The advent of fibre reinforced nen-metallics has had a profound impact on
the design of aircraft in general and on the medern military airframe in
particular.

An overview of some of the major factors and philosophies relating to the
intreduction of Carbon Fibre reinforced epoxy matrices is presented.

Some of the influences and limitations of the new materials as they affect
the structural designer are examined .
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TNTRODUCTTON
The principal purpese of this paper is To indicate the basis upon which CFRC
components are designed within a modern military airframe design establish-

ment. .

It js intended to indicate the variety of factors which have to be

recognised and accounted for in the real world of the aircraft structure and
it should be ncted that. the bulk of the discussion is relevant 1o the CF/
epuxy systems currently supplied in pre-impregnated, uni-directional tape

form.

It is noct prepesed fe justify the structural benefits and econcmic

he advent. ¢

advanteges made available carbon fibres which are topl
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worthy of discussion in their cwn tighti.
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DESIGN PHILOSOPHY

In crder tc use effectively any material for some specific purpcse it is
necessary to have a proper understanding of its behaviour in whatever
variety of forms it is available and under all or any of the situaticns in
which it has to werk.

The design aim is to meet the static and fatigue requirements witheout

prejudice to the standards of ssfety established for the present day metalli

structures. In general this means static strength design values consistent
with a 95% confidence that only 1 in 100 specimens would fail below the
design strength; commonly referred to as the 'A' basis for variability, this
is illustrated in Fig. 1. In the case of fatigue the requirement is to have

a probability of failure of less than 1 in 1000 at the end of the required
life.

BASIC TAPE PROPERTIES

When the specific properties of CFRC tape, as shown in Fig. 2, are compared
with those of the other common engineering materials there would seem to be
an overwhelming case for its use. However, as is common in this life it is
net quite that simple, for the values shown here relate to the uni-
directional tape at 60% volume of fibre which is the basic supplied form of
the material and in the real world there are few, if any, applications
available for its use.

It is necessary therefore to introduce some of the ground rules which enable
the designer to plan his 'effective' structure.

USEABLE LAMINATE RULES

Seldom in the aircraft structure can it be truly said that a single,
unvarying load system is applied to any structural element and for this
reason it becomes necessary to align the fibres in directicns adequate to
provide for at least the major lead axes. The tendency is thus away from
true anisotropy and towards a pseudo-isotropic element.

The maximum in-plane shear strength and shear modulus is provided by a
+457 lay-up which in order to prevent warping, due to the difference in
orthogonal expansion coefficients, is invariably layed in stacks of
four + - - +.

Tn order to ensure structural elements conforming to the desired moulded
shape every effort is made to achieve symmetry about the mid thickness of

the laminate at any point in the plane of the structure. Obviocusly, there
have to be changes of thickness tailered to the lcad intensities and
experience has shown that ply drop-off rates need to be carefully centrclled.

In the axes of high stress a maximum gradient of 1:20 is permitted. In
directions where the stress is low however slopes of up te 1:10 are allowed.

Blocking of more than 4 plies of any orientation is avoided since it is
then pessible to obviate the '"splitrting back' phenomencn which can take
place aleng the fibre directicn. Dispersal of the plies also tends to
maximise the total number of inter-ply shear surfaces available for lcad
transfer within the laminate.

: " . o A . o1
ositive and negative shear applicaticns if shear buckling is a pes
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Where the loadingacticn is reversible but of differing magnitude this fea

.n be used to advantage in attaining a minimum weight structure.

) i =N
lest evidence leads us to believe that the effects of low energy'xm?aa .
(jamage can be minimised if the plies at the surfaces are perpendicular to

cach other.
i i = i3 aminate:
o re-iterate then, the rules we observe in creating a use able lamina
o re-1tera . -
o aveid warping
6] control tapers

minimise blecking

© maximise shear faces

o envelope tailoring
[} reversible load buckling
[} low energy damage

FUNDAMENTAL LAMINATE PROPERTIES

parts having well
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defined mechanical properties can cbviously have an infini

compound properties. Many of these properties will be unusable and some,

irable. Tt is therefore necessary for the designer to
>ly expect. o be

no doubt, unde ] '

raticnalise the range of basic combinaticns he can reasc N
: 5 wi i ilities is

able to work with, taking inte account the producticn capabilities o \

manufacturing colleagues.

The general requirements and behaviour of the airframe structure has led to
- y ) ’ © i i i is » Y N e
the choice of the 0“/90L/+45U family of laminates and it is to these that
the fcllowing infermation applies.

In Fig. 3 we can see the nest of strength curves covering (hs three paslc
limit 100% 0, 100 90° and 100% +45° and all the combinaticns available.
i s, | T O s To +

These values apply to the particular combination of Hysu]—Gfafilfs XAS‘ o

fi‘t;rv made from Courtaulds PAN pre-cursor and impregnated with Cl}/)(,'«—Gt-lgy 5
551.914C resin, but all the currently available high performance fibre/resin
combinations will behave in a similar manner.
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The strain becundaries which result are illustrated in Fig S] 17
1stra v Figs. 6 and 7.

FACTORS WHICH REDUCE THE FUNDAMENTAL PROPERTIES

There are > 3
-re¢ are a number of factors which
sctors which separately or collectively

designer f urilising o "
2 & igne rom utilising the full apparent properties of il i '-(“‘ i
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Detects can be
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itects of this damage can be seen in Fig. 8.

e effects of the manufacturing defecty are those which determine the
jnspection standards te which all components are examined by ultrascnics or
radiography or both. The standards are set such that no coempenent can start
f¢ with a defect likely to cause a loss of strength greater than that
ttributable to any other damage, notch or environmental cause.

Notches
in this context is intended to cover lengineering holes', i.e.
e and are present To

rches'
i hose which are deliberately placed in the structur
tion, i.e. bolted joints, fuel/air flow, access,

ideration given to both

{ulfill some specific func
.ic. This means therefore that there has to be cons
{illed and unfilled holes in the general laminate.
ince we are dealing with a material which is basically elastic te failure
in its general behaviour it is essential that the
L ehaviour is carefully considered. With no alleviating plasticity capability
\lie material of the structure will respond Lo load up te the point of

stress concentration

failure.

figure 9 shows the effects of the filled and unfilled notch on the general
[ield stress for the compressicn domain and for the open hcole in the tensicn

domain .

In dealing with the filled hcele tension domain it is necessary to consider

a number of features in parallel in order te establish the critical mode.
Conventional shear outl, tension and bearing failures have tc be evaluated.

0f further impertance to the designer is the magnitude of the lcad which can
be transferred to the bolt or pin in the situation he is considering. Since
the laminate in that locality has a finite allowable strength he has to
ensure that this is not exceeded by, for instance, the sum of the effects of
the concentration due to the presence of the hele in the passing stress field
and the concentration due to the pin load itself. Such combinations have Lo
be considered for any of the resulrtant load systems which can occur at that

particular location.
The significance of the tensile stress concentrations due Lo pin lcading can
be readily seen for-a small selection of laminate configuraticns in Fig. 10.

tensile and compressive modes of leading and

So far we have considered the
Figure 11 illustrates

it is essential that the shear mode is not overlooked .
the shear stress concentration due to pin loading in a plain hole. The

5 Q - Q
influence of 90 material can clearly be seen at the lower levels of +45

content .

Environment
BN

The epoxy resins currently being used in the creation of lightweight

have been shown to be impervious To the range of fluids commonly
service. These include jet fuel, hydraulic
Some paint strippers

structures
met by modern airframes in normal
fluid and a wide range of lubricants and detergents-
esigned To remove epoxXy paints and the

however have been specifically d
site parts will invariably warn against

cperating instructions for coempe
p

theinr use-
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one might expect a vast accumulation of data and experience has occurred,
has an understanding of the importance of many aspects of the material
“Lich in metallics were of much less significance.

Static Design
=

[llere is a basic need to acknowledge the existance of ALL the loading actiocns
which will cccur on and within the structure.

Without the advantages bestowed by plasticity even the smallest notch effect,
e.g. a ply stop-off, gives rise to a couple, which results in out-of-plane
{orces in the plate in addition to the stress concentration. This local
compound internal stress system has to be accounted for or suppressed in
order that the design quality can be maintained. Every possible load or
{eature which could result in a load has therefore to be scrupulously

studied.

The airframe structural analyst has for a quarter of a century made use of
computing power available in the industry in order better to understand the
effects of the loads applied to his structure and the internal forces which
result. Progressively he has taken advantage of the ever increasing speed
and power to look more closely at features for which the structure response
is not always clear. With composites this philosophy takes a quantum leap
forward and through the thickness stress calculations for even the simplest
of panels is now routine procedure. To attempt the design of a modern CFRC
structure by hand would be folly.

It will by now be abundantly clear that the key to the safe and efficient
use of advanced composites lays in the use of very complex detail stressing
routines dominated by the power of the computer facilities. The need to
automate the routine steps of design has never been more strongly felt.

Buckling

The present day structures in advanced composites are designed to work up to
the limits imposed by buckling. Although there is a great deal of research
work into post buckling behaviour currently in hand in both industry and the
academic institutions, the technology is not yet sufficiently understood for
any advantages to be jdentified and utilised.

It is worthwhile just considering the comment made in the useable laminate
rules concerning the attention needed when buckling is a possibility. We
have already noted that reversible shear forces can cause embarrassment. if a
panel is thin enough to buckle, due to the different panel rigidities in
perpendicular axes.

Naturally there is no problem of load reversal for compressive buckling but
any panel which is subjected to bi-axial compression will, in general, have
rigidities which are non-equal in directions of 0° and 90~ due to the
laminate construction and it is important that the correct compromise is
achieved with respect to the load spectrum for any panel in order to achieve
the maximum efficiency.

Modern airframes tend to have very little constant property material in their
construction, even in metallics there are continuous changes to skin thick-
ness, curvature, stiffener configuration, stringer and frame pitches and so
on. This will continue to be the case with composite construction and
clearly there cannot be a data bank to cover all the variables. It is



necessary therefore to use a first order method to establish a base line
structure which can then be refined by more exact computer analysis.

We can see representations of the buckling co-efficients for longitudinal,
transverse and shear loadings for infinitely long panels with simply
supported edges in Figs. 16, 17 and 18.

A similar series exists toc cover
fixed edges.

Figure 19 allows for the interaction of the three basic loadings and permits
the quotaticn of an overall buckling Reserve Factor.

It will have been noted that the basic curves are based on the percentages

o O C . . » % . s s .
of 0 90" and +45° material present in the laminate and it is implicit that
the orientations are uniformly distributed throughcut the plate thickness.

Once the plate properties have been established it is pessible te invoke the
basic rules of lay-up and tec introduce the special requirements of the
particular panel. This having been achieved, revised plate properties can
be specified as required by the Composite Buckling program aleng with the
lamina properties and panel edge loads. The true orthogenal rigidities are
evaluated and the Reserve Factors for each loading separately and then for

the combined actions are quoted. Any alterations can be made at this stage
in a logical sequence.

Fatigue

Long term research programmes to investigate the effects of cyclic loading
were set up as part of the overiall strategy for the development of carbon

fibre reinforced epoxy composit: as an engineering material suitable for
airframe applications.

A range of lay-ups has been usel for the production of coupons and structural

elements designed to cover the spectrum of structural features common to air-
frame construction.

sunk holes, artificial

flaws, irduced impact damage, fastener joints etc.
The conditions include

(e}
the full range of temperatures between -50 C and
+1237C in the presence of a realistic maximum moisture content of 1% by
weight. By this means the norm:l environmental history is catered for and

it includes the effects of the temperature profile caused by supersonic
excursions.

To establish fundamental S-N data, see Fig. 20, endurance tests are carried
out under constant amplitude corditions while to simulate flying conditions
use is made of FALSTAFF sequencing [Fighter Aircraft Loading Standard For
Fatigue]. - - - - 7
Residual strength tests are carried cut on this continuing programme in
order to verify the strength retenticn values after cyclic loading. The

structure does not appear to deteriorate with age, as can be seen from
Bige 2L

The endurance data accumulated so far has revealed nothing to indicate that
any further allowance needs to te made to ensure a safe life for a military
airframe, the limitations catered for in the static design over-rides any
fatigue requirements.

These featires include the presence of plain and counter-
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