
EEI
F

•.. • AVRADCOM
L Report No. TR 81-F-9 AD

MANUFACTURING METHODS AND TECHNOLOGY

i • (MANTECH) PROGRAM

' DEVELOPMENT OF MANUFACTURING TECHNOLOGY FOR A
FABRICATION OF A COMPOSITE HELICOPTER
MAIN ROTOR SPAR BY TUBULAR BRAIDING

MARK L. WHITE
Kaman Aerospace Corporation . 982 0,

Old Windsor Road
Bloomfield, Connecticut 06002 .1-

April 1981 FINAL REPORT

Contract No. DAAG46-78-C-0070

I Approved for public release;
m distribution unlimited j

U. S. ARMY AVIATION RESEARCH AND DEVELOPMENT COMMAND *
82 01 11 16~



" M"; . . ... .. ......

1k I

The findings in this report ais not to be construed as an official
r pertinent of the Army position, unless so designated by other
authorized documents.

Mention of any trade names or manufacturers in this report
shall not be construed as advertising nor as an official
indorsement or approval of such products or companies by
the United States Government.

DISPOSITION INSTRUCTIONS

Destroy this report when it is roa longer needed.
Do not return it to the originator.

~.7-



UNCLASSIFIED
SECURIT CL VOI~CATION Oft THS PAGE (no Does Entered) _________________

REPORT 71OCUMENTATION PAGE READINSRUCION

I. RPOasfRT NUMNERt ACEON NO: I. RECIPIEI4TS CATALOG NUMBER

AVRADCOM TR 81-F-9
4. TiTLIE (and Subtitle) S. TYP ofRPR ERO OEE

DEVELOPMENT OF MANUFACTURING TECHNOLOGY FORFnl-
FABRICATION OF A COMPOSITE HELICOPTER MAIN Sp7 oSp8
ROTOR SPAR BY TUBULAR BRAIDING 0 ~ OO EOTNME

7. AUT-HOR(s) 6-. CONTRACT OR GRANT NUMBER(s)

Mark L. White DAAG46-78-C-0070

9. PERFOR~MING ORGANIZATION NAME AND ADDRESS I0. PROGRAM ELEMENT. PROJIECT, TASK
Kaman Aerospace Corporation D/A Project: 1767079

Old Windsor Road AMCMS Code: 1497946S7079
Bloomfield, Connecticut 06002 (XS6)

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army Aviation Research and Development Command April 1981
ATTN: DRDAV-EGX 13. NUMBER OF PAGES
4300 Goodfellow Blvd., St. Louis, Missouri 63120 77
14- MONITORING AGENCY NAME & AODRESS(II different from Controlling Office) IS. SECURITY CLASS. (of this report)

Army Materials and Mechanics Research Center Ucasfe
ATTNclaRsiRied

IS., DLCLASSIFICATION/DOWNGRAOING
Watertown, Massachusetts 02172 SCHEDULE

T6. -DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, it different from Report)

III. SUPPLEMENTARY NOTES

AMMRC TR S'-17

It. KEY WORDS (Cmiftinua on reverse aidds it necealary and Identify by block number)

Helicopters Synthetic fibers
Helicopter rotors Kevlar
Composite materials Damage
Braiding Tolerance

20, ABSTRACT (Continue on reverse side If necessary and Identify by block number)

**, Mechani,.al tubular braiding has been shown to be a viable blade spar
manufacturing process in a program which included preliminary design of an
improved main rotor blade for the OH-S8 helicopter. The blade incorporates
an advanceL aerodynamic shape and has as its primary structural member a
Kevlar 49~7ejpxy spar fabricated by braiding. Achievement of an analyti-
cally acceptable blade and spar design meeting critical structural and
dynamic requirements was not hindered by braiding process constraints.
Mechanical property tests of flat panels and spar sections exhibited excellent
DDFORM A~s\EIINO NV6 SOSLT

DI1IJAN 31473 DIIN FI O 6 S BOLT UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)



-Block No. 20

correlation with analytical predictions, suhstantiating the applicability
of normal composite laminate analysis methods and the validity of the
specific design. Ballistic testing of spar sections demonstrated superior
containment of structural damage compared to composite spars produced by
more conventional methods. Manufacturing cost estimates predict a price
reuuction of 1/3 for the braided spar relative to a similar S-glass/epoxy
spar for an OH-58 blade of identical external shape fabricated by orthodox,
low-cost technology. J- A

A

Li

•- •j

UNCLASSIFIED

SICUNTYI CLASSIFICATION OF THIS PAGiE(Whef Data Fisee.d)



PREFACE

Development of tubular braiding as a blade spar manufacturing process, as
reported herein, was performed by Kaman Aerospace Corporation under U.S. Army

Contract DAAG46-78-C-0070. This project was accomplished as part of the US

Army Aviation Research and Development Command Manufacturing Technology

program. The primary objective of this pr ogram is to develop, on a timely

basis, manufacturing processes, techniques, and equipment for use in produc-

tion of Army materiel. Comments are solicited on the potential utilization

of the information contained herein as applied to present and/or future

production programs. Such comments should be sent to: US Army Aviation

Research and Development Command, ATTN: DRDAV-EGX, 4300 Goodfellow Boule-

vard, St. Louis, MO 63120.

The Kaman Program Manager was M.L. White and the Army Contracting Officers
Technical Representative was initially A. Litman and later P. Dehmer of the

Army Materials and Mechanics Research Center (AMMRC).

Kaman was ;ssisted in the development and application of braiding technology

by Albarny International Research Co. with G. Sharpless as Principal Investi-

gator.

Ballistic testing was performed at the U.S. Army Ballistic Research Laboratory,

Aberdeen, Maryland under the direction of C. Green, and at the Applied Techno-
logy Laboratory, U.S. Army Research and Technology Laboratories (AVRADCOM),

Fort Eustis, Virginia under the direction of C.H. Carper.

The author gratefully acknowledges the contribution to the design, fabrication
and testing made by R. Mayerjak, G. Haire, H. Pelletier, E. Nagy, E. Luff and

P. Stennett of Kaman and by J. Skelton and E. Kaswell nternational

Research Laboratories.
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SUMMARY

The U.S. Army and Kaman Aerospace Corporation in their on-going efforts to

enhance helicopter blade operational characteristics and reduce manufacturing

costs have undertaken the development of mechanical tubular braiding as a

composite blade spar manufacturing process. Kaman, the prime contractor, was

assisted in the development and application of braiding technology by Albany

International Research Company. The program was sponsored by the U.S. Army

Aviation Research and Development CoTli'and (AVRADCOM) and monitored by the U.S.

Army Materials & Mechanics Researci Center (AIMRC).

Results of this manufacturing technology program, which included preliminary

design of an improved main rotor blade for the OH-58 helicopter, demonstrate

the viability of tubular braiding as a blade spar manufacturing process.

The blade design incorporates an advanced aerodynamic shape with double

tapered VR-7 airfoil, which has been optimized for the Army's mission

requirements without any compromise to accommodate braiding technology. In

addition to the leading edge spar, which is fabricated by braiding with Kevlar

490 fiber, the blade structure includes an afterbody of glass fiber/epoxy

skin, NomexG honeycomb core, and a Kevlar®/epoxy trailing edge spline. Blade

ruot attachment is ,nade at bushed holes in the braided spar which mate

directly with the existing OH-58 hub and pin.

Detail spar design was accomplished in an integrated program of braiding

trials to define attainable fiber orientations coupled with blade design and

analysis iterations. Convergence to an analytically acceptable blade and spar

design meeting critical structural and dynamic requirements was not hindered

by braiding process constraints.

............-.



Coupon test panels and spar sections seven feet In length were braided with

7100 denier kevlar 49® fib-r over aluminum alloy mandrels, vacuum• impregnated

with liquid resin, autoclave cured, and testeo. Reproducibility of fiber

angles was well within conventional composite tolerances. Material property

tests and spar section tests exhibited excellent correlation with analytical

predictions, substantiating the applicability of normal conposite laminate

analysis methods to braided composites, and the validity of the specific

design.

Ballistic testing of spar sections against the .30 caliber fragment simulator

projectile and the .50 caliber APM2 projectile demonstrated superior

containment of damage for the interwoven braided structure comTpared to a

similar spar of wound S glass. It should also be noted that testing by Kanman

on earlier programs has shown that helical filament winding, which produces a 4
limited degree of interweaving, results in improved ballistic tolerance versus

tape layup.

Manufacturing cost estimates comparing the braided Kevlar6/epoxy spar with .a

similar filament wound S glass/epoxy spar for an OH-58 blade of identical
external shape showed a 33% cost reduction for the braided design in

quantities of 500,

Ji
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INTRODUCTION

The U.S. Army and Kaman Aerospace Corporation in their on-going efforts to

enhance helicopter blade performance and reduce manufacturing costs have under-Itaken the development of mechanical tubular braiding as a composite blade spar
manufacturing process. Fiber/resin composite construction has engendered a new
generation of helicopter blades Of vastly improved performance, reliability and
maintainability. The first process emiployed for blade spar manufacturing was
tayup of unidirectional prepreg (references 1 and 2). More recently, filament

winding has been i'-troduced as a lower cost, automated production process

(references 3, 4 and 5). Mechanical braiding is of interest for blade spar
'Vmanufacturing primarily because, while it has a considerable similarity toj

filament winding, it has a demonstrated capability of automated fiber lay-down

at substantially higher rates than are achieved with conventional winding.
Further, braiding can efficiently produce layers of nearly spanwise fibers as

well as for oblique helical layers in a single machine whereas these operations I
are more effectively performed in separate machines and operations when fila-

mnent winding is employed.

Braiding is an old, established textile process for producing a woven tubular

L fabric using a machine of the type shown-in Figure 1. In operation, the
braider carriers holding spools, or cops, of fiber are !riven through

intersecting serpentine slots around the large, stationary outer ring. Half of

the carriers revolve in one airection~ and half in the other, passing over and

under each other as they orbit. the~ center of the ring, weaving the fibers into

a tubular fabric. The over-two, under-two pattern produced, which is similar
to a twill weave, is illostrated in Figure 2.

For more than a century, tubular braiding has been employed in fabricating
prosaic textile products, such as shoelaces, rope, fabric hose and braidedfoverlays on cable assemblies. In more recent times, the process has been

jadapted to composite fabrication (references 6 and 7), predominantly in light

duty for nonstructural applications such as aircraft ducting.

9
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Figure 3 shows a conventional braiding machine which has been adapted for the

fabrication of composite structure having controlled fiber orientation. This

modification consists simply of the addition of a mechanism for translating a

nonrotating mahdrel, upon which the braided fabric is deposited, through the

I braider at a controlled pitch (i.e., distance of mandrel travel per revolution A

of the braider carriers). The control of fiber orientation angle afforded by

this means of governing the relative motion of the evenly wrapped fibers and

V the mandrel is geometrically analagous to the filament winding process. In j

conventional filament winding, a carriage translating at controlled pitch lays

out a fiber band onto a rotating mandrel. In a variant of conventional wind-

ing, called ring winding, the payout head is mounted on a ring which rotates

around the mandrel. A

In contrast to the filament winding processes as normally Enployed, tubular

braiding deposits a much higher number and volume of filaments simultaneously.

Increases in fiber laydown rates cf approximately 20 to 30 times can be readily

achieved with available equipment. This factor, together with the effect of
the interlocked braided layers in preventing fiber slippage, make th
fabrication of braided layers with nearly spanwise orientation practical; a

significant manufacturing, economy.

Additionally, the high level of interweaving inherent in braided composite is

expected to impart yet a greater degree of ballistic tolerance than that

achieved with filament winding. Previous work (reference 4) has shown that the

limited interweaving produced by filament winding enhances ballistic tolerance

in comparison to structures laid up from unidirectional prepreg layers.

12
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DESIGN AND PROCESS DEVELOPMENT

Technical Approach

An 0OH-58 blade shape having an advanced aerodynamic geometry optimized for the
Army's mission requirements in an earlier Kaman study (reference 8) was used

as a basis for the braided spar blade design. Cost studies and ballistic

testing performed on the S Glass/epoxy wound spar design developed in that

program afforded an opportunity for direct, meaningful comparison of relative

cost and ballistic tolerance between filament wound arid braided spars,

L As in the AH-1 composite blade development program (references 3 and 4) and in

the OH1-58 blade design study (reference 8), matching of the natural

frequencies of the existing metal blade was chosen as the least risk method of

assuring dynamic compatibility with the OH-58 helicopter.JT. With the desired external shape, and the mass and stiffness distribution

constraints thus defined, an integrated programi of braiding studies to define

fiber braiding characteristics and attainable orientations coupled with bladeI ~ design and analysis iterations was initiated.

Structural analysis followed, generally, the procedures described in reference

8. Laminate strengths and stiffnesses were calculated using Kamani computer

code CMAB (Composite Materials Analysis version B) which considers the

properties of each lamina in deriving the properties of the overall lamiinate.

In analyzing the braided composite, each braided layer was replaced by two

laminae of half layer thickness, one representing the positive, and one theI
negative fiber angles of the bidirectional fabric. The validity of this
procedure was suhsequently verified by mechanical property testing reported

below.

14



Blade/Spar Configuration and Fabrication

Figure 4 illustrates the OH-SB braided spar composite blade design and

tabulates its basic dimensional characteristics and those of the standard

OH-58 blade. The KA 757 blade incorporates an advanced aerodynamic shape with
doubl2 tapered planform, VR-7 airfoil, and 12 degree twist from center of

rotation to tip which has been optimized ftr the Anmy's mission requirements

without any compromise to accommodate braiding technology. In additior, to the

leading edge spar, which is fabricated by braiding with Kevlar 496 fiber, the

blade structure includes an afterbody of glass fiber/ epoxy skin, Nomex'

honeycomb core, and a Kevlart /epoxy trailing edge spline. Blade root

attachment is made at bushEd holes in the braided spar which mate directly
with the existing OH-58 hub and pin. Cross sections of the KA757 blade at

stations 36.5 and 179.916 are shown in Figures 5 and 6.

A substantial bundle of molded unidirectional E-glass/epoxy is overbraided
into the spar leading edge and becomes an integral part of the structure.

This more dense fiberglass composite member at the leading edge provides

ballast needed to achieve the required 1/4 chord location of the center of

ballistic impact. In addition, an elastomer coated metal weight is overbraided

and bonded into the spar tip to achieve dynamic tuning and the polar moment of
inertia required for autoration characteristics. Both of these features are

employed in the production of the AH-1 composite improved main rotor

blade (references 3 and 4).

Appendix A is a structural analysis report demonstrating adequate strength and

appropriate stiffnesses for the KA 757 blade. Detailed analysis of the blade
between stations 70 and 179.9 was performed. Analysis of the root and tip

regions and final dynamic tuning were beyond the scope of the contract, but

preliminary studies and the cimilarity of the KA 757 blade spar to the spar

design of reference 8 leave no doubt that a satisfactory overall design can be

achieved.

15
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Spar braiding is carried out with 7100 denier roving. Twelve braided layers,

four low angle layers (designated ca) and eight high angl. layers (designated

0), run from root to tip. The layer sequence is 0, 1SCIP BI0 , BOB,

These fiber angles are measured from the spar longitudinal axis. The low

angle, nearly spanwise, layers provide longitudinal strength and stiffness

while the higher angle layers satisfy torsionel and chordwise property

requirements.

For simplicity of manufacture, each braided layer is designed to be applied at

a constant pitch (i.e., mandrel advance per revolution of the braider

carriers) allowing the fiber orientation angle to decrease and the layer

thickness to increase as circumference decreases along the tapered spar.

Braid angle and layer thicknesses versus blade station are given in

Appendix A.

The outer two braid layers envelope the molded glass/epoxy leading edge

member. Additional fabric laminae are interleaved between tne braid layers

inboard cf station 60 as required for local stiffening and to achieve required

bearing and section strength at the blade attachment holes. The addition ol

interleaved doublers, which is commonly employed with filament wound spars, is

even simpler when braiding on a nonrotating mandrel.

Blade manufacturing initiates wilh braiding of dry roving on an aluminum alloy

mandrel having the tip weight attached at che outboard end. This weight is,

in effect, a part of the mandrel which becomes a permanent part of the !,par.

The dry braided spar assembly (with inserted doublers and leading edge filler)

is then vacuum impregnated with a liquid epoxy resin in a matched tool to

provide accurate control of resin content. Spar and blade afterbody details

are cocured in a matched steel mold. Mandrel withdrawal is performed before

the addition of the bushings, closures and trim weights to complete the blade.

The use of hard internal mandrels and external molds assures precise contour

fidelity and weight control, and is the same basic tooling concept proven in

the AH-I composite blade production program (raferences 3 and 4).

An engineering specification for fabrication of spars by tubular braiding is

presented in Appendix B.

18
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Development Testn.

Fabrication trials, flat laminate mechanical property tests, spar section
structural and ba'ltstic tests, and nondestructive inspection evaluations were
conducted, In the course of the program coupon t'~st panels and two seven foot
spar sections were fabricated.

Preliminary substantiation of analytically predicted properties, impregnation
development, and evaluation of braiding urientation reproducibility was
performed on flat panels fabricated on aluminum plate mandrels. Three foot
long mandrels having a cross section 3/8 inch by six inches were overbraided
with six layers in the sequence ±46"/±46"/±15"/±15"/±46°/±46°. This mandrel
circumference is equal to that of the spar inner surface at blade station 80,
and the layer sequence represents one-half the spar wall at that station.

Measured fiber angles of each layer of each of tive separate panels braided

were uniformly of the orientution stated above within the accuracy of
protractor measurement ( VI).

Vacuum impre-,nat ion .,ias performed with the liquid epoxy/aromatic amine resin
system of Appendix S. The part wes enclosed in a nylon film bag of the type
normally used for autoclave curing. This bag was sealed to the nmandrel ends
end the resin introduced through a perforated tube extending through the bag
seel. Figures 7 and 8 illustrate this impregnation process being performed on
one of th. spar sections produced subsequently. Impregnation was followed by I
rebagginy and autoclave curing.

One Qf the flat panel specimens was selected for mechanical property testing
and examined for laminate quality. Microexamination of polished transverse and
longitudinal sections through the thickness of laminate near the center of each
three foot by six inch face of specimen revealed sound, low void laminate
quality. Gravimetric analysis combined with nitric acid digestion per ASTM
D3171-76 at locations adjacent to the micro samples revealed resin contents of
41.9% and 46.0% by weight and void contents of 2.75% and 2.46%, respectively.

19



Figure 7. Vacuum impregnation -resin feed end.

LIi i

Figure 8. Vacuum impregnation -ren end.

Figure 8. pump end.
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In-plane shear properties, and longitudinal and transverse tensile and
flexural properties of the test laminate were determined at room temperature
on specimens which were conditioned indoors for two to six weeks between
laminating and testing., Tensile testing was performed per ASTM D 3039-76,
in-plane shear testing by the rail shear method of reference 9, and flexural
testing per ASTM 0 790-71, Method 1, Procedure A. Test results are reported
in Table 1. The tensile and shear properties are based on the .090 inch
nominal panel thickness (55 volume percent fiber) to agree with the struc-
tural analysis.

For comparison, Table 1 also includes the analytically predicted properties
of the spar wall at station 80 as reported in Appendix A, Table A-2 and
Figures A-7 and A-8. The test laminate represents one-half the spar wall at
station 80. Elastic moduli are in good agreement with the analytical
predictions while ultimate strengths exhibit large margins above predicted
allowable stresses. The calculated strengths are conservative estimates
corresponding to the first failure of an individual ply, and are typically
lower than observed ultimate failure stresses.

Two seven foot spar sections, one containing the fiberglass nose piece and
one without, were fabricated on an aluminum alloy mandrel having the contour

of the spar internal surface at station 80 and a constant taper of .005" per
foot. Impregnation and autoclave curing were performed as on the panel
specimens. Edgewise bending, flapwise bending and torsional static tests were
performed on these sections. Measured sttffnesses correlated well with
analytical predictions, and design limit loads were sustained without damage

or deformation. In addition, moments equivalent to 110 percent of design
ultimate load in flatwise bending were applied to one section and maintained
for ten minutes without failure. Figures 9 and 10 illustrate the flatwise
bending and torsional tests, and load-deflection results of one torsion test
and one flatwise bending test are plotted in Figures 11 and 12.

21



E~I A

TABLE 1. MECHANICAL PROPERTIES
KEVLAR/EPOXY BRAIDED LAMINATE

Test Pred icted
Property Values Values

S;x~~~tu (s) 5.g
Longitudinal Tensile Strength )t (psi) 50,391 38,980

Individual Values:
53,865 - $4,495 - 46,749
'45,685 50,963

Standard Deviation a (pat) 3544

Longitudinal Tensile Modulus Ext (psi) 3.1 x 106 3,0 x tOG

Longitudinal Elongation at Max Stress Extu (*) 1.85 --

Poisson's Ratio Uxy 0.95

Transverse Tensile Strength Fytu (psi) 13,997

Individual Values:
13,603 - 12,566 - 13,705 -
15,083 - 1S,030

SStandard Deviation a (psi) 952

Transverse Tensile Modulus Eyt (psi) 1.6 x 106 1.7 x 106

In-Plane Shear Strength Fxysu (psi) 28,699 13,870

Individual Values:
26,586 - 26,041 - 29,696 -

31,603 - 29,568

Standard Deviation a (psi) 2084l

in-Plane Shear Modulus Gxy (psi) 2.0 x 10 2.1 x 106

Longitudinal Flexural Strength (psi) 51,534 --

Individual Values;
58,664 49,646 - 48,820
4.8,860 Si5,681

Standard Deviation a (psi) 3713

Transverse Flexural Strength (psi) 37,259 --

Individual Values:

38,136 - 37,384 - 37,984
37,501 - 35,290

Standard Deviation a (psi) 1024

22



4

I

F'

'U6

j

I
0.)

w

0.)
'I)

'U
I-

'I 0.) 1
S..

I

*1
23

I.



4-J

9- 1

4! 24
... ... .. ..



. . .. . .. . . .. . .. .. --.......-....

8000 0 As Fabricated
A After Ballistic Strike

0

7000

6000 /

FA
Predicted
Deflection

S5000-j Clamped End A
2; (large end)

4000 /Bullet Ho le .

LU 200# max

1000 /

2 0 12364

TWIST~ 00 ANLEaDGRE

(1e050SprLegh

Figure~~~RADE SPAraddsprtRsote.

25 SONTS



0) Lr0
ca cu

4) 4. I

o(0 .. to.

0 4-

4-b- m/ NU -

V) LIP

C==- -ý I

LAL

V) LLI C ~ S.

(U 0U

EU-

.0

Li. 0)
4.1K
4-

C) CD C

00 C~ CD D -tAVHI83d SBId OVI-a~ldd
-i26

. .. .. .. .. .. 0



One spar section was impacted with a .30 caliber fragment simulator project-Ile

which penetrated through both walls of the spar. Figures 13 and 14 show the
enrac an j ufcs epciey iulyaprn aaede o

extend much beyond the actual projectile hole. Ultrasonic inspection,

described below, revealed roughly circular areas of delamination extending up
to one inch beyond the holes. Static retesting of the spar section in
flatwise bending and torsion to limit loads showed no detectable changes in

elastic properties, and resulted in no apparent extension of the damage.

A second spar section was struck with a fully-tumbled, .50 caliber armor

piercing projectile in a manner duplicating as closely as possible the similar

test reported in reference 8. Figure 15, 16 and 17 show the projectile impact.
and exist surfaces of that spar, arid reveal damage extending only slightly

beyond the actual puncture. In comparison the conventionally fabricated
fiberglass spar of reference 8 (see, for example, the equivalent photograph

from that report) exhibited extensive fracture and brooming of spanwise fibers,K and delaminations extending several inches beyond the point of impact.

Both ballistic tests indicate that the OH-5B braided spar has a high degree of

survivability to .03 caliber and .50 caliber projectiles which is enhanced by

the effect of the tightly woven structure of the braided composite in contain-
ing the extent of damage. This result is not surprising inasmuch as previous

Kaman testing (reference 4) has shown that hielical filament winding, which

produces a limited degree of interweaving, results in improved ballistic i
tolerance versus tape layup. The fact that the nearly spanwise fibers are

also braided is particularly significant. Such low angle layers cannot be

practically produced by filament winding, and separately wound, unidirectional,

spanwise layers are normally employed between the helical layers of filament

wound spars.
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Figure 14. Braided spar exit of .30 caliber fragment simulator
projectile on top surface.
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Figure 15. Impact side -. 53 caliber tumbled strike.
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Figure 16. Exit side -. 50 caliber tumbled strike.
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Figure~ 17 Tumble .5 caie rjcieei-ie
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Inspectability is an important characteristic of any composite blade design.
Therefore, development of a C-scan, through transmission ultrasonic inspection
te~hnique was undertaken to assure that this method, which is commonly used
for inspecting other composite spars, is adequately sensitive to
discontinuities in braided composite spars. Figure 18 is a C-scan chart
record of a spar section illustrating a capability for resolving the smallest
(1/4 in. x 1/2 in.) simulated defect evaluated. This chart also includes an
area struck with a .30 caliber fragment simulator projectile and shows both
the open holes, which permit sound transmission, and the small area of
delamination surrounding the hole~s.

r LEADING EDGE

_ __ -- ---- --

______________ ____________4

TRAILIG EDG

Figure__18._Ultrasonic________recordshowingsimulateddefects

_ _ _ _ _ _ _ _ _ _ _ _ __and_ ballistic_ 
_ _ _ _ strike ar a

__________________________________________________ 
_______________3 
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MANUFACTURING COST ANALYSIS

Detailed estimates of average spar prices in production runs of 200 and 500

units were prepared for the braided Keviar* spar, the similar wet filament

wound fiberglass spar of reference 8, and the metal spar of, the present
OH-58 blade using typical Aerospace Industry cost estimating procedures.

[ Material requirements, including waste factors, and labor hours for the

braided spar were based on data collected during spar section fabrication.

Kaman experience in fabricating both filament wound and metal spar blades

provided similar basic information for those estimates. A ninety percent

experience curve was assumed for all manufacturing operations. Representa-

tive Aerospace Industry material prices, and labor and burden rates for

1980 were employed in calculating costs.

Table 2 summarizes these estimates, which predict a 1/3 price reduction for

the braided Kevlar spar in comparison to the filament wound glass version.

Since the remainder of the structure and associated manufacturing processes

for both composite blades are nearly identical, equivalent dollar savings

would be projected for the complete braided spar blade. Further, in ref er-

ence 8, wet filament winding was chosen as the lowest-cost, established

composite spar manufacturing process. Therefore, even greater savings would

be expected versus other methods~ such as tape layup.

A more detailed breakdown of estimated direct labor manhours for producing]

the braided and filament wound OH-5B composite spars is given in Table 3.

The machine setup time for braiding includes the labor required for

winding of roving onto the braider cops, and installation of the cops

into the braiding machine. Winding of the braider cops from standard,

ten-pound spools of roving using a conventional, six-stand bobbin winder

is assumed. One loading of the 96 carrier braider is required to produce

one spar.

J-
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TABLE 3. DIRECT LABOR MANHOURS/SPAR

BRAIDED KEVLAR VS. FILAMENT WOUND S-GLASS

AVERAGE OF 200 SPARS

Direct Labor Manhours
Operation Category Braided Filament WoundSpar Spar

Machine Setup 3.2 2.8

Spar Braiding or Winding 5.9 25.2

Impregnation & Staging 3.3 N.A.

(Resin Transfer Molding)

Bleed, Debulk & Stage N.A. 2.9

Fabrication of Molded Leading 6.2 6.2

Edge Filler

Miscellaneous Labor 4.4 8.7

Total Direct Labor 23.0 45.8

Both composite spars are estimated to be less expensive than the standard

metal spar. However, the afterbody details of the constant section metal I-

blade (basically, stamped aluminum alloy skins, aluminum honeycomb core and

an aluminum alloy wedge extrusion) are not directly comparable to the

equivalent components of the composite blades. Therefore, the spar cost

figures do not reflect a finished blade cost comparison between the metal

and composite blades.
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CONCLUSIONS

* Mechanical braiding is a viable manufacturing technology for helicop-
)"r- ter main rotor blade spars. Application of the braiding process did

not inhibit design of an advanced geometry blade for the OH-58 heli-

copter.

1V It Conventional laminate analytical methods accurately predict the

performance of composites produced by braiding.

* Braiding can produce major reductions in composite spar manufacturing

costs.

The interwoven structure of a braided spar laminate contains the

extent of ballistic damage to a greater degree than does the more

limited interweaving of a filament wound structure. Both are ballis-

tically more tolerant than laminates of angleplied unidirectional

=- prepreg .

I
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APPENDIX A

STRUCTURAL ANALYSIS

SUMMARY

fable A-I rresents the minimum nargins of safety for the KA 757
bra~dcd blade between blade stations 80 and 180. Figures A-l, A-2,
arQ, A-3 compare the s-dgewise, torsiunal, and flatwise stiffnesses of
the KA 757 blade to thc.se of the standard blade. These data show
adequate strength and appropr.ate stiffnesses for the KA 757 blade.

F

TABLE A-. MINIMUM MARGINS OF SAFETY

Location/Type of Failure M.S.

UPPER SURFACE

Tension, Ultimate + .86

Compression, Ultimate N.A. (tension only)

Shear, Ultimate +4.62

Fatigue +1.57

LOWER SURFACE

Tension, Ultimate +1.45

Compression, Ultimate + .16

Shear, Ultimate +4.62

Fatigue +3.12

40
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INTRODUCTION

This appendix presents:

1. Material properties and allowable stresses.

2. Design conditions
3. Stiffness and Strength Analyses

Throughout this appendix, the units of length and force are inches and
kips, respectively.

The following notation is used:

Symbols:

cx = orientation angle

8 = orientation angle

= normal strain

y shear strain

= ioisson's ratio
a normal stress

T = shear stress

E = modulus of elasticity

F = strength or force

g = acceleration of gravity

G = shear modulus A

M = moment

V = shear

Subscripts and Superscripts:

cr = critical

cu = compression, ultimate

f = flatwise

i = inplane

su = shear, ultimate

tu = tension, ultimate
x, y = reference axes for laminate

1, 2 - reference axes for individual lamina

X, Y = reference axes for coordinates, loads, and stresses

IDouble subscripts used with moduli, Poisson's ratios, stresses, and strains
correspond to conventional engineering usage.
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MATERIAL PROPERTIES

The following material properties were used in the structural analyses: I

1. Kevlar 49/Epoxy, Fiber-Resin System, Inplane Static Properties

E1i - 10100 ksi v * .34

E22  800 ksi

GI2  = 300 ksi

tu tuF11  = 149 ksi £11 .01475

F1 1  = -35 ksi 11 -.00347

tu tuF22  = 3.5 ksi 22 0437

F -17.5 ksi £22u -. 02187

F12su = ±7.0 ksi 1su = .02333

The "hove properties correspond to a unidirectional laminate with a fiber
vol: a of 55 percent tested in the wet condition at room temperature. These
properties were derived from tests reported in Reference 9 (for the dry
condition) using the following reductions: 12.5 percent for the compressive
strengths, and 19.5 pe'cent for the shear strength.

The braiding process deposits layers of Kevlar fibers. Each layer consists
of a closed, spiral pattern of fibers, half of which are oriented at a + angle,
the others at a - angle relative to the longitudinal axis, x, of the mandrel.
The angle and thickness of each layer depend upon the speed of traverse of the
mandrel rel.-ive to the speed of rotation of the braider, the perimeter of
th• i•drp he number of strands being braided, and the number of fibers in
eaýh str',4. In the KA 757 blade, two speeds of traverse are used to produce
a system ± a and ± B orientations at each station. At inboard stations
(below station 70) additional fibers oriented at 0 degrees to the axis of the
mandrel are inserted at the mid-thickness position. Figure A-4 shows the
resulting or"• .atlons.

45
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r/

x, longitludinal
00 fibers- axis of blade

(inboard of Sta. 70)

iI

Figure A-4. Orientation of Fibers.

Figures A-5 and A-6 show the braid angles and spar wall thicknesses which
re. produced in the KA 757 blade when 7100 denier Kevlar is used with a96 cop braiding machine and a fiber volume of 55%.

50

40

W 30

820 0

10

II I I I

100 200
Station, inches

Figure A-5. Braid Angle Versus Blade Station.

.3.26

'Total
2- - > 82
'• -- /0 (8 layers) .

0".1

• • (4 layers)

, I I . .. I I I , I , I 1

100 200
Station, inrhes

Figure A-6. Spar Thickness Versus Blade Station.
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The elastic stiffness and strength properties for such laminates were
calculated using plane stress, orthotropic material, lamination theory, and
the maximum strain failure criteria. The calculations followed the
composite theory presented in References 10 and 11. The Kaman computer
progran' CMAB (Composite Materials Analysis Version B) was used. Table A-2
shows typical results, in this examplo for a Kevlar 49/epoxy laminate that
occurs at station 80 of the KA 757 blade. The output includes terms
(A. B, D, A', etc.) of the laminate consecutive enuations as defined in
Reference 2, conventional engineering moduli (Ex, Ey, G), and the stresses,
strains, and margins of safety of each ply of the laminate for simple ten-
sion, compression and shear loadings. The load applied in each simple loading
produced an average stress of 1 ksi. For such unit loadings, the allowable

- tVstress numerically equalsthe margin of safety (M.S.) + 1, as shown below:

M.S. * allowable stress 1
acEtua stress

allowable stress = (M.S. + l)(actual stress = 1)

Figure A-7 summarizes the calculated static strength of the spar laminate
versus blade station for the KA-757 blade. These calculated strengths are
conservative estimates because they correspond to the first failure of an
indiVidUal ply, which is typically lower than the failurr strength observed
in tests.

60

50 Itu
i:4 0 J

I

: 30 -

S20
4F cu

10 . FsU

"100 200

Station, inches

Figure A-7. Calculated Static Strength of Spar Laminate
Versus Blade Station.
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Figure A-8 summnarizes the calculated elastic moduli E and G of the
spar laminate versus blade station.

5000

4000

II
'A1000

100 200
Station, inches

Figure A-8. Calculated Elastic Moduli of Spar Laminate

Versus Blade Station.
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2. Kevlar 49/Epoxy, Fiber-Resin System, Inplane Fatigue Properties

Figure A-9 shows the calculated fatigue strength of the laminate at a
typical station, in this example, station 80.

12 Calculated (Mean -3a) for lot cycles.
l. 10 /Kevlar 49/Epoxy. 73.8% at ± 460

126.2% at ± 130

4-

L i 4L

r2 2

0 10 20304
Mean Stress, ksi

Figure A-9. Fatigue Strength for Laminate at Station 80.

Figure A-9 was calculated in the following manner:

a. It was theorized that in tension-tension fatigue (Stress Ratio > 0)
the fatigue strength of angle ply laminates is dominated by the resin and
is directly related to the shearing strain along the 1-2 axis of an indivi-dual layer.

b. The critical shear strain to cause fatigue failure was deduced
from tests of ±450 laminates reported in Reference 12. Figure A-10 shows
the data for these tests. Using lamination theory JCMAB program) it was
found that the 3-a reduced alternating stress at l10 cycles, ±3.36 ksi in
Figure A-10, corresponds to an alternating shear strain in the 1-2 direction
of .005601. Thus, the critical shear strain is .005601.

51

J:



4JJ

6 1•

• m 3Mean -3a

2 .-23.36

S1Stress Ratio = .10

•-, 0,.. I _____

1 03 14 lo0 106 15 1068
Cycles to Failure

Figure A-10. S-N Curve for Kevlar 49/Epoxy for-±450 Laminate.

c. Table A-2 presents a lamination theory analysis of the laminate
at station 80. It shows that for Nx = .180, corresponding to an axial
load of I ksi, the maximum shearing strains in the 1-2 direction is
.000584. Thus, the alternating stress required to produce the critical
shear strain - .005601/.000584 - 9.59 ksi. With the stress ratio of .1
the corresponding mean stress is 11.72 ksi. These values establish the
left-hand of the strength line shown in Figure A-9. The right-hand end
is the static strength, 39.94 ksi, also from Table A-2.

3. E-Glass/Epoxy, Fiber-Resin System

The nose block consists primarily of unidirectional E-glass oriented span-
wise. The elastic modulus for the noseblock is taken herein as

Eli= 5000 ksi

52
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DESIGN CONDITIONS

Figure A-11 shows the coordinate system used herein to describe the loading I
conditions and the coordinates for subsequent analysis. Moments follow the
conventional left-hand rule. All forces and moments act upon the inboard
face, shaded. $

:1
xxy x

F
Mxx

S• outboard

Figure A-il. Coordinate System.4

In the region from station 80 outboard, station 80 experiences the highest

Iz

loadings and the corresponding lower margins of safety. Margins of safety
are calculated at station 80 for the following six design conditions: ,

1. Maximum Tension in Upper Surface, Case 4.14

An ultimate condition corresponding to Condition Ill limit x 1.5 +

centrifugal force at 411 RPM limit x 1.5 (from Reference 13). ;

F' x = 66.22 kips, ultimate.:

2. Maximum Tension in Lower Surface, Case 4.20

An ultimate condition corresponding to the flatwise moments from '
Conditions I and IX limit x 1.5 + flatwise shears limit x 1.5 + centrifugal
force at 411 RPM limit x 1.5 (all from Reference 13). •'

Fxx = 66.22 kips, ultimate i-IF = .36 kips, ultimate

[My -6.75 in.-kips, ultimate
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3. Maximum Compression in Lower Surface, Case 4.12

An ultimate condition corresponding to a 4-g static droop.

Fxz * -. 233 kips, ultimate

Fy = 17.7 in.-kips, ultimate

The static droop shears and moment correspond to an assumed blade weight
distribution similar to that in Reference 5. The following calculatlon
presents the 4-g static droop loads, shears and moments for the blade.

I I'ii ' i!II ' ' !v '
Station 0 20 40 60 80 100 120 140 160 18O 200 in.

4-g wt, .108 .0248 .0188 .0184 .0172 .0164 .0848 .0356 .036 .0432 kip

V .4032 .2962 .2704 .2516 .2332 .2160 .1996 .1148 .0792 .0432 kip

M 42.13 34.06 28.16 22.75 17.72 13.06 8.74 4.74 2.45 .864 0 in.-kip

4. Maximum Shear in Upper and Lower Surface, Case 4.16

An ultimate condition corresponding to limit pitching moment x 1.5 (from
Reference 5).

Mx 7.16 in.-kips, ultimate

5. Alternating Stresses in Upper and Lower Surfaces, Case 4.17

A conservative fatigue condition corresponding to a gross weight of 3000 lbs,
a density altitude of 6000 ft., a rotor speed of 347 rpm, a velocity of 130 kts,
and a c.g. at fuselage station 112.1 in. (from Reference 5).

Mxy = ±2.6 in.-kips, fatigue alternating

6. Mean Stress in Upper and Lower Surfaces, Case 4.18

The mean loads corresponding to the alternating load of condition 5 above

+ centrifugal force at 354 RPM (from Reference 5).

F = 32.75 kips, fatigue steady

M - -1.1 in.-kips, fatigue steady
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STIFFNESSES, STRESSES, AND MARGINS OF SAFETY

The stiffnesses and stresses were computed using the Kaman SHELLD program
which obtains a conventional beam and torsion solution in which plane
sections remain plane and all closed shear cells rotate through the same
angle. The effects of taper and differing moduli for elements of the
cross section are included. Figure A-12 shows the idealized cross section.
The circled numbers correspond to "effective" stringer elements where the
bending area is concentrated. The non-circled numbers identify "skin"
elements.

Table A-3 shows the SHELLD results for the stiffness analysis and stress
analysis for each of the design conditions, all at station 80. Similar
stiffness analyses were performed at other stations to provide the data
shown in Figures A-1, A-2, and A-3. The margins of safety shown in Table
A-3 are based upon ficticious allowables of ±100 ksi and thus can be
ignored. The actual margins of safety are calculated as follows:

1. Maximum Tension in Upper Surface, Case 4.14

From Table A-3, the maximum tensile stress = 21.48 ksi at element 9.
From Table A-2, the allowable tensile stress - 39.94 ksi.

M.S. = 3.8-l = +.86 (ult)

2. Maximum Tension in Lower Surface, Case 4.20

From Table A-3, the maximum tensile stress = 16.28 ksi at element 4.

39.98M.S. = +1.45 (ult)

3. Maximum Compression in Lower Surface, Case 4.12

From Table A-3, the maximum compressive stress = -9.9 ksi at element 2.
Fi'on, Table A-2, the allowable compressive stress is -11.55 ksi. I

M.S. -1.l5- 1 +.16 Wult)

Another possible mode of failure in compression is instability or buckling.
The margin of safety for buckling is shown to be high by the following
conservative analysis which considers the lower surface of the spar to be
a simply supported flat plate of long length. The effective width b
the plate is taken as 75% of the free span as shown in Figure A-13.
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TABLE A-3 (CONTINUED) -1

C$--6 SLADE ItN 3 4/26T79

* lIKE *t ¢ 0.0 FE * 3.

c AS E 46. 1 2 L O A D V m-". x 0 F l y "
CSEA ll,*'.1 P431'41 t * 0.47• IEY , 17.7')') PaY i, 1.0

1 A. 01 .1 1 
0. ) FE a -0 .233

'v), AXIAL l.S. co(4pOIENTS OF FORCE 14EAR SHP. AR SKIN FORCE COMP.

SIKESS X. " 2 FLUW SIPESS y

I - .21 -Z.?7T -0.,,9 -0.001 0.026 0.14 0.047 -r).312
2 -9.74 9.03 -2.39 ').0 -0. 001 -0.011 - -0.6 0.012 -030)0
2 -4.31 10.9'+ -Z.0'2 flnlb 0,000 -O~fb -0. ,,'3b .. . ?006 4
§ -. l.)j 6.11 -. 1.4- 0.01, "-0.001 -0.040 -0*.T -0.012 -4.02o

6 -19.6 9 .•.0 -0.373 3 ,40) 0.000 -0- .0.11 0.0 -0 0634

7 1.13 13.02 -. 775 -o.01 -0.001 -0.O0 .-0. L4 ? 20 ",-0.022

B 6 .8' 14.09 1.529 - .)12 0.000 -0 t161 -0.31 0.01 -0.-312

7 11.13 s.5. 2. 1 2.6h1 .0,,3111 D -0.060 -0.1300 -.. 106 .i2Sb -0.0'39

13 13.139 .
4 7  

4.j? .'.0 -0.0015 0.020 0.11 o.049 -0.0)3

11 k3.22 6.56 1.409 8 4.)026 -0.0 no 0 .Oss 0.32 -. 044. 3-.03

12 7411 11.-8? ).2S6 I.004 -0.000 0.006 0.36 -0.01T -0.031

12 T.81 11. 7?5 4.3.146 o. 0l• - 0.000 0.010 0. -0.0110 -0.033

"14 2.15 43.53 %.456 0-.01 0.000 0.011 0.62 -A.016 -0.103

1 ) .* I) Vic.0 ,o.)1 ) , ."',il 0.000 0.010 0.01 -0.003 -0.031

lb -3.85 9q.0.) -. 00I)0 -). - ,u -0.001) 0.010 0.01 0.0 -).131

41 -s,41 14.4S -1. 10) -0.013 .-0.000 -0.00'. -0.24 -0.0l0 0.00,)

In -4.5 20.86 -4.113 - 0.4)01 0.0 -0.006 -0.33 -0.008 0.0)1

19 - .1. 13.11 -)273 -0.003 0.0 -0.009 -0.%3 -0.1lb ft. 0 --1

,'i1 -' .15 5.9,3 -0..010 -3.0,13 -0.00') -0.1ft1 -0.67 -0.1)12 -0.004

21 -3 .2) 11.20) -4. 737 - ).3)09 -0.000 -0.o74 -0.41 0.025 -0.013

22 -3.7J. 26 ".0 -1).444-.3.,)0 .00, -0.00O -0.30 .0.001 -0.038

23 7.711 11.%9 0.923 ').Oi1 -O.)OO -0.068 -0.38 -0.001 -0.036

24 11.41 7.43 1.1)06 0.01'. -0.001 0.003 0.17 -0.030 -0.011

25 
0.05' 0.30 0.0 0.0

x-T1IST . n.,I00)U1,326 R40ll./i, CHECKS, Mxx I 0.000) Fx - 0.00)

v-CJRV. • O.04oS2,1716 -AO./IN. PX y a 17.700 FEY - -0.03)

-. JRV. * 000)q30)) RAO ./IN. mL 0 -0.000 FXZ - -0.233

C1--59 dRAICEC ULAOE RUN 3 4/26/79

CA'iE 4.14 14')4P Y -0.51 MAX - 0,0 FXX - 66.220 -

ST4* a.00 PGINT 1 0 , 0.'? MAY - n.0 FAY a 'I.0MEL , 0.0 FXZ , 1.0

NO. AXIAL M. Ct)4PJ"FNTS OF FORCE SHEAR SHFAR SKIN FOIeCF COMP.

STRESS VY F LOW STRESS Y I

1 .?)3 11.14 1.',324 00,16 0.001 0.001 0.00 -0.003 0. 0o

2 q.69 9.32 ?.1;u9 -).0 0.0001 0.0 ,(1,00 n.0)an

3 11 .493 7.70 .9?0q -',"020 0.0u' 0.006 0.03 O.OOS 0.3)0

4 13.09 6.64 3 .1 50 -0.125 -0.UO0 0.008 0.01 0.005 0.0)1)

S2390f) 3.18 •.972 '0.114! A.002 0.010 0.02 0.1102 0.1102

b 28.42 2.S2 S.624 -1.039 -0.001 0.010 0.02 0.0 0.003
1 12.01 2.014 ".1,91 -0.1157 -0.00? O.008 n.01 -n~no2 0).0n2

aI 21.33 i. 1 . V.9, -4.1140 0.001| 0.006 0.03 -0'.0os 0.031

9 21 .4.1 3.bb 5.26b4 -0).4137 -0. 0)3 0.003 0.0)2 -0.1005 0.331

10 ?, .32 3.6.) 6.40Y 0).4 -0.)008 -0.0012 -0.01 -0.-1111 0.0(10

II 19..65 4.09 4.607 0.039 -0. n14 -0.00S -0.03 A.41004 0.)30

12 16.53 5.05 0.356 4.005 -0..004 - 0.0,0Z -0.10 0.002 0.00,)
+L: l) 12,1 6.93 "1.493 -. nqb -o.41400 -n00o2 -11 II 0.4o, n . I ,1V I

14 f.71 11.44 J. 194 (.1)02 0.0 01) -0.002 -0.1l 000(13 .00n

is 23 .34 3.2d 3.97t. ,1.14V 0.001 -0.001 -0.00 11).n0 no 0.1110

16 S .41 ?J-.20 3.04)') 0.000 0.4100 -0.401 -0.00 0.0% 0.004)

1t 2).12 3.97 3.42') 41.042 0.1'410 0.002 0.09 0.003 -0.310

18 4.39 ?l. 7o 0.109 0.001 0.0 11.002 0.10 0.002 -0.1010

19 5.21 19.23 ,9.201 .1.002 O.0 0.0102 0.12 n.0114 -'1.130

20 S.01 1s.h ). 1311 3.04M) 0.0110 0. 4)02 0. 13 0.03 0.1i10

It a.')? 11.3y 1. 121 .4)009 0. 010 11. 115s o.113 -0.n01 n0.01

2? 11 . ZI P.73 1.231 0.015 -0.4100 O.O.s 0.003 -0.000 41.13 3

23 15.9s .?27 1.114 ,).204 -0.001 0.00s 0..03 0.00 043 02

24 06 .14.0s -. 54 1.624 01.021 -0.001 -0.001 -0.06 0.003 0.1311

25 -0.002 -0.01 0.41 0.0

-• 0,011410321i6 PA.1,!IN. CHkCKS# .4EX * -0.0O0 FEX * 6t6.220

Y-CJPV. O*O0.404.?A'41, 46)./IN. MEXY 0 (.000 FEY * 0.000

Z-0.CJV. * -0.000?3"5 RAO./IN. MxE * 0.000 FXZ - -0.00O
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TABLE A-3 (CONTINUED)

O4-56 I4KAlI('E0 gLADE RUN 3 61 79

.CASE 4.16 LOND V - -0.S0 14KX X 7.111 FXX A 0

61A, 11•0.01 I.,'4T 2 a 0.47 MAY * 0.0 FXY * 3.0

STA R 0.0 FXZ * 3.0

Ao. AKIAL N.Ss CUmPOIENTS OF FORCE SHEAR SHEAR SKIN FORCE CnMP.
AIES v I FLUW STRESS Y I

0.0 99.00 0.0. 0.0 0.0 0.47S 2.6' 0.fl? -0.01i
I 0., 99.00 0.0 0.0 0.0 O.4TS 2.64 0.791 0.014

"" 0.) 99.00 .. 1) 3.0 0.4) 0.475 2.64 0.641 3.134
3 0.0 ) 9.00 0.0 40. 0.0 0.475 0O.60 0.3`6 (10.50
5 .3.0 99.00 0..) D.0 0.0 0.475 0.60 0.116 0. ?)

6 3.1 99.00 0.0 0.0 0 0.47S 0.80 0.0 0.159

7 3.0 9,(10 0." 0.0 0 0. 0.470 0.60 -n.118 0.106
9 3.3 99.00 0.0 3.0 0.0 0.475 .64 - f 0.91q3

. 99.00 0.0 .0 0.0 0.475 2.t4 -0. 641 0.092

10 0.0 99.00 0.1 1 . 0.0 0.4705 2.64 -0.091 0.027
In 3.0 99.00 .00 0.0 3.0 0.475 2.b4 -0.617 -0.032
12 1.') 99.00 4.0 0.0 0.0 0.0.0 1.a0 .0.A25 -0.002

12 0.0 99.00 4.0 0.0 0.0 0.020 1.20 -0.o41 -01,fr1

14, ), 3 9y.,)4) ,)..I ..0 0.0 0.020 1.2o -n0.n2 -0.136

.0.) 0.0 0.020 0.02 0.0 -001

1' 4 .) 99.00 )..) 0.' 0.0 0.02.0 1.20 0.005 -0.003

•,8 {1.0 99.00 0.)0 0.0 0.0 0.020 1.20 0.029 .003

1 3.') 99.00 .. ') *.41 .0 0.0 0).020 1.20 0.046 -0.0)02 -

2) 3)0 99.00 0.o) 0.0 0.0 0.020 1.20 0.02').0

2t 03.0 99.00 0.0 0.0 0. -0.054 -2.2 0.294 -0.079

22 )0 99.1).•0 0i.0 .110 0.0 -0.414 -2.52 0.008 -0.22)

23 3.) 99.00 4.4 11.01 0.0 -0.45* -25 0 -1.008 -0.216

2, 0.0 99.00 0.0�0.0 0.0 0.020 1.20 -0.243 -'0.081

25 
0.475 24 0.02.

g-T.IST • o.n0)IO97713 •A0'./IN. CHECKS. 1XX 0 7.150 FXX a 3.0

V-LilY. • 0.0 RAiA.1IN. Y 0.0 FlY -0".000

I-CJRV. * 0.0 RAO.IIN. M L.0 FaL * -0.00

0I4-Sil flR#IUFC FLADE RIM 3 4/26/79

(ASE 4.17 LOAD V * -q.50 MAX a 0.4 FAX - 0.0
STA. 4).00 PuIM? 2 • 0.47 M4XY a 2.600 F1Y * O.0

MSA 1 0.0 FXZ * 0.0

NO. AKIAL M.S. COMPO'ENTS OF FDjRCF SHEAR SHEAR SKIN FORCE CUMP.
STRFSS 0 Y 2 F.OW •STRESS Y 2

1 -I .1, 66.93 -0. 335 O..003 -0.1100 -0.000 -O.00 -0.0)0 0.300
2 -1 .41 67.30 -. 43') 0.') -.. 0.000 0.00 -0.000 0.1,30
3 -! .42. 60.57 -0). 34 09 .0.12 .0.n000 0.00 0.00 0.000 0.001
4 -'1.4b 67.2?0 -1).24? 0.04)2 0.°100 0.001 0.00 0.4)0( O, 0.0I
5 -1.6 , 0.92 -0.403 0.4) -069).0 0.007 0.00 0.003 0.300

6 -0.21 9.100 -0.o)55 0.0)0 0.14u00 0.0041 0.00 43.00 0.300
7 I.I% 604. 0.1 -0.: .1)J.0 -0.O)100 0 .001 0.00 -0.00 0.0000

• (, 9o0 0, 22 * -0.002 0.000 0.001 0)0• .0.•, (I01 0.000

q .%3 *.4.30I .. i .0 - .'103 -0.113100 .0 01 00 -0.001 Al:V40.0on

14 .*i? 499.2 00 ,91 0.0 -0.001 0.000 0.4)0 -0.1301 0.31)3

1 1 .'14 543.49 :)..55 .0.64 -0.000 -0.000 .41. 0.000 0.30

12 w.i6 54.96 0.030 0.000 -0.000 0.00') 0.00 -. 000( -0.3)0

13 1.1i 0#.94 . ,34n 0.001 -0.000 0.000 0.00 -0.00 -0.0)00

14 4.9) 9r.02 t).W 0.000 0.I00.0 0.000 0.0l0 -. 0no0 -0.400

I ' .1•1 o•9.0') o3.I n ')oI),0 0.4)00 -0. 000 -0,00 -0*000 0"0')

16 -,3. t 13 g) 99.00 -1,001) - 1;)J -0.000 -0.00 .00 -0.1)0 0.0 43.0 )

17 -I.r'b S9.09) -40.160 -0.00 -0.000 0.00 0.00 -0.000 -0.00

1S -1.61 9.9.00 -0.017 -0.000 0.0 -0.000 -0.00 -0.000O 0.000

19 -1.3'. 95,4? -. 3.,40 -mot)0 0.0 -0.000 -0.00 -0.000 0..00

2n 1.,3 73.39 -0.,0q -0.4)00 -0.000 0.400 0.00 -0.000 0 .01)

2i -. 2 52.04 -0.108 0 -0-0.000 0.001 0300 -0.000 0.000m

2? -3.v% 99.00 -.0.65 - 0.11 0.000 0. 0.00 -0.000o 01.000

23 1.11 67.46 0.136 3.002 -0.000 0.001 0.00 0.000 0.1.0

24 1.Ay7 596.36 0. 16 7 0.002 -0.000 0.00 O .4 0.0010 0.3')

-01002 -0.00 0..0 0..0

2-7.1ST * ,0OO03O342 kA41./IN. CHECKS, MA. 
4 

-0?000 F. X 0 0.0m)

2-L.JRV. 8 2.0)4)T36264 RAO.0IN. M0Y. 0.000 F0.V 0 ..00

j-(,ilV. 1 0.000013200 -AO.N. 0 L0 0.0 -0.000 F.000 -0.003
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TABLE A-3 (CONTINUED)

412b /?9

Ot-58*RAIOI0C BLADf . PUN a 26

C651 a.:.8 LS 14 Y • -0.58 MEE t 0.0 FEX * 32.7%1

S14. CI.(lO PCI"? 2 0.4 ME6Y * .l00 FEY * 0M0
MEL * 0.n FXE . .0

No. AKIAL M.S. LUj4POI4ENTS OF FORCF SHEAR SHEAR SKIN FORCE C'MP.

R v FLUO STRESS N 2 al

$I2 5.1 1. 1.624 S.& 0 0.000 0000 0.0 0.0 0.00 0 0n
: .,2;1.So 1 t •-n0.0 0.00212 0.000 Z

20 4? 1.0-6 00 .0 0.000 0.003 :2.0:3 6. a 3,6-52 1,)t30 -0, 11 -0.000 0,004 0.01 1,10; n,30

12.5) T.00 3.124 -:.022 01ofl 0.003 0.02 0.0113 0.1001

14.11 6.05 2.801S -0.020 -0.001 0.004 0.01 0.0 000112

t 15.83 5, 32 30•41 0.021 -0O.1:3 il, 003 0.01 -o.nn| n1.,n I

R 9 bq 9.32 2.•58 -11.019 0.000 0.002 .1,0L -0.012 O.3)10

1 q? 9 0n3 2.45, -00011 -0. kl1 0.001 0.1 -).001)2 0.10I

10 .71 9.30 2.920) 0..n -0.104 -0.0111 -0.00 -0.tl0a 0 ,0 i

VA 8.es 10.23 a.08f6 q.4111 -0.0)02 -0.002 -0.01 0.0P, 0.000

t2 7.43 12.46 .16b') 0.002 -0.000 *0.001 -0.05 .1 )O1 0.000

1- .505 6.39 0.225 O.f00 -0.000 -0.001 -0.0M. 1.002 0.1110

14 6 3.71 2s.r 4 ).,193 0.001 0.000 -0.001 -0.06 0.101 0.400

1 11 .5• 7.65 1. 5 ..4)2'.4 0.n00 -0. 000 -0.00 0. l00 0(.1):. 0

136 2.3 33.14 0. )001 0.04) 0.tlUO -0.000 -0.00 0.0 n..I0o

IT 1|3.3 6.bb 1.1bl) 0.021 0.000 0.001 0.05 0.000 -1n.000

Is 2.46 39. 0. ft 1.b 0.001 0.0 0.001 0.05 O.00 -0.000

19 .•11 32.22 0.116 .-1i0n1 0.0 0.041 0.06 n.012 -.. 00•

20 3.55 27. 1 A 1.0 16 40 01 0,000 0 ,001 0. 0.00 0 0 .000

21 4.5) 21.21 4.405 0.105 0.Ono 0.00. 1.05 
-o.noo 0.onn

[ 2 5.31 17.R2 0.63?1 I)I.OR -0. 00u 0.002 0.01 -0.000 0.3.11

23 1.•,1 12,50 U.6bb 1.011 -0.000 0.002 U.01 0.000 0.3)1

V+ 8.14 11.21) ,j. 13 0.009 -0.000 -0.001 -0.04 0.001 0.000

-0.001 -0.00 0.0 00:.

X-T.TISI - 0.000)01446 3kA./IN. CHECKSC, MxE a -0.000 FXX a 32.T75

Y-C•JqV. - 0.011-.rPT314 1A40)./IN. 
EXY - -1.100 FXV - 1.00.1 

4

L-LJ9V. * -0.000141f3 4AO./IN. 
NXL " 0.000 FXZ - -0.000

GH-Si RDAluAC OLAIF 
RUN 3 

4/1 6179

(. 2 4.2r) LOAD0 Y * -0.5. M"X * 0.0 FEX - 66.22-

STA. 9'1.0)1 Pb1lT Z a A.47 MEY * -6. 150 FXY - 0.360

ExL * 0.0 FXI a -.0

N). AII4L M.S. tbPU'4ENTS Or FORCE SHEAR SifAfR SKIN FORCE COMP.

STRESS x y z FL2JW STRESS y I

1 11.95 1.3? 2.791 0.023 0.001 0.020 0.11 0.025 -0. (in1 I

2 13.5) 6.41 .004 1) 1.0 0. 00z 0.020 0.11 0.033 0.001

3 .r 5s.%9 3.t.94 -•1.026 0.00t 0.017 0.10 0.0zS 0'.I:)

4 14 *1 5.14 )~3,0•. -3.032 -).000 0.014 0.02 0.012 0.042

4 it .?" 5.71 4 . -032) -0.002 0 .1 -00 000 1"3
5 21%08 2.56 1014 -1),1149 OO. O 0.00? 0.01 .04O 0.132

6 2*.t& 2.'3 5. ?(t -n•.040 -0.001 0.001 0.00 0.0 0.101

T 31.119 2.31 1.514 -O.S02 -0.0006 -0.00? -0.01 0.002 -0.011o

4 Il.'I4 4.66 5..16 -0.035 0.001 -0.012 -0.07 0.008 -10.12

9) 11 .5) 4.71 4. 30q -00,30 -0.002• -0.016 -n.04 0.020 -11.11D 3

1') Is.21 5.17 %. 114 0.0 -0.(06 -0.019 -1).11 0.030 -0.111

It l1.62 5.14 3. 42 4 0.029 -0.003 -0.020 -0.11 0.025 0.0) 1

12 11.97 ?.IS O.2Sd 0.003 -0.000 -0.018 -1.06 0.022 0.052

13 9.62 q.39 -1.376 0.005 -0.000. -0.018 -1.03 0.040 0.10?

14 4.93 13.43 "1. 1?3 0.002 0.O00 -0.011 -1.00 0.025 0.0)15

is .1. 15.2b) 0.100 0,010 0.,10'1 -0.000) -0.00 0.0 O4 , n 1il

15 V 2 153.21) j.110 0.1100 0.4001 -0.000 -0.010 0.00 001111

17 22.54 3.43 3,1140 0.04T 0.001 0.017 1.00 0.004 -00.)02

1) b.t" 14.29 0.152 0.002 0.0 0.018 1.03 0.02S -n0.0r: 3

Lq .d*4 1t.6? 0. 11 .) *)004 0.0 4,016 1,O 0.041 -0,362

20 1.,1 q.51 ,. Ms15 0.003 0.000 0.018 1.09 n.02" 0.001)

1 . ! 1..)U 1 .4013 0.040 0.001 0.00 0.012 0.001

2.2 11.ol %7)1 0.01? -0000 O 0.002 0.01 -0.0n0 0.351

23 13,01 6.68 L.562 0.019 -0.001 0.002 0.01 0.000 0.001

2' 13.53 6.39 k.211 0.015 -0.:101 -0.018 -1.06 0.013 0.00D

25 
0.019 0.10 0.0 0.1

x-TwIST 0 O.0,•1'101329 RAD./IN. CHECKS. M*X a 0.000 FEE - 66.223

V-CJRV. * 0.0•l)6341622 .d'..1N* 
MI.Y a -6.050 FEY - 0.363

Z-CJ'lR, , .0,003089a 440.11N. 
mEz . 0.010a FEZ - 0 000
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.75W Simply supported

Figure A-l3. Plate Idealization for Buckling Analysis.

I ReferencE l4provides the following formula for the critical buckling
stress.

,.cr I[.(Dl122)4 '0 I,2D
For the lam~inate at station 80, Table A-2 gives:

t =.180

D 2.132

D 1.104

D2  1.424

D 1 .117

+ D.2+% D 3.338

From Referenca 6, for a long plate simply supported:

K0  19.7

C 2

From the y coordinates for elements 4 and 21 in Table A3,

W = 5.3

b - .75W =3.975
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Then,

0cr -1 1(2.132 x 1.424)"1 19.7) + 21r'.(3.338) -3.ks
(3.975)' (3.975)2

Buckling, M.S. a-52=+5

4. Maximum Shear in-Upper and Lower Surface, Case 4.16

From Table A-3, the maximum shear stress =2.64 ksl for skin elements of
the upper and lower surfaces of the spar. From Table A-2, the allowable
shear stress -14.83 ksi.

14.8714.87 -1 +4.62 (ult)

5. Alternating Stresses in Upper and Lower Surfaces, Case 4.17

From Table A-3, the maximum alternating stresses are:

± 1.46 ksi at element 2

t 1.97 ksi at element 10

6. Mean Stress in Upper and Lower Surfaces, Case 4.18

From Table A-3, the corresponding mean stresses are:

5.41 ksi at element 2

9.71 ksi at element 10

Figure A-14 shows a graphical representation of the fatigue margin of safety
in the presence of both alternating anc! .ý2an stresses.

For the Upper Surface, Element 11. I

M.S. 1 552- +1.57

For the Lower Surface, Element 2.

M.S. 1 306- +3.12
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.1 0i ý Mean -30) for 108 cycles.

(Fram Figure A-9).
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PROCESS SPECIFICATION
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KAMAN PROCESS SPECIFICATION

AEROSPACE TITLE: RV N.
1A A CORPORATION OF

01o WIWOO S.4OAD, slOoMPIILO, CONNICtICUT Mot0 OATE ISSUED

ARAMID FIBER/EPOXY STRUCTURES REVISION _DATE

PRODUCED BY BRAIDING NtvISIoNOA1,

V DISTRIBUTION COE PREPARED BY

1 SCOPE

1.1 This specification establishes requirements for structures or
components of aramid fiber in a cured epoxy matrix having the fiber
laydown accomplished predominately by mechanical braiding.

2 APPLICABLE DOCUMENTS

2.1 The following documents of the exact issue stated, form a part of
this specification to the extent specified herein.

American Society for Testing Materials (ASTM) Standards

ASTM 0 445-74 Kinematic Viscosity of Transparent and Opaque Liquids
(and the Calculation of Dynamic Viscosity), Test for

ASTM D 1652-73 Epoxy Content of Epoxy Resins, Test for

ASTM D 2076-64 Acid Value and Amine Value of Fatty Quarternary
Ammonium Chlorides, Tests for

ASTM D 2734-70 Void Content of Reinforced Plastics, Test for

ASTM D 3171-73 Fiber Content of Reinforced Resin Composites, Test
for

2.2 The following documents of the issue specified by contract or
purchase order, form a part of this specification to the extent
specified herein.

Kaman Specifications

KPS i90 Adhesive Bonding, Structural

KPS 375 Preparation of Surfaces Prior to Adhesive Bonding

3 REQUIREMENTS

3.1 Equipment and Facilities

3.1.1 Braiding machines shall be capable of producing a closed woven
pattern at controlled fiber angle onto the braided structure. A

65 1
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TITLE: NUMBER X184 PASS Or
2 8

KAMAN PROCESS ARAMID FIBER/EPOXY STRUCTURES *,,*,o
SPECIFICATION PRODUCED BY BRAIDING

3.1.2 Scales for weighing resin system shall be accurate within + 0.2%. I
3.1.3 Fabrication area(s) shall be clean, enclosed, separate from other shop

operations and environmentally controlled at a temperature of 80"F

maximum and a relative humidity of 60% maximum. Temperature and
humidity shall be continuously recorded.

3.2 Material

3.2.1 Resin System Components shall comply with Table I and shall be stored
at room temperature in sealed containers. Each batch of resin and
curing agent shall be retested for conformance to Table I every six
months after receipt when in use.

3.2.2 Film adhesives and primers shall be as specified by the Engineering
drawing, and shall be stored and handled in accordance with KPS 190.

3.2.3 Yarn, roving and fabric shall be as specified by the Engineering
drawing and shall be stored in a clean dry area suitably packaged to
prevent contamination. When opened for use these materials shall be
kept within an environmentally controlled area conforming to 3.1.3.

TABLE I. MATERIAL REQUIREMENTS

XB-?793 1  XU 2051
Property Resin Curing Agent Test Method

Dynamic Viscosity (cps) 1500-3500 2000-5000 ASTM D 445 I

Epoxy Equivalent (WPE) 137-147 --- ASTM D 1652

Amine Value 9.9-12.5 ASTM D 2076

Appearance Clear Pale Clear Red Visual

iManufactured by Ciba-Geigy Corp.
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TITLE: NUMBER X184 PAE3 8
KAMAN PROCESS ARAMID FIBER/EPOXY STRUCTURES I VI O
SPECIFICATION PRODUCED BY BRAIDING RWSO

REV.

3.3 Procedures

3.3.1 Tool/Process Definition arid Preproduction Approval. Tooling and
processes employed shall be fully defined and approved before parts
for production use are accepted.

3.3.1.1 Tools shall be defined by tool drawings which shall be updated to
incorporate any changes made during process development.

[ L3.3.1.2 Work instructions shall be prepared for each assembly design which
fully define the processing steps and sequences, and inspections
necessary to comply with procedures outlined below and produce consis-
tently acceptable parts. These instructions shall be adequately
detailed to pret-lude inadvertent or uncontrolled process changes whichF could adversely affect part integrity.

3.3.1.3 An assembly log, which shall be integral with the work instructions or
cross referenced thereto, shall be completed for each individual unit.
This log shall provide a record of the manufacturer's lot numbers of
adhesives, primers, prepregs, glass fabric and roving used., a record
of the mix batches of resin used which is traceable to the resin sys-
tem component manufacturer's lot numbers (see 3.3.3), a record of time
between cleaning, priming and curing in those cases where limitations
are established, a record of manufacturing or inspection approvals of
in-process operations as required by the work instructions, and shall
incorporate or provide traceability to the cure cycle and process
control test records.

3.3.1.4 Preproduction approval shall require the concurrence of Kaman Materi-
als Engineering and shall be based on nondestructive and destructive
examination of at least one assembly and evaluation of the adequiacy of
the work instuctions, assembly log, and tools. Any tool or process
changes shall require reapproval.

3.3.2 Surface Preearation. The surfaces of all cured plastic, metal or
o~eraetalar ts to be bonded or laminated within the braided assein-
bly shall be prepared in accordance with KPS 375. Adhesive primer,
adhesive, or laminating result shall be applied to all bonding su?--
faces within the time limitations established therein.

3.3.2.1 Primer application, when required by the engineering drawing, and
storage life of primed details shall be in accordance with KPS 190.

3ý3.2.2 Prepared or prepared and primed details shall be handled and protected
so as to preclude contamination, and shall be maintained in an area
conforming to 3.1.3 until assembled, except as permitted by KPS 190.
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3.3.2.3 Detailed procedures for surface preparation and primer application,
and for protection to preclude contamination shall be specified in the
work ir'structions.

3.3.3 Mixin. Resin system components shall be mixed in accordance with the
of owing requirements by personnel who have been trained and•! ~certified to perform this work. Work instructions shall provide

detailed mixing procedures. J

3.3.3.1 The epoxy resin and curing agent shall be mixed in the ratio 100 parts
by weight resin to 42.5 parts by weight curing agent.

3.3.3.2 Each container of mixed resin shall be labeled to show the resin
components and date and time of mixing, and this data shall beStransferred to the assembly log for each operation in which it is
used. The manufacturer's batch numbers of resin and curing agent, theI actual measured weights of components in the mix batch, and teh

7 identity of the certified mixer shall also be entered in the assembly
log, or in a separate mix area log traceable from the entries in the
assembly log.

3.3.4 Braiding, Assembly and Impregnation. Fiber braiding and installation

Sof fabric plies, subassemblies and detail parts shall be accomplished
in strict accordance with the approved work instructions which comply
with 3.3.1.2 and the following.

3.3.4.1 Operations shall be carried out in an environment conforming to
3.1.3.

3.3.4.2 Each braided layer shall exhibit a closed woven pattern with fiber
orientation as specified by the engineering drawing. A slight gap or
spacing between adjacent parallel yarns or rovings is permissible up
to a maximum of .030".

3.3.4.3 Individual yarns or rovings may be spliced by tying the ends together
while braiding and subsequently cutting out the knot to leave an .060"
maximum gap between the cut ends. Such splices are not permissible in
surface layers (including inner surfaces), within three inches of anyedge (including holes and cutouts) of the finished structure, or

within three inches of each other in any layer.

3.3.4.4 Impregnation of the fiber assembly with the mixed resin system shall
be accomplished with the application of vacuum to assist in complete
impregnation and removal of air. The resin may be heated to a
temperature not in excess of 150"F to reduce viscosity. 7

3.3.4.5 Assemblies and subassemblies may be staged and debulked as necessary
to enhance handling characteristics and develop required resin content
by application of controlled heat and pressure cycles detailed in the
work instructions.
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r 3.3.5 Curing. Curing shall be performed in accordance with a time, temper-

:fr u-and pressure cycle that is completely defined in the detail work
instructions and will consistantly produce components meeting the
requirements herein. The cure cycle shall ensure that the entire
assembly is cured at 300 + 1O'F for 4 hours minimum.

3.3.5.1 Heating may be supplied by integrally heated tool, autoclave, oven or
platen press. Pressure may be applied by autoclave, pressurized
diaphragm, platen press, integrally pressurized tool or die closure.

3.3.5.2 Autoclave pressure, pressure applied through fluid-pressurized tool
diaphragm, and vacuum applied to the bag if any, shall be that
established by qualification and may be varied within the range of
+25% and -10% without requalification. Pressure beneath bags vented
to atmosphere shall not exceed 2 psi during the cure cycle. External
pressure and pressure beneath the bag shall be monitored during cure, .
and any departures from the qualified cycle recorded and affected
assemblies rejected.

3.3.5.3 When pressure is applied by a press or closed mold any change to the
dimensions or tolerances of detail parts shall require process 4
requal ifi cation. :

3.3.5.4 Temperatures shall be continuously recorded by thermocouples located
on the tool adjacent to the component, and/or located in holes in the
tool near tool-part interfaces. Quantity, location and correlation of
the control thermocouples with actual component temperatures shall be
established by a qualification temperature survey of the tool during
one or more simulated cure cycles using actual parts with thermo-
couples located at strategic points within the part.

3.3.5.5 Qaalified thermocouple locations, cure pressures and other necessary
parameters, such as procedures to control the uniformity of heat-up
and time of pressure application shall be incorporated in the work
instructions.

3.3.6 Subsequent Operations

3.3.6.1 Methods for removal from the curing fixture, extraction of mandrels or
cores, and removal of supporting fixtures or similar tooling aids
shall be such as to prevent damage to the cured article. Detailed
procedures for such operation shall be incorporated in the approved
work instructions.

3.4 Finished Part Requirements

3.4.1 Surface Quality. Except as permitted herein or by the Engineering
drawing, composite structures shall be free from cracks, dents,
wrinkles, gouges, resin puddles, cut fibers or similar defects or
d9scontinuities.. Any mold line resin flash shall be removed so as to
blend with adjacent surfaces in level and smoothness.
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3.4.2 Internalquality. The composite structure shall contain the sequence
of braided layers and fabric at the fiber orientation specified by the
Engineering drawing in a continuous, completely cured epoxy matrix
which is free from resin pockets, crushed or broken fibers, voids or
delaminations except as permitted below. Fittings, inserts, etc.
which are cocured in place shall be completely bonded to the composite
resin, with or without an intermediate layer of film adhesive, as
specified by the Engineering drawing.

r.4.2.1 Fiber orientation. Unless otherwise specified by the engineering

drawing the Fiber orientation sha';l be within + 5" of that
specified.

.4.2.2 Fiber content. Unless otherwise specified by the Engineering drawing
the fber -content of the composite may range from 50-60% by volume,
but shall be controlled within tighter limits as necessary to meet any
specified weight and balance requirements.

3.4.2.3 Microporosity. Unless otherwise specified by the Engineering drawing
the void content in any area of the composite shall not exceed 4%.

.4.2.4 Soundness. Voids, disbonds, or delaminations within the composite or
between the composite and honded-in fittings, inserts, etc., shall not
exceed the following limitations.

3.4.2.4.1 No single discontinuity shall exceed one inch in the largest dimension
or shall have an area exceeding .5 squar'e inches. Discontinuities
closer together than the longest dimension of either shall be consi-
dered as a single void.

.4.2.4.2 Voids are not permissible within .125 inches of the edge of the
composite or any joint.

4 QUALITY ASSURANCE PROVISIONS

4.1 Responsibility for Inspection. Unless otherwise specified in the :1
contract or purchase order, 'the supplier is responsible for the per-
formance of all inspection requirements specified herein. Kaman
Aerospace reserves the right to perform any of the inspection require-
ments set forth in this specification as deemed necessary to assure i
compliance with the prescribed requirements.

.2 Materials and Process Control

.2.1 Quality Assurance Program. A documented program shall be provided
which insures that a]l material and process requirements of Section 3,
and the detailed procedures for each part developed in accordance
therewith and approved per 3.3.1.4 are continuously complied with
during fabrication.
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4.3 Preproduction Inspection. Preproduction approval per 3.3.1.4 shall
require review ana approval of the work instructions and destructive
and nondestructive inspection for conformance to 3.4 of one or more
actual parts produced by the process.

4.3.1 All nondestructive inspections required by 4.4 shall be performed

before destructive examination and the results of both correlated.

4.3.2 Destructive examination shall include the following.

4.3.2.1 All joints between the composite and any bonded in inserts, fittings,
preused subassemblies, etc. shall be disassembled and inspected for
conformance with 3.4.2.4. All discontinuities shall be recorded.

4.3.2.2 Sections shall be cut through typical areas of the composite struc-
tures, including any discontinuities indicated by nondestructive
inspection, and examined microscopically for conformance with 3.4.2
and 3.4.2.4.

4.4.2.3 Sections shall be cut from areas representing each winding pattern and
layer configuration and checked for fiber content per ASTM D 3171 for
conformance to 3.4.2.2, void content per ASTM 0 2734 for conformance
to 3.4.2.3, and fiber orientation for cinformance to 3.4.2.1.

4.4 Quality Conformance Inspection

4.4.1 Ultrasonic Inspection. Conformance with the requirements of 3.4.2.4
thru 3.4.2.4.2 shall be determined by ultrasonic irspection of each
part. The equipment and methods used shall be capable of detecting
known voids .25 inch in diameter fabricated in reference panels dupli-
cating all sections and laminae of the part tested. Ultrasonic
techniques, including equipment, equipment settings, and areas to be
inspected wih each technique, shall be described in detailed written
instructions used in setting up and performing the inspection. These
instructions shall require standardization against reference panels iI
whenever setting up tc perform a given technique and rechecking
against reference panels at least upon completion of inspection.

4.4.1.1 Ultrasonic or inspection techniques shall be co-related with destruc-
tive tests of bonded assemblies (see 4.3), and modified as necessary,
in order to assure that the best practical detection and delineation
of voids and unbonds is achieved.

4.4.2. Radiographic Inspection. Radiographic inspection shall be used as
necessary to supplement ultrasonic inspection as required by Kaman
Quality Control. Radiographic techniques, including areas to be
inspected and all radiographic parameters, shall be described in
detailed inspection instructions used in setting up and performing theSinspection.
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4.4.2.1 Radiographic inspection techniques shall be correlated with destruc-
tive tests of bonded assemblies (see 4.3), and modified as necessary,
to achieve adequate inspection. 4

4.4.3 Visual Inspection. Each assembly sh.1l be visually inspected for
conformance with 3.4.1.

4.4.4 Weight and Balance Inspection. Each part shall be weighed for confor-
mance to the reqUirements of the engineering drawing. If the drawing
establishes requirements for center of gravity location or moments
about specific points, each part shall be inspected for conformance
thereto.
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