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An outline is given of the development history of\(RA@ carbon fibkg
reinforced plas’cics>

Initially, development was inhibited by poor‘ interlaminar shear strength,
However, composite properties have improved since the advent of various surface

treatments derived by the fibre producers.

< Present work indicates certain criteria by which resins are selected for
uyse as a matrix with the-two available types of RAE f‘ip\xfe\q> These are more
critical for filament wound cylindrical componsnts than for pressed flat laminates,
as shown by levels of fibre compactlon achieved on hoop wo{;nd. NOL rings and

kelically wound tubes,

— Cutrely ' ' '
\ , the strength data fall well below that available if the fyull

strength of the single fibxe or bundle is uytilised. However, the majority of' the

fibre stiffness has been achieved in ynidirectional composiﬁes,

Illystrations are shown of a carbon flbﬂa reinforced plastic and honeycomb
sandwich satellite structure which has been constrycted to investigate the

efficacy of methods selected for 'hmimting polygonal cylindrical shapes, the

_subsequent adhesive bonding and the final machining to complete the structural -

assemb1y.> '
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" Introduyction

- The development at the Royal Aircraft Establishment, Farnborough, of high
mody lus carbon fibre started durlng 1963 based on the poly—acrylonltrlle fibre.
The advances made were pyblished in 1966 by Watt, Phillips and Johnson (1). Two
types of fibre are now in production at several ‘sources. in the United Kingdom

 under licenee-from N.R.D.C. Type 1 (High Modulus) is a materisl with a very high

h tensile moduius {60 x 1C§ psi) and Type 2 (High Strength) has a lower modulus
(40 x 10§ psi) but hes a very high strength (400 000 psi) compared with type 1
. (250 000 psz) The fibres are compared with other fibres on a specific basis in
Figure 1. | | '

|
The fibre properties have been discussed in great.dctéil elsewhere (2).

| , Early work on unidirectional composites indicated extremely attractive properties
- might be achieved; but the low interlaminer shear strength of the fibres was a
limiting factor, | '

|

|

|

|

Several surface treatments have been developed, which have the effect of
improving the interlaminar shear strength of Type 1 fibre from between 2 500 and
L 000 psi to over 8 000 psij; and Type 2 fibre from 5 000 to 7 000 psi ypto over

11 000 psi. "\g‘r " r({!'l” cacbon

<:Thls paper outlines the present statys of e fib%e and presents composite
properties obtained wsing fibrgs treated to give higher interlaminar shear strength,
This increase in fibre performsnce has resylted in the necessity for changes in |
composite fabrication technigues compared'witﬁ those used with glass fibre. The
effect is demonstrated by results obtained.from both flat pressed laminates and
filament wound NOL rings and cylinders.

<<;Eabricatlon of complex struyctures has been 1nvestigated using a prototype
satellite structure, The paper discusses the selection of techniques for the
fabrication of thinvwalled polygonal cylinders and the suybsequent asseﬁbly
together with panel of ‘alyminiym honeycemb core, Mention is made of machining

methods employed to reach the final shape,

Finally, an 1nd1cat10n is given of areas’ in the aerospace fleld where the

filre) has potential for improved system efficiency.



Status of Carbon Fibre Reinforced Plastics

.Both'types of fibre are produced as tows containing 10 000 filaments of
approximately 0.0003 in diameter in 1 000 ft, 40 in and 1 in nominal lengths.
Lengths of 10 000 £t may be available in 1970.

The fibres are normally surface treated to give.the improved interlaminar
shear strengths. The fibre mamufacturers claim that fibre strength and modulus

are not impaired by their standard surface treatments.

The effect of surface treatmentA on conlpoéite-prOPerties is shown in Table 1

by the change in flexural strength and modulus of unidirectional flat bars made
using Epikote 828/MNA/BDMA resin.

Tows can be impregnated with a solvent based resin to give 1-2% by weight
of resin to improve handleability and to promote surface wetting, These tows

can be used for wet laying-up or pre~impregnaticn to give a higher resin content,

Various compression moulding techniques have been examined for compaction
efficiency linked with minimum void content, Shaped beams and flat bars with
fibre contents upto 65% by volume have been madé by the leaky mould technique (3)
using steel or aluminium tools, Flat plates with orthogonal fibre directions
bave been press moulded between heated p. latens, Excessive moulding pressure
inhibits resin flow and ges expulsion if applied too soon in the press cycle
after the pex“iod at contact pressure, and acceptable thin laminates are formed
at a moulding preséure of 50 psi with pre~impregnated type 1 fibre and epoxy
novalac urﬁ.@irectional sheet, PFrom this work, an autoclave cycle of 2 hours at
75 psi and 165°Q. was selected for polygonal c>.;y“."L:3._1r1c:"lex‘s° ‘This process gave

satisfactory components with a fibre content of 50% by volume.

" Filament winding of continuous roving is still in the infancy stage.
Sufficient work has been done; howéver, to give indications of suitable

manufacturlng processes.

All methods of manufacture and assembly for adhesive bonding must take
accounts of the large difference in the coefficient of thermal expansion between
the fibre and metals which are used for mandrels, such as steel and aluminium.

A unidirectional polyester composite, rem"or‘ced with 40% of type 1 fibre by

volume, gave -0.73 x 10.“6 %" -1 as a typical flgure (3).




Inflyence of Resin Propertles on Composite Performance

The composite properties in Table 1 indicate tha‘b performance may be
limited by the choice of Epikote 828/MNA/EDMA as the matrix system. Some of the
properties of this resin system are get down in Table 2 in comparison with a
resin system ERLA 467 7/mPDA, which has been spe01f;ca11y developed by Union
Carbide for use with high modu,lus fibres. The resulting chaenge in interlaminaxr
shear strength is demonstrated in Table 3. With type 1 fibre, there is little
difference, but the interlaminar shear strength is nearly doubled by use of
ERLA 4617/mPDA with type 2.fibre.

The effect of the increased moduylus and elongation to brezk of the matrix
is to retard the initiation of cracks, emanating from stress concentrations at
the interface or elsewhere, which rapidly propagate through the composite
including the fibres, The data in Table . show that the viscosity of the resin
and the fibre moduylus effect the level of compaction achieved in wet wound NOL

rings produced under similar conditicns.

The redyction of viscosity increases the ability of the resin to cover the
surface of ezch fi'brﬁ without entrapping air. Also the escape of entrapped air
or solvent remaim.ng after fibre pre-impregnation-or products of cure are inlubltedl
by matrix viscosity and fibre modylus. This is much more 1mportant for £1lament

winding than for compression mouylding.

Taeble l;. also shows thet the stiffness of the NOL ring, as measyred by
diametral deformation modulus, is such that the majority of that available-from
the fibre is obtained, However, the tensile strength is only half way to using
the whole fibre streng{:h, It is likely that the results obtained from Type 2
with ERIA 4617/mFDA were inhibited by the presence of an epoxy sizing of the

fibre surface.

Several other resin systems have been tried with varying degrees of syccess
in particular composite cenfigurations; No single system has been 4found which
will setisfy all memfacturing and structural requirements, Hence, it is
envisaged that a whole family of carbon fibre reinforced plastics will emerge
from the development phase.




Utilisation of Carbon Fibre .In Prototype Structures

Pressure containers

The work on pressure vessels has been limited by the availability of
contixyous fibre. Early deliveries have been ysed for winding dome ended
bottles and test cylinders, The 6 in diametei‘ bottle has been selected as the
standard develepment vehicle (Figure 2). In view of the added complications of

mandrel construction,  however, 3 in diameter cylinders have also been helically

wound at 550 on an alyminiym mandrel to evalyate the relevance of the previous
work to filament winding. -The ynlined tubes were pressure tested in the hoop

direction only, the longitudinal loads being carried by an internal dumbell.

- The results obtained from the tubes are contained in Table 5.

All tuybes burst in hocop and were not porouys upto burst pressuyre., The
fibre stresses achieved were of the same order as those obtained from NOL rings.,
Compaction can probably be improved by increasing winding tension and redvcing
the mumber of filaments in the bundle or by using flattened pre-impregnated

roving.

Satellite structure

A carbon fibre, reinforced plastic satellite structure has been designed
and built as a vehicle for fabrication development end to provide a comparison

with conventional metal stryctures.

The modylar principle ofbonstn;etion is demonstrated in Figure 3, All
loading points, sych as solar cell array moyntings, are directly linked., Four
octagonal spines form the main s‘tmc"cural members; composite panels are formed
by sendwiching aluminiym honeycomb core between carbon .reinforced plastic
oylindrical shapes of: varioys cross-sections sych as squares, rectangles and
trisngles, The optimum design indicates a weight saving of 38% of the

equivalent metal stryctyre.

Pre~impregnated sheet, 0.0‘!O in thick, containing Type 1 treated fibre and
epoxy novalac resin 5% by weight, was chosen for fabrication b'ecaus'e of
availability. Each cylindrical shape is made up of single orthogenal layers,
The bending rigidity of the panel,-measured by five point benci test, was
29.4 x 103 lb/:m2 for a mass per surface area of 0,6 1b/ft and section depth
0.43 in.



The cylindrical sections were made by hand laying up the pre-impregnated
gsheet onto alyminiym mandrels which were covered by a parting agent sheet,
bleeder cloth and rybber sleeve and then the assembly was autoclaved at 70-80 psi
and 165°G for two hours ;;rior to post cure at 17000. The process was chosen as a
result of compaction trials, which indicated that high pressure moulding without
a low pressuyre phase trapped voids 1n the laminate and inhibited compaction,
Optimym thin laminate moylding conditions are in the region of 50-70 psi for

thig material combination,

The asseibly was bonded together with BSL 308 available from Bonded Stryctures
Division of C.I.B.4. (A.R.L.) Ltd. This material requires a2 cure temperature of
165-17000. As 2 resuylt of the thermal gradients across the panel and the large
difference in thermal expansion i'ates, the whole assembly was bonded together in
one cycle, A short section of the bonded structure is shown in Figyre 4 with the
outer panels cut away on three sides. The fyll bonding assembly is shown in
Figure 5.

Machining conditions are dictated by the necessity for-material to be
removed with the minimym energy to limit crack propagation due to brittle
fracture, especially in thin sections. In-plane edge grinding was ehosen for
the finish machining of the end faces (Figure» 6) and also the cut~outs, which

can be seen in the completed strycture in Figure 7.

Fyture Direction

Glass reinforced plastic rocket motor cases have been syccessfylly used
on various space lauyncher systems.,' In order that maximym advantage can be taken
of the fibre strength,-the vessels muyst be lined becauyse of resin crazing, which
occurs halfway to failyre of the fibre, The initial tube tests indicate that
no lining will be neeesséry with CFRP- components made with type 1 fibre, which
have to-retain hydraylic pressure, Further, by inference, no resin crazing
has occurred. In view of this CFRP motor cases should be able to Withstand
more rigorous moistuyre conditions, PFurthermore, strain limitations due to
propellent properties will not limit the exploitation of fibre strength. The
compaction levels must be increased, however, and the utiliéation of fibre

istrength improved.,

On the basis of the tests carried oyt on CFRP and alyminium honeycomb
core sandwiches, this form of comstrustion shouyld prove to be attractive for

sybstitution for existing alyminium sandwich panels, such as trailing edges and

-6 o




control surfaces, as well as satellite structural components,
‘The work on blade development has been described elsewhere (2,5).
Other wses in the aerospace field await further development,

In conclysion, carbon fibre reinforced plastics myst still be considered
to be in the development phase. However, the current pace of developinent in the
United Kingdom suggests that a considerable amount of prototype development data
will be avaa.lable by the start of 1970, which will enable engineers to place

the materlal in a real comparative position with other ma'l:er:.als.
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Fibre
Type

1. Untreated

2 Untreated‘v

1. ‘Treated

2. Treated

TABLE 1

Effect of Fibre Treatment on Composite

Interlamindr
Shear
Strength
(quoted)psi
2500-4000

5000~7000

over 8000

over 11000

Properties

Unidirectional Composite Flexure

Strength
psi

70,000-83 ,000

190,000~214,000

145,000
220,000

Modulus
psi

20 x 106
17 x106

29 x 106.

20 b'd 106

Resin Epikote 828/1NA/BDMA

Fibre
Content
% Volume

63
I
60
67




TABLE 2

Typical Resin Properties

Resin

Tehsiie Modulus psi
Tensile Strength psi
Eiongation %

Compression Modulus psi

Typical Cure Cycle

Viscosity @ 25°¢ poise

828/MNA/BDMA
430,000
41,000
.
345,000

3 hrs. @ 150°0

25

ERLA 4617/m-PDA
783,000
19,200
15
890,000

" Lhr. @ 85°C, 3hr, @ 120°C

16 hr. @ 160°C
0,86 '



Table 3. Effect of Resin Type On Interlaminar Shesr Strength.

Notes: Fibres treated but not sized.
Fibre Content by Volume - Approximately 50%.
NOL Ring Short Beam Test.

Fibre Type Resin 'v " Interlaminer
’ : Shear Strength (psi).

1 S ERLA4617/mPDA | 6100 - 8000
2 | ERLA4617/mPDA 12000 - 12300
1 626/MNA /BDMA : . 7700

2 | 828,47 /BDVA 6800 - 7900



Table 4. Effect of Resin and Fibre on NOL Ring Properties

Fibre Type

Fibre treated and epoxy sized
Rings wound at 80°c.

Carbon
Resin Zo Volume
828/17A/BDMA 40
'ERLA 4617/mPDA 58

ERIA 4617/mPDA 37

- 20.6 % 10

" Diametral

Deformation
Modulus

psi

14.6 x 106

6

Composite
Tensile
Strength

psi
84000
109000

84000



Table 5, 3 in Diemeter Tybe Desipgn

Pype 1 treated and epoxy sized fibre
55° angle of wind '

;o

Pibre Content 'Hoop Burst

Besin _ by voluyme % level psi
828/MNA/EDMA 31 2800
ERIA 4617/uEDA 35¢ 3000

* Note: compares with 37% for NOL ring

Pibre Stress

Thickness
in psi
0.107 18,000
0,093 193000
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Figs 2 = 6 inch diameter pressurc vessel
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CARBON FIBRE SKIN
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