not taken.
Tsble 6

it

T -
min
are, respectively, the maximum tensile and minimum shear strengths fur the composite.
or 0 in the measurement of longitudinal

where "m and T, min
is equal to the ultimate value for the stress ccuponant o
This expression is readily satisfied in

3 T
tensile strength and to o, for transverse tensile strength.
measurements of transverse strength but forms only a broad crxtex ion (11) for expectmg 8 certain type of
arising from the presence of

failure in longitudinal specimens owing to uncertainties in and 1
rmﬁ:.str;but:.on and fibre orientation (assuming

defects in the matrix and from scatter in fibre strength, rib:
variations with fibre fraction and surface treatment are known). Sven when predominantly tensile failures

have been cbserved in longitudinal samples, some composite systems exhibit a dependence of calculated

flexural strength upon span-to-depth ratio and upon interlaminar shear strength as reflected by fibre
It can be concluded that the rode of failure, and hence calculated flexural

treatment, aee Table T.
strength, of a specimen in 3-point bending may be influenced by shear interactions which are made negligible
For this reason, ratios in excess of L0 are necessury for

only by working at large upan:-to-depth ratios,
scme composite systems. Although U-point loading has the advantage of introducing a pure bending moment in
the volume of the beam between the inner loading points, the criterion for no shear failure in the volume

E!_:
5 [ ative Compressive Strength Values (MN mz ]
i . §
F . . Volume i
- Fibre Matrix Fibre s’ a: Method Reference /;3
: :
k Morganite Epi~Rez 508 986 Grips i
’; Type 11 Epoxy %50 8
k. 172 Free Standing E
Morganite II Epoxy ~6l 993 End support 2k i
} 3
1 Celanese Epi-Rez 508 786 Grips H
Type I Epoxy €0 8
398 Free Standing 3
2
Harwell I Epoxy 56 727 | End Fittings 43
3
Morganite I Epoxy 63 k6o End supports 24 3
3 sP-272 >51 3060 { Honeycomb Beam 24 3
X Boron Epoxy 3
3170 Honeycomb Beam 42 4
3
] E~Glass Epoxy 980 Grips hn ;
:
X Flexural Test f
3 If only a qualitative assesasment of tensile strength is required for comparison or ccatrol purposes, 3
the three or four point bend tests offer methods that overcome the gripping problems associated with tensile b
testing and require relatively little specimen preparation. However, owing to the presence of a shear f
stress distribution in the specimen and the high re’.io of tensile to shear strength of many composite :
: systems, results and failure modes are often dependent upon specimen dimensions. i
Eg The test arrangements have been discussed previously and are shown schematically in Figs. 3 and b :
3 If failure is initiated at a point of loadmg, reaction pads or larger diasmeter rollers should be used 2
: to relieve stress concentrations. A maximum tensile stress arises on the surface of the beam oppos:.te the ’
. centre roller in 3-point loading and, for a material that has equal tensile and compressive stiffnesses ?
and is linearly elastic to failure, this maximum stress has magnitude, 4
3 4
L 3 WL 4
: Oax * 23 ° eer (32) 1
3 a) 3
] Opax 18 equal to the tensile stress component gy in the testing of longitudinal specimens and to ’7
o g, or g, for transverse samples. Eq. (32) is used to calculate flexural strength for tensile failures i
5 in the region of maximum stress. :
The mode of failure under 3-point flexure depends upon the span-to-depth ratio, L/b, of the beam and
the relative magnitudes of the tensile, compressive and interlaminar shear strengths of the composite. A
maximum shear stress of magnitude 3W/Lsb occurs on the neutral plane and so a rough criterion for i
expecting a tensile failure is,
v i
U H
L N
2, vee (33)
:
§

SR S

i

between the inner and outer rollers is then, N
ke Y ;
sg- > :‘x “re (3,‘) ‘3
*min

vhich requires a longer beam than the 3-point method.
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A
‘ Table 7
3 Variation of Flexural Strength (MN/m?) with Span-to-Depth Ratio and Interlaminar Shear
; Strength (MN/m’) for Type T and Type II Carbon Fibre-Epoxy Composites
f_"
3 SPAN~TO-DEPTH RATLV
FIBRE VoL % ILSS Ref.
5 10 16 20 ko )
& P
’ Type I Untreated 60 25 365 483 621 676 S5k :
, Type I Treated 60 ~70 910 965 1041 1069 54 3
; Type II Untreated €0 65 986 1172 1262 1165 sk ]
E Type II Treated 60 90 1207 1379 1434 1386 sk E
v Results from flexure tests on off-axis specimens show a sigaificant dependence of strength upon specimen
width vhich varies with the angle between the fibre axis and the applied bending moment {39). This arices
from a twisting moment induced in the beam by coupling between tensile and shear deformstions. The g
3 magnitude of this effect can be reduced by using samples of large length to width ratio and removed 3
4 altogether with balaanced angie-ply systems since the twisting moments induced by ecch layer cancel.
1 3
3 Tensile and flexural strengths are compared in Table 5. The general lack of agreement between ;
tensile and flexural strength values in probably attributeble to differences in failure mode and the validity 3
L of the ussumpticws involved ia deriving Eq. (32). K
The testing of a honeycomb sandwich beam in flexure olfers the advantage of separating tensile and
Fig. 5 shows how a specimen may be loaded in tension or compression and how
The beam design and properties of the heneycomb core are

3 campressive failure modes.
clamping arnd support problems are eliminated.
The maximum tesnsile or compressive stress occurs in the area of the

given in references (L) and (5).
outer face of the specimen between the centre supports and is of megnitude:

EVL
ves (35)

=
AL 2eb{t + (b +v7)/3]
cf. Eq. (13). If the specimen fails by tension or compression before failure of the core or the opposite
face, then this equation may be used to calculute the specimen strength. The function of the honeycomt
core is to transmit & tensile or compressive load to the specimen by means of a shear stress established
The magnitude of this shear stress is,

W
T n ese (36)
BEX et + (v ¢+ v7)/3)

o*b/kL to produce a tensile failure in the specimen.
A comprehensive set of data
1

Laas

tialyiar Rt R0

[}

Lakb bty

FAITP

at the specimen-honeycomdb interface.

252

and so the bond shear strenguh must be greater than
o" is dependent upon specimen character as desecribad in the previous test.
comparing the sandwich beam test with other methods for determining flexural and compressive strengths

is not available in the literature. However, Tables 5 and 6 illustrate some measurements on boron-epoxy
vhich indicate that this technigue shows promise as a reliable test for compressive and flexural strength ¥

measurements.

b,  Measurement of Shsar Strength
Short Beam Shear Test

The relative magnitudes of the maximum shear and tensile stresses in a beam under 3-point flexure
depends upon the spar-to-depth ratic of the specimen. If a surficiently small ratio is chosen, a shear
mode of failure is favoured in the neutral plane nf longitudinal specimens corresponding to an ultimate

B A W

interlaminar shear stress of magnitiude,
W
* e (31)

T ® —-
Lab
Although, in general, it is found that the caiculeled shiear strength is dependent upon specimen dimensions,
results are iufluenced by the qualiity of the fibre matrix bond., The test is, therefore, valuable for
indicating the detericration of bond strength under differcunt environmenus and for assessing improvements
in composite shear etrength resulting from various treatments of the fibre surface.
a/b. Sattar and

R e bnir h £Y 0 s mrah b e

The validity of Eq. (37) is limited to beams of smali width-to-depth ratio,
Kellog (45) calculate that the shear stress in the neut ‘el plane varies along the width reaching a maximwm

value a% the sides which is higher than the valuc given in Eq. (37) by a factor which depends upon a/b
For this reason, width-to-depth ratios below 2 are recommended. The

and the composite system studied.
span-to-depth should be chosen to produce a shear failure and an approximste criterion for predicting this
is given, as discussed previcusly, by 2L/b < ¢%/1®, Span-to-depth ratios between four and six are
commonly used, but values as high us eight have been quoted as giving shear failures in specimens of low
shear gtrength. Wher testing materisls of high sheur strength, such as treated carbon fidre reinforced
plastic, a complex failure mode can te obtained with ratios as lov as four. This type of failure can be
Reducing the ratio further invalidates

realised by reference to the load deflection curve (46), sec Fig. 23.
the test by introducing compressive stresses between the top and botiom rollers and so an alternative test
Table 8 illustrates the

method, such as a torsicn test, should be used to measure the shear strength.
variation of interlaminar shear streagth with fibre treatment and span-tc-depth ratio. It may be concluded
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that interlaminar shear strength increases
with fibre strength and treaiment but
decreases with L/b especially if a
tensilz failure is caused by choics of too

high a ratio,

Torsion Test

The torsion test is auitable for
specimens in the shape of an accurately pre-
pared rod or tube and, owing to the pure
shear stress established, is suitable for
producing fundamental mateiiai data. The
specimen is tested in & machine capable of

Detiection applying and recording a torque. Collet
. type grips have proved successful and grip
Shear Tensile Complex alignment iu again an important precsution.

failure failure failure If a shear failure results at a torque,
M, , the shear strength may be calculated

FIG.23 LOAD-DEFLECTION CURVES FROM teom,
SHORT BEAM SHEAR TEST
¢ 4 .. (38

T o emnto—
2
2nr b
where r is the mean radius and b the
Owing to the uniform state of shear that .zcurs in a thin walled tube under

t.oad

wall thickness of the specimen.
Table 8

Variation of Interlesminar Shear Strength SMK[mz) with Span-to-Depth Ratio for Type I and
Type II Carbon Fiure- Compcsites

SPAN-TO~DEPTH RATIO
FIBRE VOL % REF,

S 7.5 10
Type I Untreated 60 21 20 17 5l
Type I Treeted 60 73 59 AR sk
Type II Treated 66 93 Th 6o% sk

%Tensile Break

torsion, the test offers a method for studying the dependence of shear strength wit! angle to tbe fibre axis
for *i,arent wound test specimens. Table 9 compares data from this test with results from the short beam
test and reference (47) discusses the relative merits of & variety of methods for the determination of shear

stcangth.

Y%e. Measurement of Fracture Energy

Jmpact Test Methods

In the Charpy and Izod impact tests, the work done to fracture a sample (fracture energy) is equated
to the energy lost in breaking the specimen by the impact of a pendwlum mass which strikes the specimen at
ithe lowest point of its swing. One disadventage of these methods is that an uncertain amount of the
applied energy is irrecoverably lost as vibrational energy in the test system and as stored or dissipated
energy carriec w.ay by the broken specimen. For this reason, the specimen is usually notched and loaded
in flexure so as to localise the fracture and reduce the strain energy in the specimen and machine on
failure. In the Charpy test, the specimen is supported horizontally at its ends and the pendulum mass
strikes the centre of the beam, whereas the Izod test specimen is clamped to form a vertical cantilever and
struck at its free end. Both tests have the advantage of being able to messure impact energies for a
variety of test variables, but the Charpy test has the additionel advantages of rapid interchangesbility
of samples and of avoeiding errors associated with specimen clamping. These test arrangements are illustrated
schematically in Fig. 24. Fracture energies are usually quoted as the ratio of energy lost to the srea

of cross-section of the specimen at the notch.

The height over which the pendulum weight falls determines the velocity of impact which may affect the
node of failure. The dependence of fracture energy on velocity should therefore be studied. Notch and
specimen dimensions are critical features of these tests. Barker (48) has studied the effect of notch depth
and radius on a range of carbon fibre reinforced resin systems and Harris et. al. (49) have observed that
results or specimens vhere the notch has been sharpened by a rszor show less scatter. Hancox (50) shows
that although impact energies increase linearly with specimen breadth, they increase more rapidly with depth.

This is interpreted in terms of a greater contribution to the strain energy stored in the thicker spec:mens
The modes of failure of compogite specimens in these tests are generally complex.

from shear deformation.
The fracture of treated fidre specimens is ususlly brittle but for untreated material, contributions from
delamination and fibre pull-out increase the measured work of fracture considerably (51).

The bvallistic impact

The drop weight and ballistic impact test methods are qualitative tests only.
The

methoa has been used (52) to observe the damage caused in a composite by a projectile of known energy.
mode of failure and extent of damage are assessed visually and so the test is valuable for material

comparison only.
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Table 9
Comparative Shear Strength Values (MN/mil
VOLUME % u LT N
FIBRE MATRIX FIBRES T METHOD REFERENCE
Treated T
71 Carbon Epoxy 50~60 59 Short Beam Shear, L/b = 5
55
Untreated ’ , .
71 Carbon Epoxy 50~60 24 Short Beam Shear, L/b = 5
Horganite 39’ Torsion Rod
Treated Type I Epoxy 55 7 L6
by Short Beam Shear, L/b = U
Morgenite 59" Torsion Rod
Treated Type I Epoxy 58 " 46
60 Short Beaa Shear, L/b = 4
Horganite 22! Torsion Rod
Untreated Type I | Epoxy 61 " L6
22 Short Beam Shesar, L/b = 4
Treated T _
TII Carbon Epoxy 50-60 7 Short Beam Shear, L/b = §
55
Untreated s
TI1 Carbon Epoxy 50-60 6h Short Beam Shear, L/b = §
90t Torsion Rod
E-Glass Epoxy 58 46
ot Short Beam Shear, L/o = 4
uT . N
T Observed Tensile Failure

&’ Ovbserved Shear Failure.

@® Bearing

@ Rigid supports
@ Fendulum mass
@ Striking nose

\ {b} Charpy
Specimen

— e

L
{a) 120d

FIG.24 PENDULUM IMPACT TESTS

The Slow Bend Test

The purpose of this test is to restrict the work done to fracture a specimen to the propagation
of & crack and to damaging only the materisl in the vicinity of the crack which results unavoidably from
the crack growth. The specimen is notched and losded in flexure as shown in Fig. 25. The usual wedge
shaped notch may be used in un attempt to localise the failure but a triangular notch (53) restricts the
lcad required to initiate failure to a small value, even for a notch insensitive material, thereby
slloving controlled crack propagation and reducing the energy lost in deforming the bulk material to a
negligidle value, The load and deflection during ihe test are recorded and fracture energies calculated
from the areca under the curve divided by the cross-sactional srea of the sperimen at the notch. A
schematic representation of a curve is ghown in Fig, 26. Crack initiation and partial propagation is
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s

associated with the sudden load drop after which
the crack is arrested in the specimen. Further
increase in deflection gives rise to controlled
crack propagation. The use of a hard test machine
and a stiff load ccll is important vwhen testing
brittle materials otherwise the energy stored in
the machine on crack initiation may be sufficient
to propagate the crack catastrophically through
the specimen. The mode of failure, being

restricted to the plane of the notch, is usually
different from that obtained in an impact test.
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Notch profile
Tatle 10 compares results from & pendulum
impact test and a slow bend test. The difference
FIG.25 SLOW BEND TEST SPECIMEN between values from the two methods is expected to
be greater for treated fibre specimens where the
crack propagation energy may be smaller than the
crack initiation energy. A more comprehensive
comparison of results on different composite
systems is not available at present owing to the

"5 AV L2 A PP I SR

diversity in specimen and test variables for results
quoted in the literature. A programme at the
National Physicel Laboratory has been designed to Crack initiation
investigate the dependence of fracture energy
measurements from the slow bend test upon rate of
loading and notch geometry. Small but significant
increases of fracture energy with cross-head
speeds in the range 0.1 to S centimetre/minute have
teen observed in a woven glass reinforced epoxy
syster, Values from impact tests at a pendulum
veloeity of 5,10 centimetre/minute are substantially
higher and, as yet, it has not been ascertained
vhether the discrepancy between results is due
Deflection

entirely to the difference in rate of loading.
Further composite systems are being studied to FIG.26 LOAD-DEFLECTION
. 3

i :x;‘cl:g:z:sc.:onndence in measurements of fracture CURVE FOR SLOW BEND TEST

TR T YT N S S, v, e,

L PN ST

Crack propagatich

Load

1 Table 10
Comparative Fracture Energy Values (KJ/m?) for Some Carbon Fibre Reinforced Plastics 3

FIERE warx | VOMER | pp | wemsop | meremence

Type II Untreated . 60 250
Epikote 828 Noteh Izod 52

Epoxy 60 80

L IR
S

‘N

emrsll

Type II Treated

Y

Untreated 68 Slow Bend
b k9

Type I Polyester
67 Notch Charpy

: Type I Treated Polyester ] 18 Noteh Charvy 49

L2

Type I Untreated
Slov Bend 56

Epoxy ko

3
4 Type I Treated

Dt Kt Y0 AT 024 s 2

Lkd., Measurement of Fatigue Life

The mechanical properties of materials decrease under repeated application of a cyclic losd. In
composite materials, the reduction in strength is brought about by the gradual introduction of microcrescks
in the matrix and a deterioration of the fibre-matrix bond. A study of the fatigue behaviour of
composites may be made under tensile-compressive, flexural and torsional deformations. In general, tne
fatigue life depends upon the mode of failure and so the precautions outlined In the various tesi methods
in Section 4a should be taken if premature failure, from the introduction of bending moments or stress
concentrations, is to be avoided. Lossy composite systems are likely to show a deperidence of fatigue
life upon frequency owing to the heat generated in the specimen during each cyele (57), although this
dependence will be reduced if the material is reinferced with conducting fibres (56).

T LT PR 2 p

4

i

The rate at which the residual strength decreases under a particular loading condition depends upen i

the amplit:de of the cyclic stress and the mean stress level (S8). An illustration of fatigue behaviour 4

ig therefore given by a plot of the stress amplitude against the logaritim of the number of cycles to 3
S-N curves, obtaiied from

3

failure for a rangs of mean stress levels, (S-N curve). Examples of
reference (56), are shown in Fig. 27 for the tensile’ and flexural fatigv~ “ehaviour of type I carben

fibre reinforced plastic, If a sufficiently large range of mean stress levels and amplitudes is
covered, the data may, alternatively, be presented by means of constant life plots which show the
Owen ana Morris (59)

relationship between stress amplitude and mean stress for constant fatigue lives,
have obtained a constant life plot at 10° cycles for typ: I carbon fibre-epoxy composite, see Fig., 23,
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10 r T r T r ' 5 The peak of the curve for each life is
! displaced from the zero mean stress level
. owing to the lower compressive strength
8 Tensile failure_scatterband _ | compared vith the tensile value for this
p— ::::‘:_—— = -Qo '1"0'% myetes
6 1 ] § There are no standerds for the fatigue
testing ofi composites. The ASTM manuals
4 Increasing mean stress 5 STP 91 and 91A deséribe basic terms and
405 § definitiods and references (56)+(59) recommend
= specimen dimensions and cycle frequencies
2 ° for unidirectional and cross-piy carbon and
P glass reinforced plastics.
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FIG.27 STRESS AMPLITUDE AGAINST
NUMBER OF CYCLES TO FAILURE -

TYPE I CFRP {56)
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FiG.28 CONSTANT LIFE CURVE FOR
TYPE 1 CFRP AT 108 CYCLES (59)

%.  THERMAL AND ELECTRICAL MEASUREMENTS

Regarding the thermal properties of unidirectional composites, the linear expansion coefficient and
whermml conductivity are of particular interest owing to the predicted anisotropy of these quantities.
The linear expansion coefficiwnt, ap = AL/L 4T, is determined from measurements of the change in length
AL resulting f{rom a temperature change AT. For plastic specimens of length between 50 mm and 125 mm,

« standard method (ASTM D696-TO) employs a dial gauge, or equivalent device accurate to $10 um, in

scntact vith a vitreous silica tube which rests on the top surface of the sample. For smaller specimens,
2r in cases vhere ag or AT is small, then more sensitive methods may be required. One such method
"$0) has heen developed at the NPL and includes a tilting mirror and autocollimator to measure the length
:hange of samples relative to that of fused silica slip gauges. With this technique, which is illustrated
in Fig. 29, length changes accurste to 0.01 ym cun be measured. Tadble 11 includes values of the linear
expansion coefficients a; and oy, measured along and perpendicular to the fibre axis, respectively,
far scme unidirectionsal carton fibre composites.

Several methoda have been developed for the determination of thermal conductivity. Absolute
neasurements can be made Ly means of the guarded hot plate method (ASTM C177-3) in which the sample ia
sandviched detveen n heated and a cooled plate, and a guard plate surrounding the hot plate (and
nmainsained at the same temperature) ensures that the heat flow is normal to the sample aurface (Fig. 30).
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At steady state, the thermal conductivity,

k = qU/A(T;-T,), is evaluated from the measured

rate of heat flov q, temperature difference

T)-T; and distance L betwveen the two sample

surfaces, and area A of a selected isothermal

surface. Various comparative methods have been

used, and these are simpler and lesa time :

consuming than the absolute technique. In the Autocollimator
Northrup method (61), the sample is placed in

series contact with a standard material of

known conductivity and the heat flow determined Tilting mirror
from the temperature drop across the standard.
Bishop and Rogers (62) have developed & method
of this kind in vhich the steady state thickness
of a layer of melting wax in contact with the —alli .
sample is measured. Rapid determinations on Ba i Fused ’"':g slip
small samples are possible with the NPL thermal se mirror gauge standard
comparator (63), which measures the differential

temperature decrease of two initially heated

phosphor bronze spheres, one of which is in

contact with the specimen (Pig. 31). With

this technique the thermal conductivity is

obtained by comparing graphically the

differcntial cooling rate with the cooling rates

observed for a range of conductivity

standards. In the socalled "flash method” pecimen

(64), a short duration light pulse is

absorbed on the front surface of the sample

and the temperature of the reer surface is

recorded as a function of time. From this record, FIG29 TILTING MIRROR DEVICE FOR
the thermal diffusivity and heat capacity are THERMAL EXPANSION MEASUREMENT
obtained, and the conductivity is evaluated as

the product of diffusivity, heat capacity and

density. Table 11 illustrates the anisotropy

of thermal conductivity for some undirectional

carbon fibre composites.

Guord ring Sample Heater Water-cooled piate

Vi

Asbestos
wool

Scmplcl Wour-goolcd plate Guard ring

Phosphor-bronze 'balls

FIG.30 THERMAL CONDUCTIVITY. GUARDED PLATE FIG.31 THERMAL COMPARATOR

-

For the determination of heat capacities, the method of mixtures is often adequate, but the
differential scanning calorimeter, recently automated at the NPL, is particularly rapid and convenient. 1In
the latter method, the differential power input is measured necessary to maintain the sample and a standard
at the same temperature as the temperature is varied.

The electrical conductivity of s material is equal to the inverse of the resistivity, p, which is
defined as the d.c. resistance between opposite faces of a cube of the material of unit length. Thus,

RA

p = - “ea (39)
L

where A is the cross-sectional area of the sample of resistance R in the direction of the length, L.
The anisotropy in resistivity of a composite material is ohviously governed by the relative conductivities
of its components. For example, a composite containing uniaxially aligned metal fibres in an insulator
can have a resistivity varying from 10~% ohm.m along the fibres to several orders of magnitude higher
transverse to this direction, vhereas an insulating system, such as s glass reinforced plastic, may have
a resistivity greater than 10'? ohm.m which depends only slightly upon direction. Some values for a i
unidirectional carbon fibre reinforced plastic system are given in Table 11. Teat methods designed to
cover this range of resistivity involve the measurement of the resistance of a known length anc area of a

sample either by recording the current through and voltage across the sample or by comparison with a

standard resistor using a bridge circuit. Owing to the dependence of the resistivity of many materianla :
upon temperature or specimen surface condition, tests should be performed in a temperature and humidity .
controlled environment,
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Table 11

na——————

Some Thermal and Electrical Properties of Unidirectional Carbon Fibre Comggsites‘

. . Volunme a
Fibre Matrix 1 % k1 k! Py | P2
Percent Method Ref
Type = s -5 .
Type Fitres (10~ /)| (107° /°c) Jm/mz s% Jm/mzoc ullm ufm
RAE Polyester Lo -0.69 28.7 lAuto- NPL Report
Type I collimator M 523
Carbon 179¢+60°C ST L83T
Fibre
17 0.63 Comparative
Melting Wax
68,69
26 K800
Polyimide 50 27 0.70
(Nominal) 70
1T prooo
Thornel 25|ERL 2256 50 0.4 b1 Length Change
Compared
Thornel 40 67 -0.7 29 with Invar
Standard 2
Thornel 25 50 12.1 | 0.63 Flash
Method
Thornel 40 67 stk | 0.96

a. a = linear expansion coefficient, k = thermal conductivity, p = electrical resistivity.
Subscripts 1 and 2 denote directions along and perpendicular to the fibre direction respectively.

Resistivities below 1 ohm.m are commonly measured by the method described in BS 3239 and shown in
Fig. 32. The probes X and Y have an accurately known separation and contact the specimen at points

Pt

5

Specimen

-

FIG 32 MEASUREMENT OF LOW
RESISTIVITIES

d; is the diameter of the inner electrode.
Electrical screening and the reduction of
thermal emf's sare important precautions in the
measurement of very low current.

The response of a dipolar insulating
material to an slternating voltage or field
(E* = E, exp (i wt)) is represented by the
real and imaginary components, €' and <"
respectively, of a complex dielectric
constant ¢¥,

e* = DW/E* = ¢' -ic¢€" eee (WY)
ten § = e"/e!
vhere D* is the complex dielectric dis-

placement (charge) and tan 8§, is the
dielectric loss tangent, $¢ representing

separated from the neighbouring current contact by a least
1.5 times the cross-gectional perimeter of the specimen.
Measurement of the voltages across XY and across the
standard resistor, r,, enables the specimen resistance
to be deduced. Alternatively, comparison of the resistance
of the specimen with the standard may be made using a
Kelvin double bridge. This bridge eliminates the contri-
bution of the resistance of the connecting leads to the
required resistance values. When a constant voltage is
applied across a dipolar insulating material, polarisation
of the medium results in a current flow that decreases with
time to an equilibrium value, i,, see Fig. 33. The
resistance may be quoted as the ratio of applied voltage
to the equilibrium current or to the current after a known
time. For the measurement of insulation resistance, see
for example reference (28) and BS 903. C2, the specimen
commonly takes the form of & thin disc sandwiched between
electrodes. The three terminal cell, illustrated in

Fig. 34a, employs a guard ring which is connected into the
circuit so that fringing fields and conduction across the
surface of the specimen do not contribute to the measured
current. Fig. 34b shows a circuit for the measurement of
surface resistance, R;, &s described in BS 903 C1. The
surface resistivity is then calculated from the equation,

21 R
$

«ss (b0)
log, (d2 /dl)
where d; is the internal diameter of the guard ring and

L—Voltogc

Current

Time

FI1G.33 VARIATION OF CURRENT WITH TIME
IN POLAR DIELECTRICS
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F1G.34 MEASUREMENT OF HIGH RESISTIVITIES

the phase angle by which the displacement cycle lags the applied field. This phase lag arises from the
finite time required for the electric dipoles to orient in the field, and has a similar origin to the
transient charging current observed in resistivity measurements. For dipolar materials, e' decreases with
increasing frequency, showing the largest drop in frequency regions (or relaxation regions) where c" and
tan §. exhibit maxima. This behaviour is analogous to, and may be correlated with, the frequency dependence
of the complex mechanical compliance, and may be interpreted structurally in terms of the dipolar mobility
(28). For heterogeneous composite mixtures, the dielectric constants will depend on the dielectric constants,
coacentrations and shapes of the constituents and a review of this subject has been given by De Loor (65).

We also note that the dielectric field and displacement are vector quantities and that, in general, the
dielectric constant is a second rank tensor (D.‘ = ¢ E* where i, j =1, 2 or 3). For anisotropic
materials, such as oriented structures or unidirectional fibrous composites, more than one component of the
dielectric tensor may be required to fully characterize the material.

A feature of dielectric measurements is that they can be performed with little difficulty over a very
vide range of frequency {107* to 3 x 10'% Hz), and details of available methods are given by McCrum,
Read and Williams (28). For low frequency measurements (< 10* Hz) samples are conveniently studied in the
form of flat circular discs within & three-terminal cell, and it is convenient to regard the sample as
being electrically equivalent to a capacitance C; in parallel with a resistance R,. The dielectric
parameters are then determined from,

Cx 1 1

€' = — , ¢" = —— _ tan 6£ = e (42)
c R wC RCuw
[-] x [ ] x x

where C, = Ag, /@ is the capacitance of the dielectric cell of area A and electrode separation @ in the
abgsence of the specimen. ¢, is ‘he permittivity of free space. In the frequency range 1074to 10°! Hz the
d.c. transient current method outlined above can, with suitable transform analyses, be used to measure

the components of ¢®. At frequencies between 1072 and 107 Hz, various bridge circuits are used to
determine C; and R, and hence the components of ¢® (Eq, {42)). The equipment employed at the NPL
includes an ultra-low frequency Scheiber bridge (10°% to 10° Hz) and a transformer ratio-arm bridge

(10 to 108 Hz) vhich is commercially available from the General Radio Co. The latter method is capable

of high accuracy and has the added advantage that impedances between the guard circuit and electrodes do
not enter the balance condition. In the range 10° to 10® Hz a resonance circuit is employed, together
with a two-terminal dielectric cell, and C, is determined by means of a variable precision capacitor
vhich is used to tune the circuit to resonsace with and without the semple. The dielectric loss tangent

is determined from the difference in half width of the resonance peak with and without the specimen. In
the microwave region, typically 10" to 3 x 10'0 Hz, slotted lines or cavity resonators are employed and the
dielectric parameters determined from the effect of the sample on the standing waves. Although a wide
range of methods is thus available for the measurement of dielectric properties, few systematic studies
seem to have yet been made on fibre reinforced composites. Dielectric measurements have been. employed,
hovever, to monitor the degree of cure of thermosetting polymers (66).

A notevorthy example of results obtained from electrical and thermal measurements on composites is
afforded by some work recently reviewed by Weiss (67) on composites formed by the unidirectional solidifica-
tion of metallic eutectic mixtures. Ome interesting result concerns an effect known as magnetoresistance,
vhich is particularly significant in a eutectic containing aligned needles of NiSb (1.6 weight percent)
in & matrix of InSb semi-conductor. If an electrical current flows in the longitudinal direction of
a bar of this composite, and the NiSb needles are oriented in the transverse direction, then the measured
resistance in the lougitudinal direction exhibits a marked increase if a magnetic field is applied in the
transverse direction perpendicular to the fibres. For a magnetic induction of 10k Gauss the resistance
is found to increase by a factor of about 16. Weiss has interpreted this result in terms of the Hall
effect by means of which the magnetic field induces a voltage in the fibre direction. This voltage is short-
ecircuited by the conducting fibres and the Hall current flowing through the fibres produces a further Hall
voltage parallel to the primary current. The secondary Hall vcltage adds to the primary voltage, thus
producing an additional resistance due to the magnetic field. Magnetoresistive devices made from the InSb -
NiSb eutectic have found several applications including the measurement of magnetic fields and as non-
contacting variable resistances. Apart from the resistance increase in a magnetic field, a temperature
difference is also observed between the two lateral surfaces of the composite containing the fibre enda.
This observation results from the Peltisr effect of the Hall current at the fibre extremities, aa a result
of vhich heat is absorbed at one surface and emitted at the other. The inverse effect corresponds to the
creation of a Hall voltage in the longitudinal direction if the lateral surfaces containing the fibre ends
are subjected to a temperature difference. We then obtain an Ettingshausen-Nernst voltage increased hy the
Hall effect, and at room temperature about 1 mV/9C temperature difference is cbacrved for a magnetic fiela
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of Tk Gausa. As a result of this thermomagnetic effect, the InSb - NiSb eutectic co
e mposite has been
used for the production of a room temperature far infrared detector.

ACKNOWLEDGEMERTS

We wish to thank many of the staff members of the National Physical Laboratory for their helpful edvice
and comments. Thu_xks are also due to Drs. K.F. Rogers and J.K. Lancaster of the Royal Aircraft Establishment,
Farnborough, for discussions concerning the measurement of thermal properties.

REFERENCES
V. HEARMON, R.F.S. An Introduction to Applied Anisotropic Elasticity, Oxford Univ. Press, 1961,

2. '1‘816\;, S.W. and PAGANO, N.J. Composite Materials Workshop. Technomic Publishing Co., Stamford, Conn.,
1968, p.233.

3. GUYOT, H. and HEDIARD, M. Mesures de Modules Elastiques Sur Composite Fils - Resine, AGARD
Conference Proceedings No. 63, September 1971, Paper No. 5.

4. WADDOUPS, M.E. Composite Materials Workshop, Technomic Publishing Co., Stamford, Conn., 1968, p.25,

5. GRIMES, G.C. and BRONSTAD, M.E. Test Methods for Composites, Handbook of Fiberglass and Advanced
Plastics Composites, Edited by G. Lubin, Van Nostrand Rheinhold Company, New York, 1969, p.708.

5. DASTIN, S., LUBIN, G., MUNYAK, J. and SLOBODZINSKI, A. Composite Materials: Testing and Design,
ASTM Special Technical Publication 460, 1969, p.13.

7. HADCOCKX, R.N. and WHITESIDE, J.B. Composite Materials: Testing and Design, ASTM Speciﬁl Technical
Publication 460, 1969, p.27.

8. PARK, I.K. International Conference on Carbon Fibres, their Composites and Applications, The
Plastica Institute, London, 1971, Paper No. 23.

9. TIMOSHENKO, S. and GOODIER, J.N. Theory of Elasticity, 2n¢ Pditicn, McGraw Hill Book Co. 1951.

10. ROTHEMAN, E.A. and MOLTER, G.E. Composite Materials: Testing and Design, ASTM Special Technical
Publication 460, 1969, p.T2.

11. MULLIN, J.V. and KNOELL, A.C. Materials Research and Standards, Yol. 10, December 1970, p.16.
12. DAUKSYS, R.J. and RAY, J.D. J. Composite Materials, Vol. 3, October 1969, p.68L.

13. BRACCC, A., MANNONE, G. and SATTIN, M. Elastic Constants Evaluation of a Reinforced Plastic
Material, AGARD Conference Proceedings Nc. 63, September 1971, Paper No. 7.

14. OGORKIEWICZ, R.M. and MUCCI, P.E.R. Composites, Vol. 2, September 1971, p.139.

15. JOHNSON, A.P. Bending and Torsion of Anisotropic Beams, Maths Report No. 96, NPL, Teddington,
Middx., March 1971.

16. SPIES, G.J. and Th. de JOBG. Determination of Elastic Constants of a Unidirectionally Reinforced
Plastic, AGARD Conference Proceedings N>. 63, September 1971, Paper No. 2.

1T. PABIOT, J. Caracteristiques Lineaires et Non -~ Lineaires D'un Composite a Renforcement
Unidirectionnel Epcxy - Silice, AGARD Conference Proceedings No. 63, September 1971, Paper No. 6.

18. HALPIN, J.C. and PAGANO, N.J. J. Composite Materials, Vol. 2, January 1968, p.68.

19. GRESZCZUK, L.B. Composite Materials, Testing and Design, ASTM Special Technical Publicetion 460,
1969, p. k0.

20. PETIT, P.H. Composite Materials, Testing and Design, ASTM Special Technical Publication k69, 1969, p.83.

21. HALPIN, J.C., PAGANO, N.J., WHITKEY, J.M. and WU, E.M. Composite Materials, Testing and Design,
ASTM Special Technical Publication 460, 1969, p.37T.

22. Qe MEESTER, P., DAMBRE, P. and DERUYTTERE, A. Mechanical Properties of Epoxy - Silica Composite
Materials, AGARD Conference Proceedings No. 63, September 1971, Paper No. 3.

23. SLEPETZ, J.M. Elastic Characterization of Fiber Reinforced Composites, AGARD Conference Proceedings
No. 63, September 1971, Paper No. 8.

24, RAY, J.D. International Conference on Carbon Fibres, their Composites and Applications, Londen 19TV,
Paper No. 29.

25. ADSIT, N.R. and FOREST, J.D. Composite Materials, Testing and Design, ASTM Special Technical
Publication 460, 1969, p.108.

26. DIMMOCK, J. and SPEDDING, C.E. Composites, Vol. 1, December 1970, p.356.

27. ASHTON, J.E. J. Composite Materials, Vol. 2, January 1968, p.116,

81



by,

b2,

b3,

Ls.
u6.
uT.
L8.

ko,
50.
51.

52.

53.
sh.

55.

56.

5T.
58.

59.

60‘
61.
62.

427

McCRUM, N.G., READ, B.E. and WILLIAMS, G. Anelastic and Dielectric Effects in Pol i i
Published by John Wiley and Sons, 196';. yneric Solids,

DUDEX, T.J. J. Polymer Sci., Part A-2, Vol. 8, 1970, p.1575.

ADAMS, R.D., POX, M.A.0., FLOOD, R.J.L., FRIEND, R.J. and HEWITT, R.L. J. C ite Mat i 3
Octob;r 1963, p.;gh. ’ ’ » ’ ’ omposite Materials, Vol, 3,

VINH, K.P. AGARD Conference Proceedings No. 63, Sepi-~nii. "7, =7=-= ==

SCHULTZ, A.B. and TSAI, S.W. J. Composite Materials, Vol. 2, July 1968, p. 368.

BRADFIELD, G. NPL Notes on Applied Science No. 30, Her Majesty's Stationery Office, London, 196k.
MUSGRAVE, M.J.P. Proceedings of the Foyal Society A, Vol. 226, 1954, p.339.

MARKHAM, M.?. Composites, Vol. 1 1570, p.1kS.

KELLY, A. and DAVIES, G.J. Metallurgical Reviews, Vol. 10, 1965, p.1.

LAXTZ, R.B. and BALDRIDGE, K.G. Composite Materials, Testing and Design. ASTM STP L60, 1969, p.9L.

Lzzgz, E.M., KNIGHT, M. and SCHOENE, C. Composite Materials, Testing and Design. ASTM, STP L60,
1969, p.l122.

ISHAI, O. and LAVENGCOD, R.E. Composite Materials, Testing and Design. ASTM STP, 460, 1969, p.271.

GRIMES, G.C. and BRONSTAD, M.E. Handbook of Fiberglass and Advanced Plastics Composites. Ed4.
G. Lubin, Van Nostrand Rheinhold Company, New York, 1969, p.T727.

STURGEON, J.B. Specimens and Test Methods for Carbon Fibre Reinforced Plastics. RAE Technical Report
Ko. 71026, Pebruary 1971.

LANTZ, R.B. J. Composite Materials, Vol. 3, 1969, p.642.

EWISS, P.D. A Compressive Test Specimen for Unidirectional Carbon Fibre Reinforced Plastics.
Aeronautical Research Counecil, C.P. No. 1132. 1970.

BROUTMAN, L.J. Modern Plastics, April 1965. ‘

SATTAR, S.A. and KELLOG, D.H. Composite Materials. Testing and Design, ASTM STP 460, 1969, p.62.
HANNA, G.L. and STEINGISER, S. Composite Materials. Testing and Design, ASTM STP 460, 1969, p.182.
ADAMS, D.F. and THOMAS, R.L. Advances in Structural Composites, SAMPE, Vcl. 12, 1967, AC-5.

BARKER, A.J. International Conference on Carbon Fibres, their Composites and Applications. Plastics
Institute, London, 1971, paper 20.

HARRIS, B., BEAUMONT, P.W. and de FERRAN, E.M. J. Materials Science Vol. 6., 1971, p.238.
HASCOX, E.L. Composites Vol. 2, 1971, p.hit.
KELLY, A. Proceedings of the Royal Society A, Vol. 319, 1970, p.95.

SIDEY, G.R. and BRADSHAW, F.J. International Conference on Carbon Fibres, their Composites and
Applications. The Plastics Institute, London, 1971, paper 25.

TATTERSALL, H.G. and TAPPIN, G. J. Materials Science, Vol. 1, 1966, p.296.

WELLS, H., COLCLOUGH, W.J. and GOGGIN, P.R. Some Mechanical Properties of Carbon Fibre Composites.
U.K.A.E.A. report Number AERE-R61L9.

MERRALL, G.T. and STOLTOK, R.E. International Conference on Carbon Fibres, their Composites and
Applications. The Plastics Institute, London, 1971, paper 22.

BEAUMONT, P.W.R. and HARRIS, B. International Conference on Carbon Fibres, their Composites and
Applications. The Plastics Institute, London 1971, paper k9.

DALLY, J.W. and BROUTMAN, L.J. J. Composite Materials, Vol. 1, 1967, p.h2k.
BROUTMAK, L.J. and SAHU, S. 2Lth SPI Conference on Reinforced Plastics, 1969, Section 11-D.

OWEN, M.J. and MORRIS, S. International Conference on Carbon Fibres, their Composites and Applications.
The Plastics Institute, London 1971, paper 51.

NICKOLS, L.W. and ANTHONY, G.V. J. Sci. Instruments, Vol. 43, May 1966, p.303.
WILKES, G.B. Heat Insulation, John Wiley und Sons, 1950, p.62.

BISHOP, P.H.H. and ROGERS, K.F. The determination of thermal conductivity by means of melting
phenomena, R.A.E. Technical Report 66328, 1966.

e 82

R W . . et e aid ket s
o TR o Bt i st o SRR s



;
f
¥
E
|
1
‘
¥

428

T0.

T1.

POWELL, R.W. J. Sci. Instruments, Vol. 34, 1957, p.L85.

PARKER, W.J., JENKINS, R.J., BUTLER, C.P. and ABBOTT, G.L. J. Applied Phys., Vol. 32, September 1961,

ds LOOR, G.P. Dielastric Promerties of Heterogeneous Mixtures, Thesis, University of Leiden, 1956.

EPSTEIN, G. Testing of Reinforced ?lastics, Handbook of Fiberglass and Advanced Plastics Composites,
Edited by G. Lubin, Van Nostrand Rheinhold Company, New York, 1969, p.683.

WEISS, BE. Metallurgical Transactions, Vol. 2, No. 6. June 1971, p.1513.

Pﬂglaog’s, L.N. Carbon Fidbre reinforced plastics - an initial evaluation. RAE Technical Report
67088, 1967.

GILTROW, J.P. and LANCASTER, J.K. International Conference on Carbon Pibres, their Composites and
Applications. The Plastics Institute, London 1971, Paper No. 31.

ROGERS, K.F. and KINGSTON-LEE, D.M. Proc. 3rd Conference on Industrial Carbons and Graphite, S5.C.I.,
London, April 1970.

BLACKSLEE, O.L., PALLOZZI, A.A., DOIG, W.A., SPENCE, G.B. and HANLEY, D.P. 12th National SAMPE
Symposium, Vol. 12, Advances in Structural Composites, Western Periodicals Co., 13000 Raymer Street,
North Hollywood, Calif., 1967, Paper AC-6.

s an ekt A,

e e el 2ea s s



5-1

AUTOMATED DESIGN
AND FUTURE DESIGN TRENDS

by

M. E. Waddoups
Prolect Structures Engineer

U Ve e LTIIUIIIOL LUz

P.O. Box 74
Fort Worth, Texas 76101
USA

Sl eee aad

SUMMARY

Due to the fact that composite materials must be designed as a part of the struc-
tural design process, the number of design variables and the complexity of the structural
design problems have been increased. Modern optimization techniques may be employed for
elements which must be repetitiously designed. A major portion of the increased struc-
tural efficiency available will result from the capability to use orientation as a design
variable. A general trend of moving the design problem from simple component substitution
to optiual component design links material behavior to nonstructural disciplines. Exam-
ples of the new class of key composites-related optimization problems are presented accom-
panied by illustrations of the application of modern optimization methods to composite
design problems.

METHODS

The primary structural properties of composite material--strength and stiffness--may
be controlled by a selection of lamination pattern. Consideration of the practical limits
of structural efficiency for the material will readily demonstrate the need for design
procedures in the configuration of the composite structure. The lower bound of the spe-
cific strength and specific stiffness (Figures 1 and 2) of the advanced composite mate-
rial is furnished by thz quasi-isotropic properties (Reference 1). It is possible to
achieve strength and stiffnesses below the quasi-isotroplc level; however, it is not
necessary in a membrane structure since the maximum load complexity will simply demand
equivalent strengths and stiffnesses in any direction.

Design of composite structure differs from design with metals in the addition of
design variables and the difficulty in evaluating the effects of anisotropy on structural
behavior. For example, consider the design of a simple constant thickness sheet., For
metal construction, a single variable (the thickness) is required. For the composite, a
minimum of six variables (3 lamina thicknesses and 3 orientations) are required. How-
ever, these new variables, if properly exploited, offer the potential of improved struc-
tural efficiency. The variables cited include only the parameters associated with the
lamination of a single sheet of material. A list containing the design variables which
control the material anisotropy are presented below in order of significance:

1) proportion of orientations

2) orientation

3) constituents

» binder material
* reinforcement
* volume fraction

The design variables in item 3 above are lumped together because the designer, due
to the necessity to have a consistent material, will generally work within a fixed mate-
rial system which is characterized and avallable in volume.

The additional variables provide the opportunity for improving structural efficiency.
Although the opportunity is obvious, the methodology through which these gains may be
exploited is in an early stage of development. The new variables are being added to a
process which has not been geared to the direct treatment of multivariable optimization

problems,

The formalization of the structural design problem is necessary for one to properly
understand the impact of composite materials, The quantitative structural design problem

0"
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may be put into perspective by (Reference 2) formalization as a constrained minimization/
maximization problem. This general formulation allows review of speclalized techniques
avaél:ble for probable solution plus examination of the restrictions presented by those
methods.

The generalization (structural synthesis) 1s defined as the rational directed evolu-
tion of a structural system which in terms of the defined objective efficiently performs
a set of specified functional purposee. A structural system is described by a set of
quantities some of whicn are viewed as variables during the design process. Quantities
that are fixed at the initiation of the process are called preassigned parameters. Those
quantities describing the structural system which are allowed to vary are called design
variables.

The environment to which a structural system is exposed should be replaced by several
distinct sets (or parametric sets) of mechanical, chemical, or thermal loads. Each set
is referred to as a load condition, and the total environment is called a loading system.
A failure mode or conmstraint is defined as a structural behavior characteristic which
should be subjected to limitation by the design engineer. Finally, the objective function
which is defined in terms of the design variable is the basis used for choice between
alternative acceptable designs,

As developed by Schmit (Reference 3) a class of structural synthesis problems may
be stated as follows: ‘given the preassigned parameters and a distinct set of load con-
ditions find the vector d (design variables) so that the objective function m(d) is mini-
mized or maximized subject to a set of inequality constraints on the design variables.
g(d) 2 0 where each of the functions g(d) are such that unsatisfactory behavior in each
failure mode in each load condition is prevented and the range of the values the design
variables may assume is restricted.'" The general problem may be attacked through the
techniques of math programming or, in some cases, sufficiency conditions (Reference 4).
The most commonly used specialized technique is that of simultaneous failure modes in
which the assumption is made that the optimal design is at the intersection of the active
constraints.

Although this hypothesis has been disproven by a variety of counter examples (Refer-
ences 5 and 6), it has formed a useful basis for the development of efficient designs.
In the design of composite structures, optimization forms a role which extends beyond
that classically assumed for metallic structures. Optimization allows one to select a
relatively optimal design, and in many cases, the constraints and design variables are
interacting in a nonintuitive manner. In fact, the optimization technique simply allows
the realization of an efficient design where the stepwise man/machine iterative solution
to the problem is not economically feasible due to the time required to reach a design
decision. Consider the design of a flat plate (Reference 7) as shown in Figure 3. The
plate is subjected to a uniaxial load of 10,000 lbs/in and will be designed to fit with-
in a 10-inch-square opening. Referring to the original definition of the design problem,
it can be shown in Figure 4 that a general format for the problem is consistent with the
original definitions. For the design problem cited, there are six design variables and
twenty-two design constraints as shown in Figure 5. Adopting the optimization scheme
proposed by Fiacco and McCormick (Reference 8) using the Fletcher and Powell (Reference 9)
minimization scheme, the synthesis process is automated as shown in Figure 6. The thick-
ness and orientation movements of the design variables through the design process are
shown in Figures 7 and 8. The particular design problem {llustrated can be solved in
3-1/2 minutes on the IBM 360-65 computer. The example problem was completely designed
and the final analysis was tabulated in only 5 times the execution time required for a
single analysis. The behavioral analysis included a search of the entire surface area of
the plate for the state of strains in the plate of both inplane locads and bending loads.

Examination of the design shown in Table 1 illustrates that the final design was
essentially orthotropic. The difference between the lamina angle shown in the table and
a 0 + 45 degree orientation is a consequence of the fact that the plate was considered
plane anisotropic with a finite stacking sequence. A slight angle adjustment rendered
the plate bending stiffness matrix essentially orthotropic which is encouraging since a
symmetric panel with symmetric loads yielded an orthotropic bending stiffness matrix.

The design compares favorably with the optimal design deduced from a simultaneous failure
mode technique of all + 45 degree lamina. An additional benefit from the optimization
method used is that the design 1s created for which constraints are rendered least active,

The optimal design procedure produced a design which had buckling rigidity equivalent
to the all + 45 degree design and provided sufficient filaments in the direction of the
load to allow the design to not be strength critical as is the all + 45 degree design.

The panel design procedure illustrated may be used in the design of more complex
structure., By determining the distribution of membrane load in a wing or tail structure,



the laminate design and optimum construction concept may be deduced, The results of this
type of study are shown in Figure 9.

Table 1

Design Comparisohs

Design ;1  t)(in) 9y cz(u;) 03 t3(in) W(lbs) u(lbs/in2) Kpo*
optimum (strength) 0.0° 0.00 0.0° 0.00 0° 0.315 2.27 180,000 32.0 x 106
optimum (buckling) 45°  0.139 -45° 0.139 0° 0.00 2,01 36,800 54.5 x 108
NLP (Ref. 7) 46°  0.095 -48° 0.088 0° 0.092 1.98 60,000 48.1 x 106

* Oer = Kyo(H)?

If procedures such as the one reviewed are utilized, laminates and nanels including
panels with multiple load condition and buckling constraints combined with internal pres-
sure may be designed efficiently. Other procedures have been developed for designing
structures such as stiffened cylindrical shells (Reference 10) and element geometries such
as joints (Reference 1l1). The procedures have been useful in designing composite struc-
ture; however, the process of development has been inverted from the normal process of
the design of an airplane. 1In composite materials, the material was characterized first
and then knowledge was gained on the design of a laminate. The design of a laminate
passed into simple structural elements which were subcomponents in the design of major
components such as wings, tails, and fuselages. As knowledge was gained of these elements,
the entire consideration of the component was begun, As reported in Reference 12, the
design of a graphite-epoxy wing for a supersonic aerial target provided an additional de-
sign constraint. This design constraint resulted from strength interaction with overall
surface stiffness requirements dictated by flutter speed requirements.

If a 1ifting surface (Reference 13) such as a wing or teil for a high transonic or
supersonic speed aircraft is optimally designed for strength, the basic strength design
results in orientation of most filaments parallel to the 50% chord of the structure.

Only enough material to take the basic torsional loads and possibly react fuel pressure:
loads remain in the panels. This type of structure becomes flutter critical, and a
stiffness/strength design interaction 1is required to deveiop an optimal design. The re-
sults of such a design study are presented in Table 2. The wing study (Reference 13)

was designed for high subsonic and supersonic performance. The wing was a low aspect
ratio for a 7.33 g fighter-type airplane. The optimal design for composite strength is
shown in column 2., A substantial amount of weight is saved in the primary structural box,
but the flutter speed of the design of 790 knots is deficient. The particular design was
tailored to take advantage of the anisotropy of the material in producing a design which
would washout under high angle of attack loadings. It was found that the box weight

could be slightly reduced due to the load relief and the flutter speed could be increased
due to the addition of torsional stiffness. However, perturbation of the design using
all O-degree filameats and then all + 45-degree filaments showed that the optimal strength
design was a lower bound on the available flutter speed and the flutter speed could be
significantly increased by increasing the torsional rigidity of the design., Providing a
better boundary spar stiffness and slightly increasing the shear rigidity of the basic
covers, the final design, as shown in the last column of Table 2, was achieved. This wing
had an acceptable flutter speed and retained weight fraction which was desired. It can be
seen from the charts presented that in wing- or tail-type structure composite materials
offer a substantial stiffness advantage. By proper design tailoring all the stiffness
distributions meeting both the dynamic requirements and the strength requirements a clearly
superior design may be achieved.

The research trend in design of composite structures in the United States retains
emphasis on the development of more efficient component designs, but the major emphasis
is on understanding the system impact of composite materials. Typical design study ef-
forts include the optimization of components for flutter speed, strength, and aeroelastic
effects as 1llustrated for metallic structures in Reference 6. Sufficient information is
being collected on the minimum weight required to provide stiffness as a function of con-
figuration, minimum weight reyuired to provide strength as a function of configuration,
and the detailed penalties due to attachment and other nonoptimum weights. This informa-
tion will make solution of the problem of total system configuration design with cowposites
possible,

86



Table 2

Wing Weight, Skin Strength and Flutter Speed
(Mach = 0,8) Comparison

Strength Optimized All Filaments All Filaments Final

Aluminum Composite Spanwise +45° Design
Wing Box Weight (1lbs.) 1707 957 940 940 971
Relative Efficiency 1.00 1.78 1.82 1.82% 1.76
Flutter Speed (knots) 1040 790 640 1110 - 915
Laminate Characteristics ‘
o/p .700 x 108 - 3.22 x 1o6 .278 x 106 e
E/P 100 x 106 - 370 x 106 52.8 x 106 .-
G/P 38.5 x 106 -- 15.7 x 106 113 x 10 -

*Insufficient spanwise strength
**Nonuniform spanwise and chordwise distribution

Component demonstrations of most of the major structures found in aircraft as refer-
enced in References 12 and 14 have established that the weight savings are real and
that, on a component substitution basis, composite structures may be designed to save at
a minimum 20 percent of the structural weight. With this knowledge, the design efforts
are now moving towards optimization of the element on the basis of design strictly for
the use of composite in the structure. In order to support this design trend, the data
is being abstracted as shown in Figure 10 and the appropriate information for configura-
tion design is transferred to the level of design of the basic system.

The problem of the design of the basic system was, in fact, treated in Reference 15
and recommendations were made by the Ad Hoc Committee on Structural Design with Fibrous
Composites of the National Materials Advisory Board to 'consider coemposite materials in
the conceptual phase of design with the entire system conceived as one in which the
geometry of the material is chosen jointly contributing to the optimum." At that time, the
total technology needed to execute that recommendation was not available; however it is
rapidly becoming a reality.
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3 DESIGN VARTABLES
: Jariable Jariable Definition
3 VAR (1) = 01 Orientation 1
3 VAR (2) = ¢, Thickness 1
: VAR (3) = 0, Orientation 2
4 VAR (4) = t, Thickness 2
VAR (5) = @3 Orientation 3
VAR (6) = t, Thickness 3

[DETERMINE AN INITIAL DESIGN |

-
PERFORM A STRESS ANALYSIS
DETERMINE THE MARSIN FUNCTIONS

Eeik(i) 3 sik(i)ﬂ-;

{TEST MARGNS—:F{EEWA&E; CONTINUE }

=
ASSEMBLE THE-TOTAL FUNCﬂON
F(K,PK)‘W(X)*P“ 3' :

2 Gik(xén‘,

BEIINGRAL. CONSTRYNTS

AST

HBEHAVIORAL CONSTRINTS

G(1, k) = “0° +, Lamina 1

(2, k) = €00 - x.um 1

G(3, k) = 90° +, Lamina 1

Gl+, k) = €90° -, Lamina 1

65, k) = Yo°/9o‘s +, Lamina 1

G(6, k) = Y0°/50° -, Lanina 1

G(7, k) = 0° +, Lanina 2

G(8, k) = €0° -, Lamina 2

6(9, k) = €90° o+ Lamina 2

G(10, k) = €90° - Lamina 2

(11, k) = yo°/9o +, Lamina 2

6(12, k) = Y0°/90° -, Lamina 2

6(13, k) = €09 4, Lamina 3

G(14, k) = €0° -, Lamina 3

6(15, k) = e¢,zo° , Lamina 3

6(16, k) = 90° 6 Lawing 3

G(17, k) = yo°/90 +, Lamina 3

G(18, k) = Y0°/90° -, Lamina 3

G(19, k) = Deflectiun (stability)

G(21, k) = Plate shear V

G(22, k) = Plate shear v%

G(45, k) = Approximate
eigenvalue (stability)

Figure 5 Design Variables and Behavioral Constraints
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Figure 7 Thickness Movement
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Figure 10 Composites Applied at Each Level of Design
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Senersl Cousiderations in the Avoligaticns of Advapced Copvosifes

I. C, Taig, Chiel Structural Engineer, British Airoraft Corporation Limited,
Military Aircraft Division,
VYarton Aerodroms,
Preston Lancashire,

Sumazy

The paper begins by comparing the characteristics of advanced composites with those of conventional
airfrawe materials, It is shown that many considerations other than conventional mechanicel properties
and Jabrication technology influsnce the selection and realisation of efYective applicationa of
conposites, Particular attention ia given to the assessment of cost effectiveneas, to the achievement
of integrity in a droad sense, including protcetion against adverse environmental effects and to souwe
practical aspeots of producibility. Trends in material and manufacturing costs are presented to show
that in the airframe industry, most parts of the structure could benefit from the extensive use of
composites in the next ten years. BExpansion and redirection of the research and development effort will
be needed to exploit the economic potential of the materials,

1. Material Charscteristics

Advanoed composite materials have attracted widespread attention amongzst designers and
enginsers mainly because of the dramatic combination of high strength and stiffness and low weight
which they exhibit, When they are considered for prectical applications many more factors must be
taken into account., We are dealing with a class of mterials quite different from the metals
which have dominated the high-performance structure fisld for so many years. The most obvious
differences are their anisotropy, brittleness, fabrication mthods and cost., A more extensive
comparison of properties, taken from ref. (1), is given in the following table,

IABIZE 1 Material Charscteristicg

Category/Property Composite Characteristics Metal Characteristios

Strength and Stiffness High in fibre direction Approximtely equal in
Low transversely and in shear all directions

Theraal expansion Zero or negative longitudinally,|Approximately uniform,
positive transversely, positive

Built-in stresses Inevitable dus to shrinkage Baducible and relisvable
in oure

Fracture L_Eo ipelsstic duotility ____ 1Dyctile

Charaoteristics Sensitive to 'secondary’ Norzally insensitive

__stresses
Susoeptible to aplitting and Cohosive

Cracks often propagate in fitre |Cracka influenced by

L dixection through ¢ mm...muw
Low energy absorption without Higher elastic/plastic
~mltivle fallures

Environmsntal Inert to most acids and salts, [Corrosion risk varies
Desxaded by vater and solvents |

Characteristics

——

._Susoeptible to erosicn |
Electrolytically positive -~ may |Corrosion between

Highly anisotropic electrical Good conductors
conductors: susceptible to

1
Fabrication Pinished mterial yroduced at Pinished material produced
Characteristios component fabrication stage and controlled before
¥ile range of layups and Standard treatments,
L_Rroperiiep Iroperties
Properties vary significantly Low variability
d rials

Extensive non-destructive test- |Limited non-destructive
ing and inspeotion needed to inspection
amitor quality

Roonouis Hish banic meterial ocets  ILoy-medium materisl costs |
Pactors .specisl sanufeoturing plant __iConventional plant |

Potentially low assesbly costs [High fabrication and
. aseendly costs

bt 347 et
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Composite materials have of course been in use for many years in such forms as plywood,
reinforced concreie and glass reinforced plastics., These materials have been economically
compatitive with their rivals and it has been possible to exploit them without stretching their
performance to the limit, With the advanced composites, the present high cost makes it essential
that they should be used very efficiently if they are to make any significant impact on
engineering, It is inevitablo that they should first be introduced in high performance or
specialired applications vhere these costs can bte justifisd, Only when a substantial material
utilisation is achisved will the costs reduce to a point at which widespread indvatrial use can be

visualised,

Eringivles for Efficlent Exploitaticn of Comvosites

In subsequent dimcussion, high structural performance is regarded as an essential prerequisite
for effective composite application., This drings about an umprecedented requirement for detailed
understonding of the material and the structure at all stages from material selection, through
design and manufacture, to assurance and monitoring of integrity in servics. The materizls pronise
large rewards in terss of performance dbut the cost is high in sustained technical effort as well

a8 in monetary teras,
Some of the principles for successful applications can be summarised in the following list:=
Select anplications appropriate to the materials

(Choose suitable fibre and mmtrix mterials)
Establish realistic design oriteria,
(Analyse and desisn to exploit the meterial)
Design for integrity in detsil

Design for producibility

{Control manufacturing processes)

Protect against damging envircnment

(Monitor integrity in service).

In the subsequent discussion the items in brackets will not be considered since they have
either been covered adequately in the previous lectures or they relate to the eatablishment of
go0d practices which are outside the scope of this paper, The remaining topics will now be
considered in more detail,

Selecticn of Avorovriate Arplications

If we consider using composite materials in a new product we must first answer two questions,

3.1, Is the application likely to be cost effective? PFor example, is the potential product
soprovement sufficient to warrant the additional cost of advanced composites? op is the
composite mnufacturing process so efficient that the final product cost is competitive with

alternativea?

3.2, Is the application feasible, both theoretically and in terms of ypractical technology?
In the early days of composite apnlication a third question mav be esually vital:-

3.3. Can the composite product be developed (with a high probability of success) in ths time
available?

3.1. Gost Effectjveness

?x’-pln have been quoted where the installed cost (2)ana the (installation + operating)
cost (3) are lower for advanced composite components than for their conventiomal counterparts.
In such cases there is no need for a complex cost/perfarmance trade study: cost effectiveness
my be easily demonstrated., More often one must balance a performance improvemsnt against
additional compoment cost., A method commonly used in the ajrcraft industry, and, in
principle, widely applicable, is besed on asaigning a monetary value to & unit mass saving.
This value varies throughout the design and mamufacture period and is highest in the early
proi;ct assessment stage vhen the whole wehicle can be scaled down to exploit specific mass
saving,

Compoaite materisl performance relative to conventional materials is subsequently quoted
in terms of a struotural efficiency ratio R defined am:-

R - Mass of conventional structure replaced
wmass of composite in component
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The value of this ratio varies according to the type of structural application, the
loading conditions and the component design constraints, If 01 is the in-service cost of
unit mass of a component in conventional material and C, the corresponding cost for
composites, then the application of composites is Judgei cost effective if

C, 3 CR+V(Ret) ciarrrincnineininicnnnrnncacnnnnsandll)
nr alternatively the structurac) efficiency required for brsak-sven is given by

R = C,+V

01 +v
Fig. 1 shows the break-even value of R plotted against V for typical values of c, and ca.

Thus at a given stage in the evolution of an aircraft an economic material efficisncy
ratio can be established, It remains to study any particular composite application und
determine the potential structural efficiency for comparison with this break-even valie.

Such an exercise has recently been carried out bty the suthor for carbon fibre/resin
composites as available commercially in the U.K. Some results are shown in fig. 2 together
with the break-even efficiency for the aircraft concerned related to current material costs,
On this basis it is seen that the only cost effective applicationa are for the reinforcemnt
of metal flanges by unidirectional strip material (4) and for cumponents designed wholly by
stiffness, This conclusion aprlies, of course, only to ono sireraft at a perticular
development stage and to the st of material properties and cost data employed.

3.2, Techaical Teasibility

Before deciding to use composites for any particular application it is obvious that an
adequate material must be available and it's basic properties demonstrated over the range of

operating conditions,

Many of the technical factors involved have been coveresd by previous papers and some of
the practical factors are covered later. At this stage two particular criteria which can
determine feasibility will be mentioned.

Firstly, all thae high performance composites known to the author are brittle materials
and their resistance to impact is poor. When the composite and specimen design have been
modifisd to improve performance in laboratory impact tests the result has usually been to
increass energy absorption by creating multiple fractures - a proccss not conducive to the
peace of mind of practical designers and users.

¥e therefore consider that aomposites should not be used in any -«gion whers high

incidence ixpact by hard or dense cbjects is likely, In ajircraft applications ¢ais precludes

external, forward facing surfaces, such as leading edges and engine intakes and regions
susceptible to ground debris impact, On the other hand, where battle damage is . incerned,
ballistic impact tends to produce clean holes with little loss of structural perturmance

apart from the direct perforation effact. It has also been demonstrated that effective fisld

repairs cen be made, Furthermore, combinations of composite and conventional materials can
be effective in absorbing impact and providing protection for internal equipment and crew.

Cperating tezperature ._a a second factor which may detormine the faaaibility of an
application, In tae fibre/resin composites the vesin usually has an upper temperature limit
between 50°C and about 200°C for epoxy and polyester systems and upto about 300°C for
polyimide systems. The polyimides are both difficult an. axpensive to process and are
inferior in general performance,

Long tern exposure to high temperatures, such as ‘he 25000 hours at 100 - 120%,
Concorde environment, has yet to be demonstrated as feasible for any system to the author's
knowledge,

At low temperatures, brittlsness and therml stress cracking may be limiting factors -
this aspect does not seea to have attracted sufficient attention to date,

Design Criteris and Struotural Intesrity

The efficient and safe design of composite components depends fundamentally on a suitable

choioe of design criteria and a philosophy of integrity demonstration appropriate to the materials,

™ airvorthiness authorities in the U,X, agree broadly with the following design oontrol
and demonstration procedure for the clearance of critical airframe components:-

- All rav materials released to an agreed specification

- material design properties statistioally deternmined from large samples of test data and
unifying stress analysis technigues.

- astructural detail propertiss verifisd by substantial numbers of tests on fully representative

detaile
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- 8ll fabrication processes dexoustrated by NDT and cut-up tests to yield components meeting
design requiremsnts

- cumprehensive structural analyses or in. trumented tests relating local stresses and
deformations to overall lcads

- all produotion processes subject to batoh control tests
- non-destructive examination of all finished components
- full scale tests of at least one static and one fatigue conmponent

The 'hisrarchy' of tests and the coordinmating analyses are illustrated ir fig 3., In the present
context, the important feature of this procedure is that the nominal property values used in
design are statistically derived from relevant coupon and detail specimsn tests, The present
advice is that design levels should be chosen to meet the following traditional oriteria

a) 1o more than 10X of components fall below the stipulated property level.

and

b) no more than 0.1% of somponents fall below 90% of the stipulated level,

These oriteria account specifically for variadbility in proporties of the muterial as manufactured.,
Allowence must also be made for the influence of operating temperatures and possible degradatiom
of material properties after exposure to the service environment for the whole aircraft life,

It should be noted that this approach does not demand that the full scale static tests should
demonsirate a pre-deternined strength margin or superfactor (which would penalise metal components
as vell as composite), It is based on the demonstration of consistent psrfarmance between full
scale tests and detail tests and strength margins related to the variability of the latter,

The application of this philosophy impliss the existence of a large dody of consistent data
in the fivat instance, It aleo implies that, for reasonable economics, consistent design practices
should be followed so that new components can be designed using data accumulated from previous
structures, Both these constraints are considered excallent practire for the early exploitation
of advanced composites. The only reasonable alternative is the prctection of structurel integrity
by the imposition of large safety factors unrelated to the particular component or the user's
expertise, This might lead to a false impression of security and would certainly prevent the
efficient use of the material.

In due course many applicationsof composites will appsar where such stringent safety
procedures are mﬁnoeusary. In such cases mamufacturers will wish to reduce (perhaps to sero)
the amount of special testing and also to cut costs in process control and inspection., It is
likely that propeity levels considerably lower than those established by ‘aircraft' procedures
will be necessary for acceptable performance.

Detaj) Desizn for High Tntegrity

Integrity of a composite structure is not assured by demonstrating sufficient static and
fatigue strength by analysis and laboratory tests. Composites are, generally speaking, imperfect
=zaterials as manufactured - containing small pores, oracks and unbonded regions at the constituent
interfaces. After subjection to cycles of warying temperature and loading further damage is likely
to occur. In fibre/resin comnosites, local resin cracking, fibre debonding and even fibrs breaks
are probable, It is unlikely that. for many years to comes, the occurrence and influence of these
effects can be accurately vradicted by theory. It will be necessary to build up semi-empirically
a body of information related to specific eomposite layups and component types to show how much
degradation will occur and how much can dbe tolerated without danger of component failure, There
is obviocusly a strong interaction between the physical condition of the comrosite and the
environment in which it operates.

Again, the fajlure of comnosite components is unlikely to arise from exceeding the static
strength in the fibre directicn (even allowing for the effects of degradation). It is much more
probable that interlaminar and normal-to-surface stresses will vrecipitate failure by delamination,
often as a remult of local stress raisers. 1t is theoretically possible and in time maybe
economically feasible to deal with such problems entirely by calculation, At present it is usual
to use theoretical calculation to design standard details - e.g. joints, splices, corner fittings.
f1llets and perforations - and to develop each design by testing to achisve acceptable standards,

All branches of engineering use standard components and detail dezigns with conventiomal
materials, With compoiites this practice is likely to be even more widn spread,

Tabricetion of Compogents

The efficient use of composites and the nature of the materials themselves suggest that the
trend will be towards the layup and curing of monolithic components rather than tls sudb-assembly of
many prefabricated details, The principal mauufacturing methods envisaged are:-

- filament winding and autoclave curing: mainly applicedle to shells and frameworka.

- tape or sheet laying and autoclave or press curing: mainly applicable to sheet, strip, panel
and shell components.

- matched dis moulding and press curing: applicable to relatively small, accurately shaped
cosponents,
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Other methods such as pultrusion, injection moulding etc are applicable to special types of

component or to secondary structures using short fibre reinfcrcement amd will not be considered %

further. ¥

I

Bacu o." the principal manufactuving methods imposes restrictions on the design and :

perfarmence ¢. the resulting composite -~ the following discussion relates to the purely physica

and geometrical constraints, }

The first point, which relates to the selection of material is independent of the method 2

of layup and curing but fundamental to the overall manufacturing process. The range of fibre ;

sizes available in present day advanced composites has an imporitant influence on the amount of K

curvature along the fibre length which can be tolerated, i

¢ f

3 If the maximum permissible bending stress is taken to be 10% of the nominal fibre strength H

5 then the permissible radii of curvature far boron, glass and carbor fidbres are given in the 4

& following tabdle. f

:

: Pibre dismeter| Young's Modulus | Nominal Strength | Permissivle 3

. Pibre Material Bend radins 3

i un (107 1ns) |on/a2 (10510¢/1ns?)| /w2 (10°108/4n8%) | wm  (ins) ;

: Boron/tungsten [100 (4) 380  (55) 2.4 (350) 7% (3.2)

1 Glass 7.5 (0.3) 69 (10 2.75  (400) 1.0 (0.04) :

] Gamen (|9 (030) |40 (s0) s ) 1.6 (0,45 i

3 range 6 0.24 210 30 2.25 325 2.8 0,11 j

i S—— B
i This shows that components requiring rapid changes of surface direction can only be made ir glass

and carbon fibre composites, This effectively limits t:e potential applications of boron to pansl
structures and large diameter tubes and makes it necessary to introduce joint fittings using other
'~ materials at surface intersectioms,

3 Pilagent Vinding

This proceas L-<s been in use for many years in the production of glass reinforced plastic
pressure vesssls using either preimpregnated glass fibre tows or weit-layup methods, It lends

3 itself especially to the manufacture of cylinders, tubes and bodies of revolution and with aome
ingenuity to the fabrication of frameworks including geodetic shell-support structures, It is
essentially ar automated layup process and many facilities exist, with varying degrees of

3 automtion and adaptability.

PPV PN OSSR S ATV LN S

Apart frem a fev cpscific types of geometry and layup (e.g. helical windings of circular
cylinders) it is not usually possible to layup individial laminas without many fibre cross-overs 3
in a layer. In regiona of double curvature, such as prassure vessel end domes, and at framework
intersections this problem is particularly acute and leads to 3 great deal of overlapping and
y variation in laminate thicimess. The result is that fibre damuge during cure is likely and that
resin rich areas or voids occur at overlaps., Furthermors the surfaces of the finished compoment
often require machining to a final contour with the result that fibres are broken and effective
material is lost, In arriving at a compromise layup to minimise somes of these effects it is
certain that the fibre direction will no longer be the optimum advocated by the designer. PFor all
these reasons. filament wound components do not achieve the theoretical performance of the material
and the loss in efficiency must be established experimentally and taken into acoount in design,

Iare and Sheet Iaving

This is the most widely used technique for laying up airuraft components and it uses the
mterials in the very convenisnt form of preimpregnated tape or sheet. The prccess is suitable
for at least partial automtion and leads tc a true laminated construction in whick 2sparato
fidre/resin layers are superimposed without cross overs. The continuous filament process only
appliss to developadle surfaces although a small amount of 'drape' over double-curved surfaces can
be achieved.

s,
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Vhen fabricating components other than flat panels or prismatic surfaces, the fact that tapes
are produced as perzllal strips with unidirectional fibres may lead to severe restrictions on fibre
oriontation and coatinuity. Pig. 4 illustrates how the fibre orientation in a single layer would
vary around a tapered box so that orientation on ovposite faces would be significantly different
and oontinuous tape winding impossible.

ScAN FoA? Cada INESS T 3

A more general problem affecting flat panels and open sections ia distortion during cooling
after cure, To avoid this a balanced layup is needed - usually obtained by symmetrical dispositium
of laminae of equal orientation, This can place difficult constraints on the design of :
the laminate and in particular on the ability to vary the layup to cope with changes of loading, E
A final poiat in relation to layups made from parallel strips is that change of fibre orientation
vghh;. a layer is only poasible by breaking the oontinuity of the material snd thereby losing :
officiency.

i
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Onoce again the thesretical efffoisncy of the material will tw significantly reduced by the
practical requirements of manufacture, All the above problems can bw reduced or €liminated by the
use cf short fidbre composite technology whick s buing sucoessfully developed by E.R,D,E.(5) {6).
Short fidres can be deposited from fluid suspension in virtually any concentration and orientation,
producing s surface mat which can de impregnated with resin to furm a tallorsd ‘prepreg'. The
pemalty for use of this very flexible technique is the loss of mschanical properties which for
carbon fitre/resin gsysiems have beun quoted as 70% reduction in flexural strength and 80% in

..;iffness. Latest developmants 2es ing to improved f£ibro aligmmen* prcmise to reduce these
penalties signifiocantly,

Eatohed Die Moulding

This procese, restrioted by press size to relatively smsll components, has the cam
restrictions wm fibre direction and, in thin sections. control of distortion., Once again short
fibre composites provide a possible solution,

Attachaer s apd Joints

A1l composite components are cured under prossure either on a former or mandrel or in a mould,
After cure of olosed surfaces cnd tapered open sections it mvst be possible to remove the curing
tool. Internal pressurisation into a split external mould is a technique being successfully
developed for manmy “ubuler componsnts, Howsver, cases arise where this is no. vossible and in
many cases manufectuse of & monolithic structure does not seex feasible, In such cases gssemdly
of prefabricated comvoneunts is necessary and this introduces the need for assembly jointing, With
fidre resin composites it is usually preferable to use adhesive bonding. given that sufliciently
large and robust surfaoes can be provided to snsure adequate attachment. For localised attachments,

mchanioal fastenings are often required and most users introduce metal inserts or edgr members to
diffuse local loads and accommodats stresses dus to geometrical offsets.

At the adges of panels and sheets normsl practioce is to bond a metal edge member to the

composite by a tapered or atepped lap joint or a stepped splice joint as illustrated in fig, 5 and
to mke all mechanical attachments through the mstal alone,

At the ends of oompact fittings a metal shim joint is often used, interleaving thin metal
shims between composite layers.

An alternative to reinforcement by metal, frequently used for local inserts and tube end
fittings, is to build up & woven fibreglass/resin reinforcement. This lends itself well to
incorporation in the composite process but can be very heavy if used extensively.

Joint design and performance is a coaplex subject which will not be discussed in detsil here,
It is, however, probably the most important single factor affecting the use of composites in
practical structures. In some sarly composite fittings, the weigut advantage of high strength

mterial has been lost by excessively heavy end attachments, In all cases, component integrity
will depend on joint and attachment pertormance,

Bpvironmental Protectiog

The fibre/resin compusites ace quite different from engineering metals in their tolerance to
the warking environment as can be seen in table i, Whilat corrosion is not generally a prodlem in
the composite itself, most resins, and in the case of glass the fidbre surface, are degraded by
moisture and some of the fluids which are normslly present. In certain instances this degradation
my be smll and 1o special precautions need be taken, This is usually at the expense of other
properties: for example tolersuce to hest and moisture may be achisved by complex cure cycles
which yield a brittle resin snd an exvensive mmufacturing process.

The matrix oracking and porosity referred to in section 5 make it necessary to avoid the
absorption of water, fuel or other fluids into the composite which may cause physical damage by
freesing or evaporation as well as chemical degradetion.

Erosion is a further problem with all fibre resin composites., It is alreudy familiar in the
airoraft fisld where fibreglans radomss and asrial covers have been in use for many years,
Surfaces exposed to rain and hail at high inocidenoe at high speeds can be rapidly eroded.
Boron/resin is slightly better but carhon/resin possibly worse than fibroglass so the sams problea
existe for all these materials. For thess reasons surface protection of composites is likely to
be Zscessary for many (xternal applications. Alsd internally, where regular contact with or
oratainment of fluids is required, surface sealing will be needed. Coatings must be continuous and
safticiently flexidle to bridge fine resin cracks and for external purposes tough enough to withe

ntand the local erosion conditions., Coatings of meoprene or polyursthane of up to 0.25 mm (.010 ins)
‘ax7e been shown to mest typical siroraft external requirements,

Lightning strike is a potentislly serious hasard to composite structures, particularly thoee
mie of moderate elactrical coanductors such as boron/tungsten and carbon fidres. Tests conducted
by the U.S.A.F, Materials end Avionics Laboratcries (7) show that the problem is most acute with
boron, dut it has been oconfirmed in the U.K. that moderately high simulated lightning strikes will
sls0 damage carbon fidre cowposites. Kom-conducting composites such as glass/resin (and equipment
within them) can be adequately protected br local metal strips forming a 'Faraday osge® which
preferentially conducts the Lightning curreant. Thers is somy controversy regarding the efficacy
of strips for protecting the partially conducting materials « ¥hilst the first mjor production
conposite compoment (the P,14 tatleron (B) Juses this method and UK, tests confira the preferential
oonduction of simulated lightning through adjacent mstal rather than carbon fibre components,
ladoratory research indicates that oontinuons oonducting coatings will be required. Some suggested
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coatings are aluminium at 0,15 mm thick (either bonded foil or nm-apnyod). ailver-pigmented

epoxy paint, 0.1 mm thick and aluminium wire fabric using 0.1 am diamster wires at an area
density of 0.1 ka/w?.

It would be logical tc combine the requirements for erosion and lightning protection into a
single provective coating either by the use of continuous metal film or the development of a
specialised ocomposite coating such as metal fabric in an elastomeric matrix, Such soatings will
affect the inspeotion of composite components Zor deterioration in service and in the case of
motal films might introduce their own electrolytic corrosion problems. Any development of coatings
mst therefore be sccompanisd by the parallel development of non-destructive inspection methods.

Boononjos of Airfrape Applicatiops

The assessment of coet effectiveness was discuseed in genersl terms in section 3.1. Soms
ourreny and predicted costs will now be presented and used in the cost effectiveness equation to
indicate trends in the economics of applying advanced composites to airframs atructures.

8.1. Haterial Friges

The figures quoted below relate to the price of preimpregnated boron- and carbon-epuxy
tape raterial and are expressed as the price of that quantity of tape which yilelds unit mass
of cured laminate with 60% fibre/volume fraction. Prices are either obtained from recently
published figures or from material suppliers' quotations,

Quantity ordered or | Price (Feb 1972)}

Material rate of consumption{ &/Xg ] £ /1b
Borc%:;?ozs::zrgu.s. supply to 10,000 1bs () | 107
Carbon-epory tape * ; Small batch 2229 2170
(US/UK supply to US customer) 300 1bs 127 150
Carbon-epoxy tape * 5 Kg batches D07-331 | (244=391)
(U.X. supply to U.K. customer) 750 Kg per week 48-76 | (56-90)

*  RAE Type 2 fidbre (hish strength) in all cases.

The marked depeadence of price on quantity srdered reflects the excess production
capacity currently available. Purther reductions are possible by working the present plant
to full capacity and again by developing new plant for larger through put and continuous
processing, A reasonable forecast of the growth in my o~ company's consumption of carbon
fibre composite leads to the price trends shown in fig, 6.

8.2. Namufaoturink Coots

At present there is no experience of quantity production of advanced composite components
arL? the definition of economical design and process details is inadequate for accurate
aam racturing cost forecasting.

The following general indications of labour costs have been obtained from our own studies
together with information from U.S. sources.

Iten Comporite Construction |Conventional Relative
Construction j(labour cost
Tapered pansls, | Composite skins and Uniform aluminium
simple control separate edgs members. jalloy skins, honey |Approx, 2:1
surfaces honevoomd core, metel |coml. core edage
attachments, meabers and
attachments
Fairing panels Single-cure curved Machined aluminium
*sculptured’ panel, skins, honeycond £ 1:1
h-neycomd cors core
Jor flying Variable thickness Varying thickness
surface laminate skins, varyingi{Ti skins, Al honey
density Al, honeycomb |com» core, Ti Approx, 1:1
core, Ti edge members |fitt\os;z
and fittings

By comparison with typical airframe manufacturing costs a figure of £100/l(¢ is the right
order to cover labour and tooling. When dealing with reolatively smll material quantities a
substantial extra cost is required to cover process control and non destructive testing.

This wii° be assumed to add a further £20/Kg to the present mamufaoturing cost but to be
absorbes in the previous figure by 1975. The hasis for this cost component is so uncertain
that inere is no justification for reducirg it beyond this point,
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8.3. Effect of gost trends on weight trade-off

Combining the above costs to give C, in equation (2) and taking C, to be £50/Xg,
the break-even structural efficiency mtio is derived as a funotion of time for the
following typical valuss of mass-saving.,

4 A
3 Airoraft Type Developmont Stage | Value V of Codo ;
] mass saving, 3
i Strike Adroraft Detail desisn £10/kg A y
: Strike Aireraft Project study £150/Kg B :
& Iy
g Subsonio transport Barly desigm £10/Kg A 3
g Supersonic transport Barly design £300/Kg ¢ g
, A
: The resulting break even efficisncies are shown in Tig, 7. Referring again to fig, 2 it is 2
3 seen that &1l the structural applications studied will becoms cost effective by 1980 on the 3
- basis of unit production cost alone, A survey is required of the plant development and 2

4

capital re-equipment costs to complete the pisture,

et e o

9.  Jechnjcal Peveloument

The rapid explojtation of the sconomic potential of the materials requires a vast research
and developmant effort, both to justify structural integrity and to evolve the techniques which
will enable design and production teams to produce hardvare in quantity. Some highlights of the
development programme are presented in table 2,

T

, IABIE 2 Technical Developpent Requiremepts
.
o A
3 Technology Area Present Status Requirement 4
4 Multidirectional Basic stress/deformation Strength and integrity under 5
y laminate behavicur analysis well developed realistic loading and environmeny 4
Inpact and fraoture Fundawental theories evolving{Unifying theory and practical 3
properties Formalised laboratory tests. |[tests to predict full-scale g
L performance, b
4
Environmental Laboratory information Long term exposure and real
3 resistance available for humidity, environment information, 3
3 temperature, fluids, eros:on,|Tolerance of adhesive joints,
3 lightning strike, mechanical joints. 3
E Protective coating performance. E
- ' Damage resistance and{ Small amount of data on Extensive infarmation and field p
3 repair impact damage, soms ad-noc |trials on in-service damage. P
repairs. Structural concepts with repair A
in mird; performance of fisld E
repairs, 3
)
- . Process and Quality Limited range of processes Developmnt of processes for widel E
2 Control. for specific applicatioas. range of applioations, low i
. Cunbersoms control proceduresiproduct variadbility. k
. Sireanlined control procesdures.
Structural Concepts Limited range of applications{Bconomically producible
3 i developed. structural forms appropriate to 4
the matevial.
. Standarcised details,
Analysis and Design Basic stress analysis and Automted stress analysis and
Alds, material layup routines strength derivation
available, Automated optimum material) and
structural design.
Standard practice manuals,

In many instances the development wilil culuinate in the installation of trial structures on
flying airoraft and production comitment wili be delayed until satisfactory servios over a
substantial time period has been demonstrated. Until now. most of the pressure to deveiop
composites has arisen from a desire for techmioal advancemsnt., It now appears that potential
:cono-ioalt.dnutap my become the driving foroe leading to expansion and redirection of

evelorment,
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Airframe Applications of Advanced Composites,

I. C. Taig, Chief Structural Engineer, British Aircraft Corporation Limited,
Military Aircraft Division,
¥Warton Aerodrome,
Preston,
lancashire.
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This paper deals with a wide variety of primary and secondary structural applications of advanced
composites. It illustrates, using actual or projected examples, the progressive introduction into
service of components of increasing complexity and cost effectiveness. All previously unpublished
informtion relates to carbon fibvre/evoxy composites under development in the U.K. but to broaden the
picture the coverage also includes boron/epoxy, carbon/epoxy and, to a lesser extent, boron/aluminium
applications in the U.S.A. The range of components covered includes:~ composite reinforced metal members;
sandwich pansl structures such as doors, floors and control surfaces; rod and tube members, box structures
such as tail surfaces and wings: frames, bulkheads and fusslags shell structures. Particular emphasis is
. given to the design principles and practical features embodied in each application illustrating as far as
3 possible the gemeral coneiderations of the previous paper. Where information is available, mass savings
and cost effectiveness data are quoted and the paper concludes with comments on the operating environment
and experience in service,
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Jatroduction

Addvanced composite materials are moving rapidly from the laboratory development piraae to the practical
hardvare stage., The driving force behind this develonment is the potsntial improvement in structural
officiency which the new materials offer. At present prices. very few applications are eust effective
and most of those which will be described are intended to demonstrate the capabilities of the msterials
ready for their future exploitation, A reasonably broad survey cf composite applications is attempted
but there is no intention to make this all-inclusive. The emphasis is on applications in the military
airoraft field since this is the writer's aphere of activity but occasional references are made to civil
transport and helicopter applicatioms,
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; The pattern which emerges is ons of logical progression from relatively simple znd sometimes
A secondary componsnts to major structures involving totally new design concepts and exploiting the materials .
x in sopi:isticated ways.

s
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3

. 3
3 1. Qomposite-peinforceq peta) structures 2

The most efficient use for highly anisotropic filamntary composites is for unidirectional load
transmission., This situation is very nearly achisved in the flanges of beams and frames, the
stiffenera in stiffened plate structures ani the spars and longerops in reinforced shell structures,
By a fortunate matching of stiffness and strength, boron and mome carbon fibre composites can work
offectively in parallel with the conventional airframe materials: aluminium and, particularly,
titanium alloys, It is natural therefors that amongst the early applications of these materials we
should find the unidirectional reinforcement of metal structures, This is seen in fig, 2 of the
previous paper to be the most efficient of all the applications studied to date and it also provides
& measure of fail-safety since a metal load-path exists in parallel with the compoaite,

RN

For these reasons floor beams with carbor ilbre strip reinforcemsnt of motal flanges (1) as
shown in fig. 1, were developed for fitment in the cargo floors of the BAC 3-11 project (now canoelled).
Similar structures are known to be under consideration for the Lockheed 10 11, The application is
relatively straight-forward, the principal technical difficulty being the control of distortioa and
acoommodation of thermal stresses induced during cooling after curing of the composite to the metal.
Even allowing for thermsl stresses and with modest design stress levels, 1 Kg of oarbon fibre
(RAE type 2, high strength) composite can replace 3 Kg of aluminium alloy giving an overall mass
l:vinc of 2 Kg. The cost of this application is little mors than that of moulding simple tapered
strips.

A similar applicajiog, this time with stiffening in mind, has been considered for a helicopter
pitch comtrol spindle (20), Here the high stiffness (Type 1) carbon fibre was used, in spite of the
fact that it's limiting strain is not particularly compatible with that of the steel sudstrate,

A more direct way of reinforcing a metallic structure is the incorporation of fibres into a
motal matrix. This is beding successfully develor:2 with boron in aluminium and typizn} applications
are the eabodiment of prefabricated Luron/aiusinium strips into spars and longerons (3), This
materisl is in some ways more versatile than a resin-matrix composite since the aluminium matrix
gives greater shear and transverse tensile strength. It does not lend itself so well to euLsy
fabrication and layup in-situ and at present is most likely to be applied in the forw of standard
fabricated sheets, strips and sections.

Composite reinforcemsnt of mtal is not confined to unidirectional loading situations, One of
the first effective service applications of boron-epoxy composite is the 10cal reinforoement of the .
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F=1 11 wing near the main pivot lug ) as shown in fig. 2. In this came improved fatigue life is
the goal and the reinforcement was introduced as a )ater modification for retrofit to existing wings
and to avoid vhoiesale redesign of new wings, It is claiwed that boron/opm doublers added 8 1bs
to the airoraft weight instead o{ the 30 1bs penalty for redesigned metal fittings - a relative
structural efficiency of 3.75. 4Also the cost of fitting doudblers was estimated to be 60% less than
thet of modifying existing wings with redesimed fittings and 21% less than the redesign costs for
nev aircraft,

In all these applications the composite material is used to reinforce existing load paths either
for strength or stiffness., An interesting possidility which way find early application on hish
performance aircraft. is the selective reinforcement of mstal structures to control asroelastic and
flutter problems by altering the distortion modes, High stiffness composites enable the designer
to have virtually independent control of flexural and torsicnal stiffness in relation to any axes,
The firat application of this type by my owmn company is lilkely to be in external store pylons but
the reinforcemsnt of fins is alsc teing considered,

Danel and Control Surface Jtryotures

Nost aircraft manufacturers vho are developing composites have chosen as the first flight
demonstration articles simple secondary panel or control surface structures. In some cases these
are relatively conventional components in whish composite skins are attached to metal edge members
or substructures, In other's, more sophisticated concepts are employed, exploiting the special
characteristios of compoaites. Among military aircraft alone a large number of pilot structures of
this type have been evaluated. Table 1 below lists a number of these

COj CO!
Manufacturer Alxroraft Component Material Remarks
General Dynamics, | F-f 11 | Airflow deflector Boron/opoxy Evaluated on test
Convair door. airoraft
Main landing gear
door
ding trailing edge Limited production
panel Boron/epoxy evaluation
Northrop Corp. -5 Ving tip section Carbon/epoxy | Service evaluation
NcDonnell Boron/epoxry | Components
Douglas Mc Trailing edge f1ap | o0 on/enosy | developed dn both
materials
¥oDonnsll Test aircraft
Douglas T4 Rudder Boron/epoxy evaluation
British Afroraft | Jet
6 tabs in service
Corporation P!kr?vgnt Budder trin tad Carbon/epoxy evaluation
Hawker Siddeley 1 flap in service
Adroratt Yulcan | Airbrake Carbon/epoxy evaluation
Bawker Siddeley May become standard]
Adroraft Harrisr | Perry wing tip Carbon/epoxy profuction iten
Lockheed, Georgia | C5A Leading edge slat | Borow/epoxy |11 slats in servic
evaluation

Whilst it is not possible to discuss all these items in detail, a number of them will be seleoted
to show som interesting facets of composite applications. A typical component development programme
is described by Fray 2b) and shows the emphasis given to full-scale evaluation of test components
under a varisty of loading conditions and environments prior to clearance for flight. The component
iteelf is a simple carbon/epoxy faced sandwich struoture with metal edge menbers and is notable for
the use of rivets through bonded joints to prevent delamination. The latter principle has also been
used in the Harrier wing tip under development by the same team.

A simpler item - the rudder trim tab shown in fig. 4 has been brisfly described by the author (9
end “wbodies all-composite construction including spar members of channel and Vee-seotions fabricated
from « 45% orientated carbon fidbre laminates. These provide exanples of the ssall bend radii (about
1me) vaich can easily be achisved with this material, Of all the components described here this is
the only ome »ich doss not show any mass saving compared with its metal ocounterpart. It is over-
strength and overstiff under normal service loads but ds not sufficiently robust to justify the
theoretically possidble mass reductions.

The P={ 11 wing trailing edge panel (4) 14 notable as an early borm/opou cemponent put into
limited production so as to gain realistic menufacturing as weil as service experience. Once asmin
this is a simple composite-faced ssndwich wedge with metal edge members and attanhments and is almost
identical in design to the metal structure which it replaces., It is typical of these 'substitution'
designs that the menufacturing costs are muich higher than for metal components, Dial and Howeth
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report & factor of adbout 2 in mamufacturing hours aloms.

The C5A slat (s) illustrated in fig. 3, is a large component which has been completely redesigned
to exploit boron-epoxy skin panels and soms cost econowy has been achieved by reducing the number of
detail parts to one tenth of those used in the mstal component ard the number of fasteners to one
quarter. The edge members, ribs and spars of this comsponent are mostly conventional mstals and
vhilst more weight could have besn saved by more extensive use of composites it was not considered
cost effective by the mimrs. This again is typical of boron-epoxy compisitcs which cannot be formed
to the sharp bend angles required for deteil parts and are difficult {o mmchine for final fitting,

The makers reported ocarion composites much sasier to work with in a parallel development exercise.
This component operates \n a fairly severe erosive environment and is protected on the cuter surface
by a polyurethans £ilm and on the underside is sealed against moisture by a clear epoxy coating

which permits visual inspection,
The available information on mass saving on these introductory components is summsarised in
Table 2,

TABLE 2. PTTOT COMPONENT MASS SAVINGS

Component Material Mass Suving %

F~1 11 Wing trailing edge panel| Boron-epoxy skins 16%

A4C Map Boron-epoxy skins 22%
Carbon-epoxy stiucture 39%

Jet Provost Rudder tab Carbon-epoxy 0

Vuloan Airbrake Carbon-epoxy skins 5%

C 5. Slat &Boron-Opoxy skins 22%
Carbon-epoxy skins <22%

These figures are typical of conventionally designed control surfaces and panels but “t is considered
that further mass savings can be obtained by rather more subtle use of the mterials,

In a spoiler being ourrently developed for Jaguar, carbon-epoxy composites are being used to
transmit the external loads in & different manner from an isotropic material as illustrated in fig. 5.
Afr loading applied over the main surface is transmitted by chordwise bending (using mainly 90°
orisnted fibres) to a main tubs counecting the hinges and the actuating fitting, The tube (meinly
L 45° orisnted material) transmitsshear and torsion to the fittings while bending is carried by local
0° material at the despest part of the scotion. This economical use of material -~ providing load
capability only where it is necessary and effective - will save upto 50% of the mass of the
corresponding metal item and will provide higher stiffnesa,

Vhilst some of the above items maybe marginally cost effective, they luve besn developed and flown
ss demonstration articles and to obtain service experience, The next two cosponents ave the first
examples of applications introduced to save cost, ‘l'?a first is a carbon-epory fairing panel for the
P-1 11 wing pivot titting for which Dial and Howeth 4) make the remarkable claim that the first cost
is lower than that of a metal component by 31%, Thia is because the metal par’ required complicated
sculpturing and forming to fit the inside and outside contours and provide internal clearances whilst
the composite item was fabricated with local duild ups for contour matchirg in a single stage layup.

In addition to cost. a mass saving of 26% is quoted so that the composite application is doudbl:y
effective. It cannot be expected. at the current material prices that many such fortuitous
applications w 11 be found but this example points out most forcibly the potential of the composite

fabrication pritess for economic sanufacture of complex items,

The second example is the carbon-epoxy faced cabin floor panel under development by Rolls Royce
(Composite Materials) for B.0.A.C, Boeing 747's. Prototype panels have been uncergoing servioce
trials in high traffic locations and are being evaluated in competition with a glass epoxy sandwich
panel for replacement of the existing metal-faced panels. Floor pansls have a finite life and the
cost effectiveness assessment must be based on an average cost per year. Fig. 6 -eproduced from
ref. 7 by courtesy of Rolls Royce shows that carbon fibre panels would be cost effective by comparison
with alunining/balsa provided the life were betwesn i3 and 2% years (compared with 5 years assumed
for the conventional structure)., In fact, endurance tests still in progress, indicate that the
carbon fibre panels may have a significantly longer life than their metal counterparts, It appears
that either carbon or glass—composite panels will be chosen to replace the metal iteas., Whether
the higher first cost of carbon will be offset by the greater mass saving will depend on the value

attridbuted to unit mass,

Zubes and Struts

In the modern airoraft tubes and struts do not constitute a large part of the airframe mass btut
they are often critical items from a strength and stiffness viswvoint and are usually subjuct to
srece restrictions., In helicopters they are more fundamental parts of the airframe and transmission
systens, Circular cylindrical tubes are ideal components for automated oonpoutu fabrication either
by the familiar filament winding/wet layup method or by pre-preg tape winding (20), In either case
the principal problea is that of making end sattachments. Vestlands in common with many other firms,
use glass cloth reinforcement of the tube ends with mechanical joints to the end fittings. Winny
reports that a transmission shaft using Type 1 carbon-epoxy composite saves 60% of the metal component
mss including the effect of glass reinforoement. Strength tests show that the composite materials
work to T5% theoretical efficiency with this applicationm,
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The sswe principles have been applisd to the mamufacture of test sections of helicopter tail
booms - again using glass cloth reinforcement in the region of mchanical joints. The mase saving
in this application is quoted as 25%,

KPS

Composite struts are a similar, and perhaps even more effective, application., In this case
L. there is a requirement for a large proportion of longitudinal msterial which makes this type of
I component less suitable for mamufacture by winding, However, suitable manufacturing techniques
3 i have been developed by many manufucturers during the evolution of cylindrical test specimens. 4
£ : typical application is the landing gear strut being developed for the Cessna YAT-37B,

4. Xaler Flving Syrfaces

The first major impact of advanced composites on a nev aircraft design is seen in the P 14 end k
T 15 under develonment for the U,S, Navy and Air Force respectively. Both airoraft feature composite- :
. skinned tail surfaces fitted as standard from the outset. The F §4 horigontal stabiliser shown in '
. fig, 7 is the first major production boron composite part to fly 8) and is developed from a 3
s demonstration taileron fitted to the F-1 11, 3

UL IPL IS W .*\ﬁc.
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. A full-depth honeycomb sandwich construction is used for the main torsion dox with boron-epoxy
skins and titanium alloy edge members and diffusion fittings., An interesting feature is that the

4 : edge menbers and fittings are laid up with interfaying sdhesive. at the same time as the laminated

9 R skins and are co-cured in a single operation, The curing former is on the inside surface so that

{ t accurate matching to a machined honeycomb core is facilitated. The core itself is sub-divided into i

§ more than 20 regions of different density and these are bonded together (and to an enclowing frame- E

work of spars and ribs) using syntactic foam adhesive in a single operation.

3 : A great doal of development has gone into the design of edge wember and splice joints, and the

; main splice at the attachment to the mounting spigot housing has a joint efficiency of nearly 70% ;
(1.0, the strength of tue joint is 70% of that of the composits in its jmmsdiate vicirity). This is 3
a very satisfactory performance for a stepped joint in a brittle material, The edge joint details, 3
their representatiom in analysis and testing, as illustrated by lubin and Dastin, typify the ingenuity
and care vhich must go into the muccessful development of even a comparativel: simple componant,

Por this structurs is relatively simple and structural efficiency has baen ssorificed (by the use of
full-depth core) for the sophisticated manufacturing process and the isolation of a minisum number

of design and development problems. The mass saving is 19% relative to a titanium alloy atructure.
The static strength of the component was demonstrated on test to dbe 107% of the design ultimate load
and the full-scale fatigue test item was unfailed, after substantially exceeding the required life,
when the mounting spigot broke.

SRS

N ACAL S bR ol M v ]

it

A considarabl,( yoro complex (and at first sight conventional-looking) design was adopted by .
¥cDonnell Douglas \9) for a carbdon epoxy horizontal stabiliser for the A-4 Skyhawk., A mlti-spar/ 7
3 rib design was chosen, using composite faced sandwich internal wsbs, cumposite attachment angles
and solid, multilayer tapered laminate skins bolted and bonded to the substrusture. In spite of the
large number of overlapping parts and the asse~bly joints. the mass saving for this item is quoted 3
as 35, At the tims of reporting this component was still in the development stage so that actual ;
nass savings and structural performance cannot be quoted., The prograsme has already demonstrated, §
however, that profile matching and final assembly of contoured skins onto discrete internal structure
can be carried out (a proposition viewed with scepticism by some manufacturers).

L afraa 3R St

A fin structure under development by my company incorporatss a thin sandwich skin concept (fig. &)
in vhich load diffusion and face thickness variations are minimised by concentrating bending loads
into unidirectional flanpes, buried within the sendwich where possible and using skins for trans-
mitting shear and local pressure. The akins sre supported by spanwise msmbers which only carry high
shears at the spar locations, Ribs are used to close the box and transmit loval loads from control
hinges and root fittings. The basic skin concept is highly efficient beeause it minimises the suprort
needed for stability as well as reducing load diffusion., The internal structure concept is based on ;
basic bean ¢lements incorporating back to back channel members (with or without a honeycomb core
between them, according to local requirements) with the attachment flanges formed integrslly with
the webs, This technique has already been successfully developed with fuselage frames. as well as
spars and ribs,in view. A fin mass reduction of nearly 50% compared with alumininm alloy is
expected,

£ Mdrais 2 LVLSL DOy o
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A similar skin design concept has been adopted by North Amrican Rockwell ('0) in a demonstration
glars-epoxy filament around wing tip for the T-2B airoraft, In this case a truss-spar design was
used since this lent itself better to the filament winding technique, A 40F mass saving was reported
relating to the existing aluminium structure and a static strength 106% of desiga ultimate was
achieved, Presumabdly the stiffness was less than the metal structure.

e
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An early demonstration structure using boron-epoxy composites was an F-1 11B wing box extension (11)
which featured honeycomb sandwioch skins and spars with titanium edge members, caps and fittings.
This development was sigificant since it incorporated a pressurised fuel tank section, established
design and mamufacturing confidence and provided a great deal of basic data for the P-14 horisontal
stabiliser progras.

b
2
bs
-

A more recent and far more ambitious programme is undervay to develop a mixed composite wing
structure based on the P-14 main wing box. This incorporates boron/sluminium compression skin panels,
mixed boron and oarbon/epoxy tension panels mud carbon/epoxy internal members. The use of boron and
ocardbon in a single comnosite is advocated by Grusman because they have found that the effects of
strain concentrations dus to perforations are smuch lower for some curbon/opoq aystems than for

3 ) boron/epoxy, A mixed composite is claimed to provide the best combination of tensile effiociency and
3 ’ tolerance to perforation and damage.
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It can be sesn from these examples that the applioaiions technology for composites in major
flying surfaces is developing very satisfactorily, However, it will be ssveral years before the
more advanced concepts, which sromise mass reductions upto 50%, are fully proven and certified as
airwyorthy components. Nven the F-i4 stadiliser already flying has cnly a limited airvorthiness
clsarance and would not (on the evidence known to the auther) satisfy the proposed U, X. airvarthiness
requizemsnts as outlined in the previous lesture, The introduotion of a composite wing on & production
airoraft will require extensive prototype flying expsrisnce as well as rigorous adherence to all
aspects of the proposed clearance procedure involving the many lsvels of testing and stress analysis
whioh it implies, It is therefore unlikely that an airoraft designed to exploit such a wing will
ses service befare the early 1980's.

Tuselage Struotures

Apart from the Iloor structures already mentioned andsmll doors, fuselage structures have
received far less attention than flying surfaces. This i3 mainly due to the greater complexity of
a fuselage structure and the irregular curvature of many components which mskes composite fabrication
difficult., “2a0 there are several parts of a fuselage not particularly suitsble for composite
application wi-ch suggests that composites will appear alongside metals in mixed structuves with
many joints and attachments, It is only in the case of easily removeable and replaceable items that
gradual introduction on this basic can be realised rapidly.

A number of items such as pressure cabin floors, fuel tank walls, doors, airbrakez etc are
governed by similar design requirements to those of the panel and control surface structures already

discussed. Adaptation of similar concepts to the fuselage region should, in these cases, be straight
forward,

There are many other applications, move spscific to fuselages which require special consideratios.
In partisular, curved fuselage frames and bulkheads, longerons and doubly-curved shell panels promise
significant mass savings but present many practical prodblems,

There is little fundamental difficulty in producing curved frame flanges using mainly
unidirectional material but detail design may present prodblems due to the anisotropy of the composites,
Radial stresses are far more significant than in metals since the transverse strength maybe between
1/10th and 1/50th of the longitudinal strength, Similarly the lack of transverse stiffness may
introduce support and stabilisation problems in frame flanges.

Frame webs on the other hand are difficult to produce with the desired variation in fibre
orientation »>llowing the frame curvature., One solution to this problem is to build up curved
webe from disorete 'tray’ elements with integrally formed radial flanges, These are bonded flange
to !ange to produce a discretely varying fibre direction with shear continuity. An alternative is

to .se chort fibre compdeites with cmtinuously varying fibre direction. Both methods result in
appreciable loss of efficiency.

To use composites efficienctly it is likely that more use will be made of sandwich skin concepts,
with less relj wice on discrete frames for providing circumferential and radial strength. On the
otlsr hand mor. emphasis maybe given to the use of discrete longerons te transmit primary bending,
7uselages are usually very inefficient structures for transmission of primary loads because in the
conventional semi-monocoque atructure load paths ars so frequently interrupted by doors, windows,
and access panels that local reinforcerent of structure is the norm rather than the exception,
Composite materisls, due to the vast stiffness differences in different layups already being exploited
in some of the structures previously discussed, lend themselves to the design of structures which
although geometrically discontinuous may achieve a higher degree of siructural continuity. Because
of the high specific stiffpess of boron and carbon composites it is possible to locate primary

longerons in positions where continuity is possible rather than necessarily seeking 'extrems fihre'
locations,

Double-curvature shells present a major manufacturing problem since filamentary composites only
lend themselves naturally to developable surfaces. Small amounts of double curvature can be
achieved by manipulating flat or singly curved laminates in the uncured state. But even when this is
feasible it will often be impossible to maintain the desired fidre orientation as well as fibre
continuity. A great deal of development is needed in this area - in addition to proving the

structural performance of curved laminate shells - befare this can be considered an established
affective application.

Eotentia] Avclicatjons %o ths next generation of ajreraft

The pace of development of siructural concepts, production processes, quality control techniques
> 1 approval procedures is sich that extensive exploitation of composites is unlikely to appear in the
next generation of civil airoraft, In this field it will be necessary to demonstrate satisfactory
service performance of secondary and replaceable components - control surfaces. doors, fairing panels,
floor structures etc -~ before embarking on composite primary structures, In the military field, on
the other band, the risks are lower and the development programmes more intensive, It is anticipated
that high performance aircraft coming into service in the 30's will exploit the advanced composites

extensively. Fig., 9 shows a typical 1ight strike/trainer aircraft incorvorating composites throughout
the airframe.

In soms areas such as the wing main box and the curved fuselage shell an all-composite basic
structure may require such a long dovelopment period that an interim design exploiting composites
to reinforce a metal structure may be preferred,
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A study has recontly been made of a typical military aircraft to determine the mass savings
achisvable through the use of carbon/epoxy composites on the basis of current material properties,
This shoved that using all-composite commonents throughout the airframe mesulted in replacement of
Just over half the airframs mass by earbon/epoxv and saved over 20% of the structure mass.

Using reinforced metal for the long-development items and eliminating some of the less well-
established applications approximately halved both figures.

Neither of these results wiil be achisved in a single step and the next decade should see the
progrespive introduction of mor« composite components, increasing in complexity and structural
significance.

7.

Many of the components surrently being evaluated in service are being subjected to realistin
environments, often without the protection recommended in laboratory atudies, Some of the components,
such as our own rudder tabs, are very light and 'deljcate’ structures and a harsh environment has
been specified in order to gain practical experience rapidly. Our own experience to date is that
thin carbon/epoxy skins (0.5mm) are too frazile for service handling if they are not supported hy
at least a baoking core, Two incidents have cocurred of local handling damage in unsupported areas.
Apart from this, the tabs, which are being flown by the Red Pelicans aerobatic team in all-weather
conditions, are giving no problems, No erosion has been detected although some flying through savere

rail has teken place.

Honeyuomd core undoubtedly increases robustness and the Rolls Royce floor panels which have atill
thinner skins are standing upwell to laboratory tests for repeated indentation and to trisl service
in B.0.A.C. airoraft.

It is empential in any service evaluation that regular monitoring of the comvonents should be
carried out to detect deterioration., For our rudd:r tabs we use visual and ultrasonic examination
methods with occasional return to the factory for thorough imspection. Inspection periods were

originally 50 flving hours have been extended to 100 and if continued service evaluation is agreed
will probably be extended further, About 2000 hours cumulative flying has been losged to date.

UK. experisnce is generally favourable. with erosion not proving as serious a hazard as
expected, Also the performanco of carbon/epoxy components in simulated lightning tests has been
oncouraging. Oreat difficulty has been experienced in forcing current through the composite members:
the shielding effect of surrounding metal has been far more pronounced than predicted by some workers.
At present we are deliberately avoiding special handling precautions for composit» components but we
consider that lightweight structures will, in practice, require such protection., They are brittle
and therefore particularly prome to damage by heavy objects such as dropped tools.

V.. experience also seems encouruging., Among the many items now flying no adverse reports have
been encountered, It must be stated, in fairness, that no component has yet flown sufficient hours
to establish complete confidence, but all the indications are that laboratory proven composite
structureas can operate satisfastorily in the stringent airframe environment and that the way is open

for progressive advance in their exploitetion.
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reinforcing strip

FIG 1 Metal Beam with Carbon-reinforced Flange
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