S ——
1 -

AVRADCOM
Report No. TR 81-F-9

MANUFACTURING METHODS AND TECHNOLOGY
(MANTECH) PROGRAM

RN e

MARK L. WHITE

Kaman Aerospace Corporation
Old Windsor Road
Bloomfield, Connecticut 06002

&
7.
&
&
%:'.
T
A

April 1981

e bR

Approved for public release;
distribution unlimited

ik it L o C R
LA R it [ER :

OC FILE CobyY

-
i

i
o

AD

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

FINAL REPORT

Contract No. _DAAG46-78-C-0070

U.S. ARMY AVIATION RESEARCH AND DEVELOPMENT COMMAND
Yoy 26 =

@ | 82 01 11 156 ./

o Mt K it e oo T = r-,u-.ww.‘aw“-‘--"““ﬂ”"“"WTW*W




The findings in this report ate not to be construed as an official
. partment of the Army position, uniess 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

Dastroy this report when it is r0 longer needed.
Do not return it to the originator.

e, b il 31

4
J
3
Z



s o aromra e s~
o ey

i T — e —— i SRR A g . = e
e aaeitaRIET e iy et R T LI e ..
hﬁwaﬁéﬁamaﬁmg O R i P 2 o Diamie i %

UNCLASSIFIED

7. AUTHOR(s)
DAAG46-78-C-0070

SECURITY CLASSIFICATION OF THIS PAGE (When Dets Bntered)
v READ INSTRUCT'
REPORT OCUMENTATION PAGE BEFORE COMPL ETo N oRM
T REPORT NUM 2. GOVY ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER |
AVRADCOM TR 81-F-9 wx 109 277
4. T{TLE (and Subtitle) . MR tv.rt OF REPORT & PERIGD COVERED
DEVELOPMENT OF MANUFACTURING TECHNOLOGY FOR g“‘a;s‘to Sen 86
FABRICATION OF A COMPOSITE HELICOPTER MAIN ep °P :
ROTOR SPAR BY TUBULAR BRAIDING §. PERFORMING OFG. REPORY NUMBER
o+ |~ R-1618 _
" TSWTRACT OR GRANT NUMBEN?)

Mark L. White

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK ~
, . AREA & WORK UNIT NUMBERS 4
Kaman Aerospace Corporation D/A Project: 1767079 : o
Old Windsor Road AMCMS Code: 149794657079 ' §
Bloomfield, Connecticut 06002 (XS6) -
11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE ’ l
US Army Aviation Research and Development Command April 1981 i
ATTN: DRDAV-EGX : 3. NUMBER GF PAGES 3
4300 Goodfellow Blvd., St. Louis, Missouri 63120 77 p
| ALY MONITORING AGENCY NAME & ADDRESS(N ditierent from Controlling Ollice) 18. SECURITY CL ASS. (of this report) i‘i
Army Materials and Mechanics Research Center . o 'g
ATTN: DRXMR-AP Unclassified
188, DECL ASSIFICATION/ DOWNGRADING !

SCHEDULE 3

Watertown, Massachusetts 02172

| e —— S
16. DISTRIBUTION STYATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abateact entered in Block 20, if dilferent from Report)

18. SUPPLEMENTARY NOTES

AMMRC TR £1-17

19. KEY WORDS (Countinue on reverse side if necessary and identity by block number)
Synthetic fibers

Helicopters
Helicopter rotors Kevlar
Composite materials Damage
// Braiding Tolerance i
I3

J 20. ABSTRACT (Continue on reverse side Il necessary and identily by block number)
..} -~ ~-» Mechanical 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-58 helicopter. The blade incorporates q
an advanced, aerodynamic shape and has as its primary structural member a 1
Kevlar 49%/epoxy spar fabricated by braiding. Achievement of an analyti- i
cally acceptable blade and spar design meeting critical structural and i
dynamic requirements was not hindered by braiding process constraints.
Mechanical property tests of flat panels and spar sections exhibited excellent

—)

DD oM, 1473 }\, EDITION OF | NOV 65 IS OBSOLETE UNCLASSIFIED

JAN 73
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

. A DA .




A BT T R

R S

Rl i

AP -

b s N e

R TR RS AT, P

AT L A T Ty Ty =

Block No. 20

1 correlation with analytical predictions, suhstantiating the applicability
of normal composite laminate analysis methods and the validity of the

specific design. Ballistic tescing of spar sections demonstrated superior
containment of structural damage compared to composite spars produced by
more conventional methods. Manufacturing cost estimates predict a price
recuction 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. Lz

ottt 8 s L e B et i

UNCLASSIFIED

SECURITY CLABSIFICATION OF YHIS PAGE(When Data Futered)

T i it Ui

e o A

it

i
E
]

-

i i i nisied

s
14

w8

i

tED
]
]

4

4]




PREFACE

Development of tubular braiding as a blade spar mamifacturing process, as
reported herein, was performed by Kaman Aerospace Corporation under U.S. Army E
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 program is to develop, on a timely S
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 Developnient Command, ATTN: DRDAV-EGX, 4300 Goodfellow Boule-
~vard, St. Louis, M0 63120.
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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 xssisted in the development and application of braiding techno]ogy’
by Albary 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.
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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 operatijonal characteristics and reduce manufacturing
costs have undertaken the development of mechanical tubular braidirg 3s a
combosite 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 Cqmméhd (AVRADCOM) and monitored by the U.S.
Army Materials & Mechanics Reseapcﬁ/Center (AMMRC) .

Results of this manufacturiﬁg technology program, which included preliminary
design of an improved ain 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
499 fiber,’the blade structure includes an afterbody of glass fiber/epoxy
skin, Nomex® honeycomb core, and a Kevlar®/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.

Detail spar design was accomplished in an integrated program of braiding
trials to define attainable fiber orientations ccupled with blade design and
analysis iterations, Convergence to an analytically acceptable blade and spar
design meetina c¢ritical structural and dynamic requirements was not hindered
by braiding process constraints.
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Coupon test panels and spar sections seven feetvihzlehgth'were braided with 3
7100 denier Keviar 49® fibur over aluminum allony mandrels, vacuum impregnated i;
with liquid resin, autoclave cured, and testea. Reproducibility of fiber %E
angies waslwe]] within conventional composite tolerances., Material property . B
tests and Spar section tests exhibited excellent correlation with analytical
predictions, substantiating the applicability of normal composite laminate

analysis methods to braided composites, and .the validity of the specific
design,
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Ballistic testing of spar sections against the ,30 caliber fragment simulator
projectile and the .50 caliber APMZ prbjecti]e cdemonstrated superior
containment of damage for the interwoven braided structure compared to a
similar spar of wound S glass. It should also be noted that testing by Kaman
on earlier programs has shown that helical filament winding, which produces a

limited degree of interweaving, results in improved ballistic tolerance versus
tape layup.
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Manufacturing cost estimates comparing the braided Kevlar®/epoxy spar with .a _j
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,
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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-
taken 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 employed for blade spar manufacturing was
Yayup 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 §). Mechanical braiding is of interest for blade spar
manufacturing primarily because, while it has a considerable similarity to
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 obligue helical layers in a single machine whereas these operations
are more effectively performed in separate machines and operations when fila-
ment winding is employed.

Braiding is an old, established textile process for producing a woven tubular
fabric using a machine of the type shown in Figure 1. In operation, the
braider carriers holding spools, or cops, of fiber are Ariven 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 illustrated 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 braided
overlays on cable assemblies. In more recent times, the process has been
adapted to composite fabrication (references 6 and 7), predominantly in light
duty for nonstructural applications such as aircraft ducting.
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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 mandrel, upon which the braided fabric is deposited, through the
braider at a controlled pitch (i.e., distance of mandrel travel per revolution -
of the Lraider carriers). The control of fiber orientation angle afforded by n
this means of governing the relative motion of the evenly wrapped fibers and

the mandre’ is geometrically analagous to the filament winding process. In .
conventional filament winding, a carriage tkans]ating at controlled pitch lays . if
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.

el bl

In contrast. to the filament winding processes as normally employed, tubular
braiding deposits a much higher number and volume of filaments simultaneously.
Increaseshin fiber laydown rates cf approximately 20 to 30 times can be readily :
achieved with available equipment. This factor, together with the effect of ;1
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 ¥
Timited interweaving produced by filament winding enhances ballistic tolerance E
in comparison to structures laid up from unidirectional prepreg layers. j
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DESIGN AND PROCESS DEVELOPMENT

Technical Approach

An OH-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 and braided spars.

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

With the desired external shape, and the mass and stiffness distribution
constraints thus defined, an intearated program of braiding studies to define
fiber braiding characteristics and attainable orientations coupled with blade

design and analysis iterations was initiated.

Structural analysis followed, generally, the procedures described in reference
8. Laminate strengths and stiffnesses were calculated using Kaman computer
code CMAB (Composite Materials Analysis version B) which considers the
properties of each lamina in deriving the properties of the overall laminate,
In analyzing the braided composite, each braided layer was replaced by two
laminae of half layer thickness, one representing the positive, and one the
negative fiber angles of the bidirectional fabric. The validity of this
procedure was subsequently verified by mechanical property testing reported

below.
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Blade/Spar Configuration and Fabrication

Figure 4 illustrates the OH-58 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 fur the Army's mission requirements
without any compromise to accommodate braiding technology. In additior. to the
leading edge spar, which is fabricated by braiding with Kevlar 49% fiber, the
blade structure includes an afterbody of glass fiber/ epoxy skin, Nomex®
honeycomb core, and a Kevlar® /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 & 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
gravity and also improves tolerance to such events as tree strikes and
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.
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Spar braiding is carried out with 7100 derier roving. Twelve braided layers,
four low angle layers (designated ) and eight high anglc layers (designated
B), run from root to tip. The layer sequence is B, B,0,a, B,ByH,B,%,a,8,B.
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 torsione! 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 tne 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 ot
interleaved doublers, which is commonly employed with filament wound spars, is
even simpler when braiding on a nonrotating mandrel.

8lade manufacturing initiates wiih 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 spar.
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-1 composite blade production program (raferences 3 and 4).

An engineering specification for fabrication of spars by tubular braiding is
presented in Appendix B,
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Development Testing

Fabrication trials, flat laminate mechanical property tests, spar section
structural and ba listic tests, and nondestructive inspection evaluations were
conducted, In the course of the program coupen test panels and two seven foot

spar sections were fabricated.

Preiiminary 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 orientation stated above within the accuracy of

protractor measurement (=1°),

Vacuum impre_nation was performed with the liguid epoxy/aromatic amine resin
system o7 Appencix B. The part was enclused in a nylon film bag of the type
normally used for autoclave curing, This bag was sealed to the mandrel ends
and the resin introduced through a perforated tube extending through the bag
seal. Figures 7 and 8 illustrate this impregnation process being performed on
one of the spar sectiens produced subsequently. Inpregnation was followed by

rebagginy and autoclave curing.

One uf the flat panel specimens was selected for mechanical property testing
and examined for laminate quality. Microexamination of polished transverse and
Tongitudinal 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.
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i Figure 7. Vacuum impregnation - resin feed end.
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Figure 8. Vacuum impregnation - 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 D 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 inciudes 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 stiffnesses correlated well with
analytical predictions, and design 1imit 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 &nd torsional tests, and load-deflection results of one torsion test
and one flatwise bending test are plotted in Figures 11 and 12.
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TABLE 1. MECHANICAL PROPERTIES
KEVLAR/EPOXY BRAIDED LAMINATE

Tast Predictad
Property Values Valuas
Longitudinal Tenstile Strangth FxtY (pst) 50,391 38,980
individual Values:
53,865 ~ Sh,h95 < U6, 749 -
45,685 « 50,963
Standard Deviation ¢ (pst) 3544
Longitudinal Tenslle Modulus Ext (pal) | 3.0 %108 | 3,0 x 100
Longitudinal Elongation at Max Stress  extV (%) 1.85 -
Poisson's Ratlo uxy 0.95
Transverss Tensile Strength FytV  (psi) 13,997 -
Individual Values:
‘3'603 - ‘2r566 - ‘3.705 -
15,083 - 15,030
Standard Deviation o (psti) 952
Transverse Tensile Modulus Eyt (psi) 1.6 x 106 1.7 x 108
in-Plane Shear Strength Fxy’Y (pst) 28,695 13,870
Individual Values:
26,586 - 26,041 - 29,696 -
3'|6°3 - 29:568
Standard Deviation o (pst) 2084
In=Plane Shear Modulus Gxy (pst) 2.0 x 108 2.1 x 10
Longitudinal Flexural Strength (psi) 51,534 -
Individual Values:
58,664 -~ 49,646 - 48,820
4L8,860 - 51,681
Standard Deviation o (psi) 3713
Transverse Flexural Strength (pst) 37,259 --
individua! Values:
38:‘36 = 37-38“ - 37098‘.
37.50‘ - 35.290
Standard Deviation o (pst) 1024
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Figure 11. Braided spar torsion test.
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One spar section was impacted with a .30 caliber fragment simulator projectile
which penetrated through both walls of the spar. Figures 13 and 14 show the
entrance and exit surfaces, respectively. Visually apparent damage does not
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 1imit 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, and reveal damage extending only slightly
beyond the actual puncture. In comparison the conventionally fabricated
fiberglass spar of raference 8 (see, for example, the equivalent photograph
from that report) exhibited extensive fracture and brooming of spanwise fibers,
and delaminations extending several inches beyond the point of impact.

Both ballistic tests indicate that the OH-58 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 helical filament winding, which
produces a limited degree of interweaving, results in improved ballistic
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 batween the helical layers of filament
wound spars.
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Figure 16. Exit side - 50 caliber tumbled strike.
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Inspectability is an important characteristic of any composite blade design.

¢ Therefore, development of a C-scan, through transmission ultrasonic inspection
technique 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 i
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

3 the open holes, which permit sound transmission, and the small area of

- delamination surrounding the holes.
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Figure 18. Ultrasonic C-scan record showing simulated defects
and ballistic strike area.

33




PTERURS T

Y T ST Ay

P R T RT R T 4
atenrre et !‘..,

MANUFACTURING COST ANALYSIS

Detailed estimates of average spar prices in production runs of 200 and 500
units were prepared for the braided Kevlar® spar, the similar wet filament
wound fiberglass spar of reference 8, and the metal spar of the present
0N-58 blade using typical Aerospace Industry cost estimating procedures.
Material regquirements, 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

1380 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 refer-
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-58 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.
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TABLE 3. DIRECT LABOR MANHOURS/SPAR
BRAIDED KEVLAR VS. FILAMENT WOUND S-GLASS
AVERAGE OF 200 SPARS

Direct Lq%gr Manhours
Braided lament Wound
Operation Category Spar 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
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-
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,

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.
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APPENDIX A | | %
STRUCTURAL ANALYSIS F

SUMMARY

Table A-1 rpresents che minimum margins of safety for the KA 757
bra‘ded biade between blade stations 80 and 180. Figures A-1, A-2,
ara A-3 compare the 2dgewise, torsivnal, and flatwise stiffnesses of
the XA 757 blade to these of the standard blade. These data show
adequate strength and appropr.ate stiffnesses for the KA 757 blade.

I_ I Y
{ TABL: A-). MINIMUM MARGINS OQF SAFETY
Location/Type of Failure M.S.
UPPER SURFACE
3 Tension, Ultimate + .86 -
Ej Compression, Ultimate N.A. (tension only) b
3 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:

]'
2.
3.

Material properties and allowable stresses.
Design conditions
Stiffness and Strength Analyses

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

The following notation is used:

N

Symbols:

T o@ MM A a < < M e

<

"

n

orientation angle
orientation angle
normal strain

shear strain
Poisson's ratio
normal stress

shear stress

modulus of elasticity
strength or force
acceleration of gravity
shear modulus

moment

shear

Subscripts and Superscripts:

cr
cu
f

su
tu

X, Y
1, 2

X, Y

critical

compression, ultimate

flatwise

inplane

shear, ultimate

tension, ultimate

reference axes for laminate

reference axes for individual lamina

reference axes for coordinates, loads, and stresses

Double 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:

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

E]] = 10100 ksi v = .34
E22 = 800 ksi
612 = 300 ksi
tu - tu =
Fi 149 ksi &1y .01475
cu - cu _
F]] = '35 kSi e]] - “-00347
tu  _ . tu _
cu . - . cu _ _
F22 17.5 ksi €99 .02187
su - su _
F12 = +7.0 ksi Y12 = +,02333

The -“ove properties correspond to a unidirectional laminate with a fiber
vol . 2 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 percent 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

the  ndre- - he number of strands being braided, and the number of fibers in
each strad. In the KA 757 blade, two speeds of traverse are used to produce
a system + a and t 8 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 '« *ations.
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(inboard of Sta. 70) -
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Figure A-4. Orientation of Fibers.

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

50
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40 | ~
(7]
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&
K22} o

0} s -
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100 : 200
Station, inches
Figure A-5. Braid Angle Versus Blade Station.
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Figure A-6. Spar Thickness Versus Blade Station.
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The elastic stiffness and strength properties for csuch 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
program CMAB (Composite Materials Analysis Version B) was used. Table A-2
shows typical results, in this example 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 equations as defined in
Reference 2, conventional ergineering 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 lvadings. The load applied in each simple loading
i . produced an average stress of 1 ksi. For such unit loadings, the allowable N
3 stress numerically equalsthe margin of safety (M.S.) + 1, as shown below: .

VIR B I T AT e s

Ay,

S UL

‘Mg, = allowable stress
) actual stress

TR Ll S M L
d,

allowable stress = (M.S. + 1){actual stress = 1) b
; Figure A-7 sunmarizes 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 failurs strength observed 4
% in tests, 3
3 60 S
b Ftu
50¢ / i
: . 40 :
£ 3

£ :
g E
® 30}
= ! 3
»n iy
Q 3
E 20L . 3
4 —_———— e CU 1
— F
10} su :
0 | | | I 1 1 A A 1
) 100 200
Station, inches ~

Figure A-7. Calculated Static Strength of Spar Laminate s
Versus Blade Station. :
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Figure A-8 summarizes the calculated elastic moduli E and G of the

spar laminate versus blade station.

Modulus, ksi
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L

'
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2000 } e -

1000 ¢ y

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 Fatique Properties

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

12

Keviar 49/Cpoxy. 73.8% at + 46°
26.2% at + 13°

1

Calculated (Mean -30) for 108 cycles
o /

Aiternating Stress, ksi

1 1
0 : 10 20 30 40
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 §CMAB program) it was
found that the 3-0 reduced alternating stress at 10° cycles, *3.36 ksi in
Figure A-10, corresponds to an alternating shear strain in the 1-2 direction
of .005601. Thus, the c¢ritical shear strain is .005601.
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c.
at station 80.

.000584.
shear strain - .005601/.000584 - 9.59 ksi.

the corresponding mean stress is 11.72 ksi.
left-hand of the strength 1ine shown in Figure A-9.

Cycles to Failure

Figure A-10. S-N Curve for Kevlar 49/Epoxy for
+45% Laminate.

Table A-2 presents a lamination theory analysis of the laminate
It shows that for Ny = .180, corresponding to an axial
load of 1 ksi, the maximum shearing strains in the 1-2 direction is
Thus, the alternating stress required to produce the critical
With the stress ratio of .1
These values establish the
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-
The elastic modulus for the noseblock is taken herein as

wise.

E11 = 5000 ksi

e v i I LT T R TT B W — o N
sxrietidinem @ . formadil G N s A VI vl e R R R PRI ¢ e g by
£ ,

@
54
@
§ , —_—
- ' T ——
‘; i Z Mean -30 _/
.E L 3.36
pt Stress Ratio = .10
R
3
E 0 i . | 4 [
103 104 10° 106 107 108

ot e pfl

e AT

W

o G




-t A sckatfunnk s iRt Rart it B i o R R e e TN e e g PR
4 - i L L o e ey ? o R RTRHN il ale sl il ach RO e el e r

DESIGN CONDITIONS

Figure A-11 shows the coordinate system used herein to describe the loading
conditions and the coordinates for subsequent analysis. Moments follow the
conventional left-hand rule. A1l forces and moments act upon the inboard

face, shaded.

tMXZ
‘"'\f*‘-Tsz
T

XX
\\\‘\ outboard

Figure A-11. Coordinate System.

In the region from station 80 outboard, station 80 experiences the highest
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 III limit x 1.5 +
centrifugal force at 411 RPM limit x 1.5 (from Reference 13).

Fyx = 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 (al1 from Reference 13).

F 66.22 kips, ultimate

XX
ny = .36 kips, ultimate
Mxy = -6.75 in.-kips, ultfmate
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3. Maximum Compression in Lower Surface, Case 4,12

An ultimate cond1t10n corresponding to a 4-g static droop.

F)(Z

"y

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

~.233 kips, ultimate

17.7 in.-kips, ultimate

L] v L Ll Ls L) L] L v

T L)
Station 0 20 40 60 80 100 120 140 160 180 200 in.

4-g wt, .108 .0248 .0188 .0184 L0172 .0164 .0848 0356 .036 .0432 kip
v .4032  .2952 .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).

Mxx = 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 1bs,
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).

FX)(

Mxy

32.75 kips, fatigue steady

-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 "¢kin"

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:

¥
3
‘

1. Maximum Tension in Upper Surface, Case 4.14 :

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

MS. = 39p3 -1 = £.86 (ult)

; 2. Maximum Tension in Lower Surface, Case 4.20

P TR A T~

From Table A-3, the maximum tensile stress = 76.28 ksi at element 4,

MS. = 3B = 4145 (ult)

il i i it

3. Maximum Compression in Lower Surface, Case 4.12 [

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

ms. = TS5 = 06 (ult)

hnother possible mode of failure in compression is instability or buckling. !
The margin of safety for buckling is shown to be high by the following i
conservative analysis which considers the lower surface of the spar to be 3
a simply supported flat plate of long length. The effective width b E
the plate is taken as 75% of the free span as shown in Figure A-13. i
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Cri-38 BRATVEC BLADE

CASE s \2
SYA. LR YL

N)o ‘AXTAL
STRESS
1 =716
2 =3,
3 =349
. [ KR
§ ~11.93
(] ~1.88
7 .13
a 4429
q LVedd
1) 13.39
11 13.22
12 11.95
(R} 7.83
14 2425
1% 2.0)
16 ~-).85
17 ~bab?
L) - 5%
19 =T
20 =715
21 -3.2)
22 =3,
23 .70
2% [SELL)
25
2=TalST o
Y-CURV,. =
L1-CJIRV, &

cH=59 BRAICEC BLADE

CASE d.l4
STa. AN, on

NO. AXIAL
SYRESS
1 3,23
z q'bq
3 11 .43
L3 13.07
5 23 .90
] 20 42
7 32.91
A A KR
9 21 «6&Y
10 21.32
| X3 19402
12 16.%)
13 12461
14 1e13
15 233
[ LI
iy 2Ye12
18 4,39
19 S
20 4 4N
21 347
2? 17.24
23 15 .95
26 19.04
2%
x=TalST ®
Y=CliV, =
1-Cyov, ¢

MeSo

9.¢7
9.03
9437
10.54
8.1
92,09
13.02
14491
8.5¢
Se47
6450
1.27
11.78
43.53
%%.00
99.09)
L6465
20,806
1317
563
11.20
2¢.00
11.59
Te43

TABLE A-3 (CONTINUED)

RUN 3

LOAD ¥ = =N,58
PUINT 1 = 0.47

22,219 =-0,M9
2991 - D0
<2435 00016
=2.022 0.Nle
=2, 709 - 0,019
-0,373 n.0n3
10775 -0.012
1529 =12,012
2,567 =0,01A
4ou? 3.0
34098 34920
),2%8 n.002
0,206 004
0,054 0.00%
BPS 1R [} P
)oY =) -0
=14100 =~0.013
=)el13 =U.00l
=)e213 -0,003
=¥ 97 =0,0103
=) 737 = )09
PO IEED IO D)
Y.923 1011
Letdo? 0.01¢

n,000M2326 RADLZIN.
0005620718 LADW/IN.
0.00035034% RAD o/ IN.

Myt

1114
9,32
.70
6404
3.18
2.52
2.04
2.8%
360
3.0
4.09
5.0%
6.93

11.84
3. 29

.20
3.97

et

1R,23

15.60

11439
RT3
4.27
e84

RIN 3

LOAD ¥ = -0,8R
PLINT 2 = 0467

CL4PIUVENTS OF F
R Y .
1028 9018
2.509 .0
23159 - 10,020

L3159 <0.028

54672 ~0.08L
5,626 =N,N39
Ao l9L =0.087
£.956 <0060
5,268 =u.037
64409 DY)

he607 J139
D350 1 0%
Y,492 DIGLTA
DelGé N, 1132
3,976 Ve )4y
134000 0.000
3.429 0,042
0.109 0.001
D.201 N, 0N2
Yo 130 JeN02
D, N2t 0,009
1.23Y 9,315
[FRIL) DN 24
Lel24 0.021

0.000103216 RAY/IN,

0.,002n8784 1 2AD /1N,
=0.000273993 RADL/ N,

COMPONENTS OF FURCE
1 t

=0.001
=0.001
=0, 000
0,000
-0.001
0.000
-0, 001
0. 000
0,191
-0.093
-0,003
-0.000
-0, 000
0. D00
0,000
~0.909
~0+000
0.0
0.0
-0,000
'00000
0,009
~0,600
~0.00}

CHECKS, MXX =
MX

ORCE
4
n.001
0. 001
[FIY [V ]
=0, U0
n, 00
-0.001
-0,007
0,001
=-0.003
-0.008
«0, N4
«0.0ud
-0.000
0, 000
V. 00}
04000
00710
0.0
0.0
[V 1)
0. 000
=0, WV
=~ 101
'0.0“1

CHECK S,

MXK =
MXY ®=
MXl o

SHEAR
FLON
0.026
-0.011
«0e040
-0,06%
=0.0%8
=0.102
=0.N80
=0, 061
=-0,030
0. 020
0,058
0,006
0.010
0,011
0.0190
0 019
~0.00&
-0.006
=-0.009
-0.011
~0.,074
=-0.080
-0.068
0,003
0.054

Y¥s

MXL =

MAX =
MAY =
MXZ =

SHEAR
FLOW
0.001
0.004
Q.00
Ve 0008
0,010
0.010
0.008
9.006
9.003
=0,002
-0, 008
=002

C=0.u02

-U.002
=0,n0}
-0, 0M
0,002
0. 002
U002
V. )02
1, 00%
0.005
0, u0%
«0,001
-0.,002

hES S
MY -

MXL =

0.0
17,790
G0
SHE AR
STRESS
o"b
=J.U6
0422
-0l
=017
N7
~0a14
-0.36
ELIYY )
01l
0,32
Q.38
0.50
0.62
0.01
0.01
=N, 24
~0.33
=0.%3
-0.67
=, 4l
=Qlabb
=0.38
0el7
0030

0,000
17,700
=0.000

0,0
0.0
0.0

SHE AR
STRESS
3,00
N.02
0.3
0.01
0.02
0.02

4726779

EXX = 3.0
EXY Y
EXL o =0,233

SKIN FORCE COMP,
v t
0,047 =N,IN2
0,012 =0,030
-}, 29 =-0,072
~0,.03b U U1
=0,016 -Je320
0.0 -0,034
0,020 -0,022
0,051 =0.912
n.05%% =2.979
0,0N8 =0,073
RPN Y Y -0.033
-0.007 0,021
0,018 =0,033
0,016 =0.003
-0.003 =N,071
0.0 -1,3)1
-0,001 0.000
-0.n08 0.0)1
«0,01% 0,001
“B.012 =0.00)
VaN2% -0.013
0,001 =-0.338
=0.001 -0.036
=0.030 -0.011
0,0 [\ ]

Frx = 2.003
FXY = =0.03)
Fxl = =0.23)

4/26179

FXX = 66,229
FXY = 2,0
Fxl = 7.0

SKIN FORCE COMP.
Y
~0.000 NeIN0
0,006 NN
0.00% 0.0
0,10% 0,031
0.002 0,502
0.0 0.003

N0l -0,n02 0.0n2
003 -0,005 0,021
0.2 =0005 1ed21

-0,01
-0.03
~0.10
-0 11
-0.11
-0.00
=-0.00
0.09
0.0
0.12
V13
0,03
[ PYiE)
0.03
-0.08
-0.01

-0.01n0
0,040
0.000

0,001 0,000
0,004 0.)30
V)02 0.00)
0,008 0,111
0.003 0.I01
n, 000 0,310
0,0 0.000
0.000 -0,270
0,002  =0,700
N, 006 LUTRAL]
0,003 Q.0

~0.n01 n.001
=0,000 0.303
0.000 V.40 2
0.003 T
0.0 0.0

FXX » 664220
FXY = 0.000
FXl = =N.000
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TABLE A-3 (CONTINUED)

CH-98 RRAIUED 6LADE RUN 3
_CASE Aol LOAD ¥ = =0.%8
§Ta. 41,00 INT 2 = 0,47
NY. ARTAL MNeS o CUMPOMENTS OF FORCE
STRESY X A\
.1 . 0.0 99,00 0.0 9.0 0.0
2 [ I 39.00 [ Y] 0.0 0.9
3 Vo) 99,00 J.0 )0 [ 2}
L 0.0 99,00 0490 0.9 0.0
L) 3.0 99.00 [ 1Y) 00 N.0
® ) 99.00 Je0 0.0 2.9
L4 3.0 89,00 [ YU Neh 90
8 D) 99,00 L Y] 0.0 0.0
Y ) 99.00 DXL 9.0 0.0
tn 0.0 89,00 0.0 0.0 [ Y]
1 3.2 99.00 D IY) 0.0 J.0
12 Yo 99.00 D Y\l 0.0 0.0
12 0,0 99,00 F40 n.0 0.0
14 o) 99 .00 Ded ARY] 0.0
15 1.2 §7.00 | Y0 A1) 0.0
ik Vetb 99,00 Het) 00 0.0
A7 pRY ] 99,00 Qetd Ve 0.0
18 0.0 99,00 n,0 0.0 0.0
19 YD 99,00 D) 09 0.0
2) B 99,00 Jet} 0.0 0.0
21 N0 99.00 0,0 0.0 040
22 ) 99,09 J.0 Vel 0.0
23 J) 99.00 det) NN 0.0
24 0.0 %9.00 0,0 Q. 0.0
2%
K-talsy « 0.001097573 RAD/IN. CHECKSe
Y~LJRV, = 0.0 RAD G/ 1IN
2~CURV, = 0.0 RAD o/ 1IN,
oM=88 NRILUEC BLADE RIN 3
CASE 4. 17 LOAD Y ® =Nn.%8
$TA. A1), 00 PUINT T & 0,47
NO. AXTAL MeSe COMPONENTS OF FURCF
STRESS X \J 3
1 =1463 68,53 “0e33% ~0,103 =0.,100
2 ~l.45 6T.30 =). 439 0.9 -0.000
3 =1.42 6957 -1, 369 N.0N2 =0.000
4 -1,23 AN,27 1,287 Q.2 0.100
b «l.61  LU.98 =040} 14003  ~0.000
[ -0.20 99.00 =Q.U%% 0.000 0,000
7 179 9heb) U.261 -h002 =Q, 000
] a0t 99U, n,22% ~0.00n2 0.000
9 1453 £4.30 AT =003 =0,000
g LT 49,82 PIS1)Y 0.0 -0,001
11 Le'ie 50,49 Do o83 0.n04 =0.000
12 1.76 55.96 N,038 0,000 =0.900
13 1,189 05.97 PPYiLY] ¥.001 =0.000
1) Ne3) 995.00 DFpDLL 0,000 0,000
15 V.l %900 ,W? 0.9 0, 000
16 =)el3 99,00 ~ Dl =¥ - 0,000
17 -0.9%  99.00 “Relbd =0,002 =-0.000
18 “JJ67 99,00 “0,0L7 =000 0.9
19 “1.%  9%.47 <3N0 =0,000 0.0
2n 1,36 73.39 «04029 =%900 -0.N00
21 “142) B2.04 -0, 108 =0,001 -0.000
L2 =3.%%  99.00 «)e165  =0,001 0,000
23} 1.13  8T.46 0.136 1,002 =-0.000
24 LeT6 56438 0157 0.002 =0,000
25 .
A-TalST = 0.000000342 kAN /NG CHECK S,
Y-CJRV, = 00007204 RAD /NG
1-(ukvV, = 0000013271 KAD </1Ne
59

MXX =
LA
MXl ®

SHEAR
FLUM
n.~,s
0.4175
0.018
ﬂo“’,
0.478
0,475
0473
0.575
[ PL %}
0.47%
Qa3
0.020
0. 020
0,020
0,020
0,020
0.020
0.020
0. %20
0,020
=045
“0.4%
«0e45¢
0.020
0478

NXX ®
MLY @
nti =

MXX ®
MXY &
MXZ =

SHEAR
FLOW
=0.000
0.000
0,000
04001
0. 001
0.001
0,001
0.001
0,001
0.000
=9.000
0.000
0.000
0.000
=0, 000
=-U. 0N
-0.000
=-0.000
=-0.000
0.000
0.001
0,00
0.001
0,000
«0.,001

MAX =
MLY =
LT A

’ll‘“
0.0
0,9

SHEAR

STRESS
Qebs
2464
.06
0,80
0.80
n.80
0.80
.64
Toth
2.°~
204
1.20

0.0
2.600
0,0

SHEAR

- STRESS

=000
0.00
0,00
0.00
0.00
0n.00
0,00
0. 00
2,00
0.00
«f0,00
a.00
0,00
0,00
~0.00
-N.00
-0,00
-0 on
=-n,00
0.00
000
0.00
C.00
0.01
~0.00

-0 000
2,600
~0.000

4/26/179
FXx = 0.0
Fry = 2.0
Fxl = 3.0

SKIN FORCE COMP.
Y H

0617
n.191
0.641
0.3%%
0.l16
0.0
=N, 118
-0e 358
-0, (13}
=04 791
0,617
0,025
]
0,929
0,005
0.0
0.00%
0,029
0068
n.02%
0.240
0.008
=0.008
=0.24)
0.0

EXx
FRY
Fxl

FXX
FRY
Fxl

-0,01%
0.0)4
3.334
0,0%0
0.107
0,159
0.106
0,003
0,092
n.027

=0.032

=).002
=0,n8
=0.306

-0.002

0,001

-0,003

-N,003

«N0N2
3,000

«0.079

0,229

=0.216

-0,081
0.9

7.0

=0,017
«0.000

41261719

- 9.0
- 9.0
L 0.0

SKIN FORCE CUMP.
\J 1

«0.000 0.300
-0, 000 0,320
0,000 0,000
0,000 0.J00
0,000 0.,)00
0.0 0,000
=0,000 0,000
-0, 0101 0.000
=h,nHn} 0.0
=0.001 D3
0,000 0,300
-0,000 =0.320
=0, 000 -0,300
(1, 0000 -0, 000
=.000 Q.000
0.0 000
-0,000 0L.0%0
-0,000 ¢.0n0
-0.,000 0.000
-1, 000 0.0
-0.000 0000
«0.000 0,000
0,000 0.0
0.000 0.999
0.0 0.0
FaAX = 0.0
Ay = n,0%0
FXL = =N.00)

! A P TN Sk
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TABLE A-3 (CONTINUED)
nH=98 B8R AIDEC BLADE W PUN ) A/26779 E
A
E]
CASE 4o 18 LUAD Y = -0.58 MXX = 0.0 EXR = 32,1%0 %
$TA, 6.00 PLINT 1 & 0407 NRY = «1.100 FXYy = 0,0 5
Ml = 0.0 FX2 = 7.0 i
NOe AXUAL MeS e CUMPONENTS OF FORCE SHEAR SHEAR SKIN FORCE CONPe 3
STRESS X Y 1 FLUW STRESS Y 1 4
M e b8 2045 14093 1,009  0.000 0. 000 9,00 =0+000 LI R =i
2 5.0l 17.47 1,626 MO 0.0 0,002 0,01 0,002 0.000 E
3 6e28 16,52 1930 EHIIARY 0.0 W 0,003 0.02 0,003 0,100 f%
3 & 6.9 13,30 1.648 =0l =0.,000 0.004 0.01 N, 002 ne)00 k1
X 5  12.%) T.00 3,126 =0.022 0.001 0.00% 0,01 0,901 1001 El
L 6 1a. M 6.05 2.89% =000 ~0.001 0,004 0.0} 0.0 0,002 é
? 15,83 5.32 3,961 =0.027 =0.003 0. 00 0.0% =0 ,001 0,001 . I
? ] 9409 9.32 2.350 =0.019 0.000 0,902 1.0t =0 ,002 0.0 %
4 9 .97 9403 24455 -9,m1 =00 0,001 0} =) N2 0,300 z
10 9.7 9,30 2.920 3,0 =0, 708 =0l «(,00 -0, 000 0,000 5
|8 8452 10,23 2,006 Wotl? =002 =0.0W =0.01 n,002 0.0N0 4
" 12 .43 12,806 AP LY 0.002 =-0.,000 -0.001 -0. 0% 0,001 0,700 ]
: R ) 5.7% 16439 0,225 0.003 =0.000 ~0.00F  =0,0b 0,002 0100 _ g
) 14 3,71 25.64 -2 e9) D004 0.0M) «0,001 =006 0,001 04300 A
1% 115 Teb5 1,965 D124 0. O ~0,000"  =0s00 0, M0 0,200 §
16 2.93 3316 0. 001 0,000 0. 000 =-0,000 =000 0.0 0,300 i
3 17 1335 [ YT 1. 160 v.021 0.000 0,001 0.0% 0,000 «0,1300 3
L 18 2,46 39,70 90061 n,M1 0.0 0,001 0.0% 0.0n1 0,000 3
E 219 Y1 32.22 04116 0001 0,9 0,001 0.06 n.002 =0, )00 - 3
: 29 3,86 2T.1R a6 W,001 0. 0N0 0,001 n.07 04,001 0,000 : g

. 21 @5y 21421 1) 05 0,905 0,000 0,002 0.01 ~0e 000 o000
4 e? 5,31 17.A2 0037 H0R =0, 000 3,002 0.01 =0.,000 0,11 I
L 23 Toal 12450 U.b8? N1l =0.000 0,002 [TV} 0.000 0.1
2 8.19 1120 Y137 0,009 -0,000 =-0,001 -0.06 0,00} 0.000

25 _ =0.001  -0.00 0.0 0. .
3 i
3 X-TalST = 0.000)01646 NS IALD CHECKSy MAX = -0,000 FXX & 32,79
4 Y-CuolVe = 0.00096G7374 A0 /1IN XY = -l.100 FXY = 0,000 _
: 1-CJRYVe s =0.,000141123 AN/ M. nr = 0,000 FXl = ~0.000
3
3 GH=93 ARALUEC BLADE RUN 3 “/2/19
E CASE 44 20 LOAD ¥ = =0.58 MXX = 0.0 FXX = 664229
3 §TA,  A7,00 PLINT 2 & Nea? MXY = 6,150 FXY = 1,350 -
3 MK = 0.0 FXI » 9.0 : |
= N)e AX1AL MeS o CUMPUN ENTS OF FORCE SHEAR SHE AR SKIN FORCE (QNMP. "
: STRESS H Y 1 FLUW STRESS Y 1 i
. 1 11,95 1.7 2.797 0,023 0.001 0.020 . 0.1l 0.02%5 =0.000 L
- 2 1350 elbd 4049 1.0 0. 002 0.020 0,11 . 0,033 0,001 e
9 1 15,17 5.9 3.694 -0.026 0.001 0.017 V.10 0.025% 0,031 =
3 &  lhe28  Salé 3,930 -0.032 =-0.000 0014 0,02 0.012 0,002 '3
3 5 23,08 256 T.019 =0.049 0,002 0.007 0.01 .00 0.932 Vi
6 1.6 2e4) 5.760 ~0.060 =0,001 0,001 0,00 0.0 0.101 E
T Ly 2.3 1.516 =0.0%2 =0.006 -0.007  ~0.01 0,002  =0,000 ;
g 11,97 kb e d1s =003 0,001 -0.012  =0.,07 0,008 =0.)12
3 11.5) 4.7 4,309 =-0,330 =0.002 0,016  =0.09 0.020  =0,003
I 8.2l %17 vodle 0.0 -0.006 =0.019 =1l 0,030 0,001 3
11 ls.62 S84 3,425 0,029 =-0.003 -0,020 =011 n,02% 0.1 E
12 11.97 .38 0.2%3 0,003 -0.000 -0,018 ~l.06 0,022 0,092
13 Y02 939 1,376 0,008 =0,000 -0,018 ~1.03 0,040 007
1e 5493 13443 2,173 0.002 0,000 «0,017  -1.00 0.02% 0,005
15 23.3%  de2b 5,970 A0eR 0.001 -0,000 =0.00 H,006 001
16 selr 15427 0,00 0000 0000 -g,000  =N,00 0.0 04100
17 22457 De4d 3. 840 0,047 0,001 U.017 1,00 0,008  =0.)02
13 Gole 1929 0.1%2  0.002 0.0 0,018 1.1 N.N25  =n.00) 3
_\s v.83 lleb7 0,305 1.004 0.0 n.018 . 1,07 0,061  =0,002 H
20 9.%2 951 3,206 0,003  0.000 0.018 1.09 0,022 0,000 :
21 1l.7) Tesd L.oul 9013 0,090 0.001 0,00 0,012 0.001
22 1l.o? TS50 lo 43 0017 =-0.000 0,002 0.01  =0.000 0.071
P2 ) 13.M b8 1.562 9.019 -0.001 0.002 0.01 0.000 o.u0l
26 13.53 629 1.211  0.01% -0.,001 -0.018 -1.06 0.013 0.000
2% 0,019 0.10 0,0 0.9
x-TuiSt =  0,0001702329 “AD,/INe CHECKSy MXR ® 0,000 EXX = 66,22)
y=CJRYVs ® 0000630622 wAD 7 INe e MAY = ~be 150 FRY = 0.36) .
MX2 = 0,000 Al = 0..000

1=CJUR?e = «0.000308649 ARD J/IN.
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E e — .
l— W 5
754 Simply supported :
r—'i - all sides
Figure A-13. Plate Idealization for Buckling Analysis.
Reference 14 provides the following formula for the critical buckling “1
stress. 3
L 2 :
O.CY' = - J— .(.EJ.LDZ_%_)_.. KO + c“ Do ,
C1oer b? o
' . For the laminate at staticn 80, Table A-2 gives: ' : ;
t = .180
by = 2.132
D,, = 1.424
| D33 = 1.117
: Do = Dyt 2 D33 = 3.338
]
é From Referencaz 6, for a long plate simply supported:
- ‘ 1
Ko 19.7' | i
C = 2 |
From the y coordinates for elements 4 and 21 in Table A3,
N o= 5.3
3 b = .75 = 3.975

61




N DTt

ey

er L= 1 [(2.132 x 1.420)%19.7) |, 202(3.338) | . _gg p pe
8 (3.975)° (3.975)°

Buckling, M.S. = :5757 = +2,53

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

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

Mms. = 8.1 = 1462 (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

i+

1.97 ksi at element 10

i+

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

From Table A-3, the corresponding mean stresses are:
5.4]1 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 and ~can stresses.

For the Upper Surface, Element 11.

M.S. = 3%—3%1 = +1.57

.
= ===

For the Lower Surface, Element 2.

ms. = 2084 - w3y
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:

—
~n

10+ Mean -30) for 108

cycles.
From Figure A-9).

-3
¥

N

Alternating Stress, ksi
h

1 1

1
10 20 30 40
Mean Stress, ksi

Figure A-14. Graphical Representation of Fatigue
: Margin of Safety.
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NO,
KAMAN PROCESS SPECIFICATION -
TITL XIBA REV, NO
AEROSPACE |T'T"® R
'(O\A\\l\ﬂ CORPORATION 1 or ..
QL WINOSOR ROAD. BLOOMPIRLD. COMNECTICUT 08008 DATE 1SSUED
ARAMID FIBER/EPOXY STRUCTURES
PRODUCED BY BRAIDING REVISION DATE
DISTRIBUTION CODE PREPARED BY
REV.
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 D 445-74

ASTM D 1652-73
ASTM D 2076-64

ASTM D 2734-70
ASTM D 3171-73

Kinematic Viscosity of Transparent and Opaque Liquids
(and the Calculation of Dynamic Viscosity), Test for

Epoxy Content of Epoxy Resins, Test for

Acid Value and Amine Value of Fatty Quarternary
Ammonium Chlorides, Tests for

Void Content of Reinforced Plastics, Test for

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 190 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.
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Scales for weighing résin system shall be accurate within * 0.2%.

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 60X maximum. Temperature and
humidity shall be continuously recorded.

Material

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.

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

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 1. MATERIAL REQUIREMENTS

XB-27931 XU 2051
Property Resin Curing Agent Test Method

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

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

Amine Value --- 9.9-12.5 ASTM D 2076

Appearance Clear Pale Clear Red Visual
Yellow

IManufactured by Ciba-Geigy Corp.
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Procedures

Tool/Process Definition and Preproduction Approval. Tooling and

processes employed shall be fully defined and approved before parts
for production use are accepted.

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

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-
tentiy acceptable parts. These instructions shall be adequately
detailed to preclude inadvertent or uncontrolled process changes which
could adversely affect part integrity.

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 *he 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.

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 adequacy of
the work instuctions, assembly log, and tools. Any tool or process
changes shall require reapproval.

Surface Preparation. The surfaces of all cured plastic, metal or

other detail parts to be bonded or laminated within the braided assen-
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.

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

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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Detailed procedures for surface preparation and primer application,
and for protection to preclude contamination shall be specified in the

work instructions.

Mixing. Resin system components shall be mixed in accordance with the
Tollowing requirements by personnel who have been trained and
certified to perform this work. Work instructions shall provide

detailed mixing procedures.

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.

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

Braiding, Assembly and Impregnation. Fiber braiding and installation
of fabric pliies, subassembiies and detail parts shall be accomplished
in strict accordance with the approved work instructions which comply
with 3.3.1.2 and the following.

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

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".

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 any
edge (including holes and cutouts) of the finished structure, or
within three inches of each other in any layer.

Impregnation of the fiber assembly with the mixed resin system shall
be accompiished 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,

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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Curing. Curing shall be performed in accordance with a time, temper-
ature 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 * 10°F for 4 hours minimum.

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.

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.

When pressure is applied by a press or closed mold any change to the
dimensions or tolerances of detail parts shall require process
requalification.

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.

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

Subsequent Operations

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.

Finished Part Requirements

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
discontinuities. Any mold line resin flash shall be removed so as to
blend with adjacent surfaces in level and smoothness.
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Internal gualitz. The composite structure shall contain the sequence
of bra ayers 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 he completely bonded to the composite
resin, with or without an intermediate layer of film adhesive, as
specified by the Engineering drawing.

Fiber orientation. Unless otherwise specified by the engineering
drawing the tiber orientation shail be within * 5° of that
specified.

Fiber content. Unless otherwise specified by the Engineering drawing
the Tiber 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.

Microgorosit§. Unless otherwise specified by the Engineering drawing
e void content in any area of the composite shall not exceed 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.

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

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

QUALITY ASSURANCE PROVISIONS

Responsibility for Inspection. Unless otherwise specified in the
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
compliance with the prescribed requirements.

Materials and Process Control

gua11t¥ Assurance Pro$ram. A documented program shall be provided
which insures that all 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 compliied with

during fabrication,
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Preproduction Inspection. Preproduction approval per 3.3.1.4 shall
?Eﬁﬁ??é FéVTéw‘hng 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.

A1l nondestructive inspections required by 4.4 shall be performed
before destructive examination and the results of both correlated.

Destructive examination shall include the following.

A1l 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.

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.

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 D 2734 for conformance
to 3.4.2.3, and fiber orientation for c.nformance to 3.4.2.1.

Quality Conformance Inspection

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 with each technique, shall be described in detailed written
instructions used in setting up and performing the inspectinn. These
instructions shall require standardization against reference panels
whenever setting up tc perform a given technique and rechecking
against reference panels at least upon completion of inspection.

Ultrasonic or inspection techniques shall be covrelated 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.

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 the
inspection.
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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,

4.4.3 Visual Inspection. Each assembly chill 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
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