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The technology development of advanced composite structures has progressed to the
point where commercial aircraft manufacturers are making production commitments to com-
posite structure for future aircraft and modifications to curremt production aircraft.
HASA has been active in sponsoring flight service programs with advanced composites
dering the past 10 years. Approximately 2.5 million total composite component flight
hours have been accumulated since 1970 on both commercial transports and helicopters.
Design concepts with significant mass savings were developed, appropriate inspection and
maintenance procedures were established, and satisfactory service was achieved for the
various composite components. Also, a major BASA/U.S. industry technology program to
reduce fuel consumption of commercial transport aircraft through the use of advanced
composites has been undertaken. Ground and flight envirommental effects on the composite
materials used in the flight service programs supDlement the flight service evaluation.

Advanced composite aircraft structures have the potential to reduce airframe struc-
tural mass by 20 to 30 percent, reduce fuel consumption by 10 to 15 percent, and thus
veduce the direct operating costs to the airline operator. The U.S. Govermment and indus-
try have been developing advanced composites technology for the past 15 years. This tech-
nology has matured to the point where commercial aircraft manufacturers are starting to
rake production commitments to this new class of materials.

The NASA Langley Research Center has been instrumental in the development of advanced
composite structures primarily for commercial aircraft. FPlight service evaluation pro-
arams were initiated in the early 1970's to develop confidence in the long-term durability
of advanced composites in actual aircraft operating enviromments. Concurrent with the
flight evaluation of structural composite components, NASA initiated programs to determine
the outdoor envircamental effects, the effects of aircraft fuels and fluids, and the
effects of sustained stress on several .nousand composite test coupons.

In 1975, NASA initiated an extensive aircraft emergy efficiency (ACEE) program to
improve the efficiency of commercial transport aircraft through the development and appli-
cation of advanced technolcgies such as advanced composites. The objective of the ACER
program is to accelerate the development of advanced technologies to the point where U.S.
commercial transport manufacturers ca.. economically incorporate the technology into their
production aircraft. Six components, three secondary structures, and three primary
structures, are presently under develcr-ment.

The purpose of this paper is to outline sowe of the NASA/U.S. industry composite
programs and report on the service experience gained with numerous composite components
during the past decade.

NASA FLIGHT SEVICE PROGRANS

NASA recognized the need to huild confidence in the long-term durability of advanced
compcsites t¢ allow aircraft manuf-cturers and operators to make future piroduction deci-
girns. dASA :nitiated a systemati: program for the design, fabrication, test, and flight
gervice evaluaticn of numerous composite components that will provide the necessary confi-
dence. Early applications were for selective reinforcement of military aircraft struc-
tures {1 tc 6} but major emphasis was placed on evaluating advanced composites on com—
mercial transport aircraft {7 to 13]. Commercial aircraft were chosen because of their
bigh utilization rates, exposure to worl-iwide environmental coaditions, and systematic
maintenace procedures.

A typical NASA flight service progvam taket approximately 3 years for component devel-
opment, detail design, fabrication, and ground testing and S years or more for gervice
evaluation. In scme cases, selected components are periodically removed from service for
residual strength testing. In addition to component evaluation, environ: :ntal tests on
small coupoas are conducted throughout the rlight evaluation program. These tests gener-
ally include outdoor and controlled laboratory exposure tests, thermal cycling, and
exposure -t airlire terminals and -t Langley Research Centor.
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Component Description

The composite components currently being evaluated in the NASA flight service
programs are shown in Pigure 1. All components shown have bsen in service except for
the Bell 206L helicopter doors and fairing which are being fabricated. Details of the
current and planned flight service evaluation components are shown in Figure 2. The
first flight service program involved reinforcement of a II.S. Army CH-54B helicopter
tail cone with unidirectional boron/epoxy {1 and 2]. Boron/epoxy strips bonded to the
tail cone stringers increased the tail cone stiffness and reduced the structurzl mass
by 14 percent. Eighteen Kevlar/epoxy fairings are beinj evaluated om three Lockheed
L1~1011 aircraft {7 and §). Solid laminate and Nomex honeycomb sandwich panels were
installed as a direct replacement for production fibmarglass parts. An average mass

The largest number of components is being evaluated on Boeing 737 aircraft [9 and 10].
One hundred and eight graphite/epoxy spoilérs have been installed in sets of four by six
different commercial airiines om 27 aircraft for worldwide flight service. The spoilers
are coastructed with graphite/epoxy upper and lower skins, corrosion resistant alvainum
honeycomb core, aluminua spar and hinge assemblies, and fibarglass closure ribs. The
finished spoilers are 35 percent composite and are 16.9 perceat lighter than the standard
production aluminum spoilers. Two boron/epoxy-reinforced aluminum center-wing boxes are
in service with the U.S. Air Force om C-130 trwnsport aircraft [3 to 6]). Boron/epoxy
bonded ¢o the covers oa both the wing planks and hat-section stringers resulted in an
increased fatigue life and a 10 percent mass saving. Three boron/aluminum aft pyloa skin
panels are in sarvice on three DC-10 aircraft [11]. These panels are subjected to
elevated temperatures and high-intensity acoustic loading as a resclt of their proximity
to the center engine. A mass saving of 27.3 percent compared to baseline titanium
was achieved.

Aine graphite/epoxy DC-10 upper aft rudders are in service on seven commercial
airlines [12 and 13]. These multi-rib stiffened rudders weigh 32.9 percent less than
standan' production aluminum rudders. An important aspect of the DC-10 graphite/epoxy
rudder program was the development of a cost competitive mamufacturing procedure to
allow a single oven cure cycle for the total structural box. The procass selected is
identified as the "trapped rubber” process and is showm in Pigure 3. The process
begins with the layup and densification of the right and left side skin panels and pre-
forming the spars and ribs. The front spar web has lightening holes that permit the
spar to fit over internal metal mandrels of the tool. The mandrels are ceatered in the
cavity formed by adjacent ribs and the skins. Each mandrel is surrounded by carefully
sazed blocks of silicone rubber that £ill eaca cavity. Omnce all the ribs are located,
the outer skins are installed and heavy steel plates are attached to the tool to form
a closed system. The tool is rolled into an oven where temperature is increased at
specified rates and the rubber expands against the graphite/epoxy to develop the desired
cure pressures. Omnce the cure cycle is completed, the tools and silicone rubber are
removed and the finished structural box is ready for installation of standard aluminum
alloy hinges and actuator fittings and the standard glass/epoxy leading and trailiag
edge members and tip assembly. Additional details on these EASA flight service components
can be found in [14].

The most recant flight service program involves installing 40 shipsets of Kevlar/
epoxy doors and fairings on Bell 206L commercial helicopters. The composite components
are being fabricated and flight service will begin in late 1980. Three design comncepts -
stiffened foam sandwich, stiffened skin, and honeycomb sandwich - as showm in Pigure 4,
will be evaluated. An overall mass saving of 25.9 percent compared to the production
components is estimated. The helicopters will operate in diverse enviromments in
Alaska, Canada, and the U.S. Gulf Coast. Coupons exposed to ground and flight
environments will be tested at specified intervals to determine effects of th« various
helicopter operating environments on material strength. Also, selected components will
be removed from service and tested to failure to comparas residual strength with original
strength.

Sikorsky Aircraft has committed to erxtansive use of secordary and primary Kevlar/
epoxy and gravhite/epoxy structural composites in their S-76 comsmercial helicopter.
NASA Langley Research Center and Sikorsky are planring a joint program to determine the
long-term durability of composite compcnents on the 5-76. The objective of the NASA/
Sikorsky proyram is to determine the effects of realistic operational service enviromments
on typical ccaposite helicopter structures. Fourteen tail rotors and four horizontal
stabilizers such as those shown in Figure 5 will be removed from helicopters after up
to 10 years of operational service. The tail rotor has a laminated graphite/epoxy spar
with a glass/epoxy skin. The horizontal stabilizer has a Kevlar/epoxy torque tube with
graphite/epoxy spar caps, full-depth honeycumb sandwich core, and Kevlar/epoxy skins.
The two composite components have a total mass of 24.7 kg. Static and fatigue tests will
be conducted nn the components removed from service and the results will be compared
with baseline certification test results. In addition, several hundred -ompusite
coupons exposed to the outdocr environment will be tssted for comperison with the
comprnent test results.
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Flight Service Summary

A total of 142 composite components have been in flight eema m different
operators, including foreign and domestic airlines, the U.5. Aray. R A Py ¥ Force.
The NASA flight service program was initiated imn 1972 vo determine + Jhog -

bility of borom, Kevlar, and graphite compositis in realistic flight M,.

shown in Pigure 6. The boron/epoxy reinforcement in the CH-5
the longest, over 7 years, but it has been flowm very
little compared to the other types of aircraft. This CH-54B helicopter was removed from
flight service in October 1979 when it wvas damaged by a tornado. The graphite/epoxy in
one of the DC-10 upper aft rudders has beem acquiring flight service time at the greatest
rate of any of the compononis listed in Pigure 6, a rate of over 300 hours per month. The
graphite/epoxy in the 108 spoilers on the Boeing 737 airlines has accummlated the greatest
total compoment flight hours, 1,438,000 in 6 1/2 ysars. The high-time spoiler has 17,500
:}igmuﬁmminwhwmofmmlm have accvamlated over 10,0600

The large nurber of spoilers with graphite/epoxy skins allows planned retrievals
from flight service without seriously impairing the total exposure. Six spoilers are
2¢ ‘ectad at random for removal from service annually, two of each of three material
6y items uwsed in fabricating the spoilers. These spoilers are shipped to Boeing for ultra-
sonic inspection. three of the spoilers are returned to service after imspection and
three are tested to failure to compars residual strengths with the strength of 16 new
spoilers that were tasted early in the prograa. Results of these tests are shown in
Figure 7. After 5 years of sezvice, the strergths for the individual spoilers gemerally
fall within the same scatter band as wvas defined by strengths of I new spoilers. These
results indicate essentially no degradation in strength after the 5 year period of service.

In addition to structural tests of the spoilersg, tests are conducted to determine
absorbed moisture content of the graphite/epoxy skins. The moisture content in the
graphite/epoxy spoilers is datermined from plugs cut near the trailing edge as shown in
Figure 8. The plugs consist of aluminum honeycosb core, two graphite/epoxy face sheets,
two layers of epoxy film adhesive, and two exterior coats of polyurethane paint. About
90 percent of the plug mass is in the composite faces, including the paint and adhesive.
The moisture content is determined by drying the plugs and recording the mass change.
The data shown in Figure 8 for plugs removed from three spoilers after 5 years service
indicate moisture levels in the graphite/epoxy skins ranging from 0.66 to 0.75 percent for
T300/5209, T300/2544. and AS/350]1 material systoms. Apparently, these moisture levels
have not -ffected the room temperature strengths of the spoilers as shown in Figure 7.

Inspection and Hainter.ance

The compositc componunts in the NASA flight service evaluation program are being
inspectod at periodic intervals to check for damage, defects, or repairs that may occur
during normal aircraft operation. The maintenance data shown in Figure 9 were reported
by the aircraft manufacturers who fabricated the various components. The corposite com—
ponents are being inspected by the aircraft operators and manufacturers and in most cases
both visaal and ultrasonic inspection methods are being used.

Ninor dishonds have been fourd under small portions of the CH-54B boron/epoxy rein-
forcement. These disbonds were small and did not require repair. The Kavlar/epoxy fair-
ings on the L-~1011 aircraft are visually inspected annually. MNinor impact damage from
equipment and foreign objects has been noted on the wing-to-body Nomex honeycomb sandwich
fairings. Piber fraying, characteristic of Kevlar, ané fastener hole elongatioms have
been noted on all the Kevlar/epoxy fairings but no repair has beern required. The 737
graphite/epoxy spoilers are inspected annually by Boeing anc iny defective spoilers are
returned to Boeing for repair. Infrequent minor damage has occurred which included a
mechanical interference problem and front spar exfoliation-corrosion damage. The spar
exfoliation-corrosion was caused by accidental breaching of the corrosion-inhibiting
gystem prior to final bonding of the graphite/epoxy skins during the fabrication process.
vigual, ultrasonic, and destructive testing have found no evidence of moisture migration
into the aluminum honeycomb core and no core corrosion.

The boron/epoxy-reinforced C-130 wing boxes are inspected every 6 months and no
defects have been detected after nore than 5 years of service. The boron/aluminum aft
pylon skins on the DC-10 aircraft are inspected ananually and minor surface corrosion has
been reported on one panel. This corrosion is believed to have been caused by improper
surface preparation during fabrication of the panels. The graphite/epoxy rudders on the
DC-10 are viswally inspected every 3 months and ultrasonically inspected every 12 wmonths.
Minor rib-to-skin disbonds have been detected on two rudders but repairs are not required.
These minor disbonds may have been caused by thermal stresses during cooldown after the
manufacturing cure cycle. Overall, excellent performance has been achieved with the NASA
flight service composite components.
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AIRCRAPT COMPANY PLIGHT SERVICE PROGRAMS
Component Description

The U.S. commercial aircraft manufacturers have installed numerous advunced
compogsite components on aircraft for flight service evalvation. The objective of these
programe is to determine the reliability and :atntainability of composite components
under normal sirline fleet conditions. The c. wposits components developed by the U.S.
commercial transport manufacturers are indicated in Pigure 10. Some of the components
were designed as direct replacements for production fiberglass parts while other components
were new designs to replace metal prodw‘.lon parts.

Boeing has installed about 118 o of graphite/epoxy floor panels on each of 30
B-747 aircraft. These panels have a mass of 312.5 kg which represents a mass saving of
30.8 percent compared to production fiberglass panels. Boeing also has two boron/epoxy
fureflaps installed on 8-707 ajrcraft. The foreflap as shown in Pigure 11 is an
almminua honeycomb monocoque shell which replaced the rib-and-skin production design.
The shell structure is closed out with fibergliass end ribs and titanium plates for
attactzent to the Jlap caxciage. A mass saving of 25.3 percent was achieved.

The Douglas Aircraft Company has designed ard fabricated several graphite and
Revliar composite components for service on DC-9 and DC-10 aircraft. Sketches of some
of the components are shown in Pigure 12. The types of structures being evaluated
include panels, beams, doors, and engine nacelle structures. The largest component is
a Kevlar/sroxy nose cowl for the DC-9 which has a mass of 73.9 kg. The cowl has a
Kevlar/ep: -y outer barrel with an aluminum honeycomb sandwich inner barrel for a mass
saving of 126.6 percent.

The Lockheed California Company has made extensive applications of Kevlar/epoxy

on their L-1011-500 aircraft. As shown in Figure 13, numerocus fiberglass parts have
been replaced by 1134 kg of Kevlar/epoxy for an average mass saving of 24.4 percent.
Most of the applications are for secondary components such as panels, doors, trailing
edge wedges, and fairings. In addition, numerous interior structures such as
ceiling panels and stowage coumpartments are fabricated with ¥evlar composites. Lockheed
has four large graphite/epoxy cowl doors installed oa L-1011 aircraft. These doore,
shown in FPigure 14, have graphite/epoxy skins with aluminum honeycomb core. These doors
ware developed by Rolls-Royce for the L-1011 engines and production is planned for
early 1980. A set of doors has a mass of 94.3 kg which represents a 22.1 percent mass

saving to the aluminum production doors. Lockheed also has a small laminated
I-beam f:oo: post in service on an L-1011 aircraft which represents a 23.5 percent
mass saving.

Plight Service Summary

As indicated in Figure 15, the 56 company-developed composite components currently
in service on a variety of commercial transport aircraft have accumulated over 600,000
flight hours. Boeing has uoccumnlated 496,000 successful flight hours during the last
9 years on graphite/epoxy floor panels installed on 30 B-747 aircraft. Similar
floor panels are now provided as customer options to save considerable mass compared to
the standard fiberglass floor panels. Douglas has accumulated about 45,000 component
flight hours on their DC-9 and DC-10 composite components. The high-time component is
the Kevlar/epoxy nose cowl on the DC-9 which was installed in 1976 and has 9,000 flight
hours. Lockheed started delivery of their L-~1011-500 aircraft in April 1979; hence,
not many flight hours have been accumulated on their Kevlar/epoxy production components.
However, these components are oxpected to accumulate about 2,500 flight hours per year.
Lockheed has accumulated alwmost 10,000 hours on four graphite/epoxy cowl doors and
zlmost 18,000 hours on a graphite/epoxy floor post.

The aircraft companies have reported excellent service performance with all their
composite components. The success of the NASA and industry flight service programs has
led to large commitments of secondary composite components on future commercial aircraft.

Continued success of these programg will lead to the introduction of primary composite
components in the commercial airline fleet which will translate into improved fuel
economy -

COMPOSITES ON COMMERCIAL HELICOPTERS

The commercial heiicopter industry is starting to make use 7f advanced compoaites
to save structural mass and thus increase helicopter range and payload. Sikorsky
Aircraft has been the major user of advanced composites on both commercial and militery
helicopters. The most widely used composite material is Kevlar/epoxy, primarily
because it costs less than graphite/epoxy. The Sikorsky S-76 commercial helicopter
makes extensive use of Kevlar and graphite composite structure as shown in Figure 16.
Over 115 kg of Kevlar/epoxy primary structure, secondary structure, and non-structural
applications are currently in production on the §-76. Sikorsky chose Revlar/epoxy
because of its combination of mechanical properties, intermediate costs, and
formability similar to fiberglass. Algo, successful flight service experience of Kevlar/
epoxy secondary structures on a Sikorsky CH-53D marine helicopter helped establish the
necessary confidence required to enter into commercial production.



Kevlar/epoxy componsats account for approximately 45 percent of the wetted
external surface of the 8-76. Applications include the horizontal stabilizer, main-
rotor blade-tip caps, canopy, radome, cabin doors, forward and aft engine fairings
above the cabin, landing gear and baggage compartment doors, and internal non-
structural items. cnpbito/epmq and Kevlar/epoxy hybrids are used in selected
components to improve strength and stiffness. Several of the composite components
are shown in Pigure 17. In most hybrid applications the graphite carries the primary
beiding loads and the Kevlar carries the shear lcads. An example is shown in Pigure 18
for a horizontal stabilizer whure uniaxial graphite/epoxy carries bemding loads in spar
caps and cross-plied Kevlar/epoxy basically carries shear loads. The application of
graphite/epoxy in the tail rotor spar takes advantage of the superior fatigue
characteristics of this material for a primary, dynamic structural component. The
composite compoaents have been flying for over 2 ysars on three §-76 prototypes with
no major malfunctions. The first cammarcial delivery of the §-76 helicopter was in
1979. As of December 1979, 27 $-76 helicopturs have buen delivered and a
total of 5450 suocessful flight hours have been accumnlated on the comnosite components.

Boeing-Vertol has an extensive development program underway to place Kevlar and
graphite camposicn components into production on Boeing 234 commercial helicopters.
Prima.y emphasis is on extending the range of the helicopter through the use of Kevlar-
graphite hybrid fuel pods as shown in Pigure 19. Othoer graphite and Kevlar compoments
include doors, fairings, cabin floor, and support heams. The Boeing 2.’4 helicopter is
scheduled to enter commercial service in early 19861.

Bell Helicopter is using advanced compciites in crew seats or the Bell 222
commercial helicopter. The seat shown in Figure 20 uses Kevlar skiws and aluminum
hroeycomb in sanfdwich comstruction for the bucket and a graphite/epoxy enorgy attenuator
tube as part of the seat support structure. Twelve model 222 helicopters have been
delivered with two lightweight energy-absorbing crew seats in each aircraft.

NASA AIRCRAPT ENRRGY EFFICIENCY PROGRAM (ACEE}

Since 1975, NASA has been sponsoring an extensive program to improve the efficiency
of current commercial transport aircraft through the development and application of
several technologies that could reduce fuel consumption or» new aircraft by up to S0 per-
cent. Advancel composite structures alone have the potontial to reduce fuel consumption
by 10 to 15 percent. The broad objective of the composites part of this program is to
conduct research to provide the technology and confidence so that commercial transport
manufacturers can commit to production of composites in their future aircraft.
Composites technology is being devcloped for large secondary structures and medium
primary structures. As shown in Figure 21, the technology readiress dates are to make
such commitments for secondary structures in the 1980-1985 time frame and for pri- .y
structures in 1985-1990. Verification of design methods and cost competitive
manufacturing processes are required to determine technology readiness. Confidence in
camposite structures is being developed through durability tests that lead to warranty
of the aircraft, cost verification through ' - nufacture of multiple components in the
preduction mode, PAA certification, and air ine acceptance.

Composite Secondary Structures

Bach of the three major U.S. commercial transport manufacturers are under contract
to MASA to design, fabricate, and test major secondary composite components as shown in
Figure 22. Douglas has conpleted fabricatior of additicnal graphite/epoxy DC-10 upper
aft rudders using cost-effective fabrication and tooling methods, Boeing has fabricated
graphice/epoxy elevators for the B-727 and Lockheed is fabricating graphite/epoxy
ailerons for the L-1011. Several shipsets of these components will be placed into
airline service for evaluation.

All of the ACEE composite secondary components are large enough to present
manufacturing problems that may be encountered in constructing many other aircraft
structures. Details of the three graphite/epoxy secondary components are summarized
in Pigure 23. The L-1911 azileron i3 about 1.2 m wide by 2.4 m long and has a mass of
45.4 kg. The composite design features a syntactic-core sandwich with graphite/epoxy
face sheets. The total number of ribs has been reiuced from 13 for the aluminum
aileron to 10 for the composite aileron, the number of parts has .oeen reduced from 398
to 205, and the number of mechanical fasteners has been reduced from 5253 to 25/4. A
mags saving of 28.5 percent is projectad for the composite aileron. Some of the
construction details are shown in Figure 24 for an aileron locected in the assembly
fixture. The upper surface, ribs, and spars are permanently fastened using titanium
fasteners, whereas, the lower surface, trailing edge wedge, and end fairings are
attached with removable fasteners. Analysis indicates that the composite design iz
cost competitive with the production aluminum aileron. Twenty-two composite ailerons
will be fibricated to establish a good basis for projecting costs. Upon completion of
aileron fabrication and detailed manufacturing analysis, a production decision will be
made by Lockheed.

The graphita/epoxy upper aft rudder for the DC-10 is U.8 m wide by 4.0 a long and
has a mass of 30.3 kg. The composite design features multi-rib construction with two
spars. As discussed previously, the structural box is manufactured as a single cocured
unit and represents a 26.8 percent mass saving compared to the production aluminum
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rudders. An additional 11 rudders have been manufactured under the ACER program to
d-welop mcre efficient manufacturing methods and to obtain guantitative cost data.

The rudders have heen PAA certified and Dovglas is considering fleet production of the
graphite/epoxy rudders for new DC~10 aircraft.

The graphite/epoxy elevator for the B-727 is 0.9 m wide by 5.8 m long and has a
mass of 89.4 kg. The elevator design is dictated primarily by stiffness requirements
and makes efficient use of graphite/epoxy Nomex honeycomb sandwich sking to carry
normal pressure and in-plane shear loada. The upper and lower skins are attached to the
substructure with titanium fasteners. With this design, most of the interior ribs uwaed
in the production elevators are eliminated and a mass saving of 23.6 percent has pu:
achieved. Since the elevator is mass-balanced, additional mass saving can be wffect:d
through the use of graphite/epoxy. Eleven elevators have been fabricated to verify
cost projections and FAA certification has been received. Pive shipsets of graphite/
epoxy elevators will be placed into 3irline service for evaluation. Four shipeets of
agsembled graphite/epoxy elevators are shown in Pigure 25. Boeing is considering
fabrication of up to 25 additional saipsets of elevators to establish manufacturing
learning curves.

Composite Primary Structures

Each of the three major U.S. commercial traasport manufacturers are also under
HASA contract to design, fabricate, and test medium-sized primary composite components
as shown in Figure 26. Douglas and Lockheed will fabricate graphite/epoxy vertical fins
for the DC-10 and L-1011, respectively, and Boeing will build horizontal stabilizers
for the B~737. The ACEE composite primary components are more comp. < than the
secondary components and thus present a greater design and manufacturing challenge.
Details of the three graphite/epoxy primary components are summarized in Pigure 27.

_ The composite L-1011 vertical fin is about 2.7 m wide by 7.6 = long and has a mass
of 272.2 kg. The structural configuration consists of cocured hat-stiffened skins,
cocured I-beam stiffened front and rear spars, and multiple ribs. Using this design
approach a mags saving of 30.} percent is projected. The tooling for the stiffeners
consigts of inflatable silicone rubber bladders to provide internal pressure, exterior
caul plates, and a vacuum bag. The entire gkin panel is cured in an autoclave under
pressure and elevated temperatura. Upon completion of the cure, the inflatable bladders
are easily ramoved from the stiffener cavity as shown in Figure 28. Three L-1011 fins
will be fabricated to validate manufacturing cost projections.

The graphite/epoxy vertical stabilizer for the DC-10 is 2.4 m wide by 7.6 m long
and has a mass of 350.3 kg. The design configurat.on selected for the DC-10 vertical
fin consists of Romex honeycomb sandwich skins, four I-beam spars with sine-wave webs,
and nultiple sine-wave ribs. Titanium lug fittings are cocured into the spar caps to
provide root-cnd attachments. The ribs and spars are joined by adhesive bonded angle
clips and the skins are mechanically fastened to the substructure with titanium
bolts. A mass saving of 22.8 percent is projected using this design concept. Seven
DC-10 vertical stabilizers will be fabricated to obtain manufacturing cost data.

The graphite/epoxy horizontal stabilizer for the Boeing 737 aircraft is 1.2 m wide
by 5.2 m long and has a mass of 91.6 kg. The desis. selected coneists of cocured
integrally stiffened skins, laminated front and rear spars with titanium lug attachments,
seven inboard Nomex hcneycomb ribs, two closure xibs, and a laminated trailing-edge
beam. The honeycomb ribs have cutouts to allow passage of the continuous skin stiffeners
as shown in Pigure 29. Assembiy of the structural box is accomplished with titanium
mechanical fasteners. With this design configuration, a mass saving of 22.9 percent is
projected. Eleven B~737 horizontal stabilizecrs will be fabricated to verify predictel
manufacturing learning curves.

Ancillary Test Plan

Numerous ancillary tests are being conducted by the ACEE contractors to verify
design procedures, provide design allowables data, and provide data in support of
certification requirements. The tests vary in size and difficultv from small static
covpons to large combined-load subcomponents. Some of the tests are shown schematic~lly
in Pigure 30. Af indicated, mechanical tests such as panel compression, root-end ioad
transfer, impact damage, rib-to-skin attachments, and lap joints z.2 being conducted.
Most of these tests are conducted at room temperature or at eleva-ed temperature with
and without moisture conditioning. Additional details of the NAS ACER composite
structures program can be found in [15].

NEAR-TERM PRODUCTION PLANS

Advanced composites technology has been developed to the point where U.S.
commercial aircraft manufacturers are starting to make production commitmencs to these
materials. Success of the flight service evaluation programs and technology developments
under the NASA ACEE composites program has led Boeing to plan extensive use ~f advanced
composites on their new B-767 aircraft. As shown in Figure 31, most of tF  ontrol
surfaces, including rudders, elevatours, spoilers, and ailerons, will be L...t with
graphite/epoLy composites. Graphite~Kcviar hybrids will be used in numerous structures



such as leading and trailing edge panels, cowl components, landing gear doors, and
fairings. Replacement of standard fiberglass parts with Kevlar and graphite composites
will result in mass savings of up to 30 perceant.

Lockhead has made extensive production commitments to Kevlar/epoxy secondary
structures on the L-1011-500 as discussed previously. Design studies are curreatly
underway to investigate potential graphite/epoxy structure applications on the 1-1011
aircraft. Components being studied include the vertical fin, rudders, elevators,
ailerons, flaps, doors, and floor beams and posts. As shown in Figure 32, graphite/
epouy applications being studied have a mass of 2560 kg which vepresents a 26 percent

mass saving compared to the current production components. At the conclusior of
these studies Lockheed will be in a position to make future p» sduction decisions
provided the composite components are economically feasiblae.

Douglas is also conducting studies to determine the economic feasibility of
committing to production of numerous composite components on their DC-10 aircraft. Some
of the potential components as shown in Pigure 33 include graphite/epoxy vertical
stabilizers, rudders, elevators, spoilers, and ailerons. Other graphite/epoxy components
include doors, panels, beams, and nacelle structure. Potential Kevlar/epoxy components
include extensive fairings, tail cone, and nose cowl structure.

[LITY OF THE
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ENVIRONMENTAL EFFECTS ON COMPOSITES ORIGINA‘ PA

In conjunction with the flight service evaluation of composite components
approximately 17,000 composite specimens are being tested to determine the long-tem
envirommental effects on composites. Epoxy matrix composites inherently absorb moisture
from the surrounding environment and ultraviolet radiation can attack the molecular
structure of polymeric materials. This combination of moisture, elevated temperature,
and ultraviolet radiation can reduce the s~-“anical properties of composite materials.
Mechanical property tests are being conducted on small specimens to determine the
effect of these environments on the strength of several composite material systems.
Specimens are being expcsed worldwide to outdoor ground environments, to indoor controlled
laboratory environments, and real-time f£light exposure.

The worldwide ground exposure specimens are mounted in racks which are deployed on
roofs of airline buildings at a number of airports around the world to receive maximum
exposure to the airport enviromment. Racks are located in Germany, Brazii, New Zealand,
Hawaii, and several lccations within che coatinental United States. The exposure racks
contain several difrerent graphite and Kevlar composite material systems. Figure 34
shows a typical exposure rack, the various specimen configurations and the worldwide
exposure locations. Tests performed include short beam interlaminar shear, flexure,
compression, and tension. Most of the depioyed specimens are unstressed. However,
three racks have been deployed with tensile specimens under sustained load. Two distinct
sets of composite specimens have been deployed. One set is unpainted to provide maxisum
exposure of the matrix materials and a second set of specimens is painted with standard
aircraft polyurethane paint to protect the matrix from direct ultraviolet radiation
exposure. Specimers are periodically removed from the racks and shipped to NASA Langley
for mechanical property testing. The specimens are weighed to determine mass changes
associated with moisture absorption and weathering. The specimens are tested to failure
to compare residual strengths with baseline control specimens with no prior environmental
exposure. Specimens are removed from the racks for testing after 1, 3, 5, 7, and 10 years
exposure.

The moisture contents fcr four graphite/epoxy material gystems and two Kevlar/epoxy
material systems have been determined after 3 vears outdoor environmental exposure.
Data shown in Figure 35 for specimens removed from racks at six different exposure
sites indicate moisture contents ranging from about 0.5 percent to 2.0 percent.
Additional moisture data will be collected after 5, 7, and 10 years exposure. The effects
of absorbed moisture and ultraviolat radiation on composite mechanical properties have
been dererminad after 5 years outdoor exposure at six locations. The room temperature
residual flexure strengths for six composite materials are shown in Piqure 36. Most
of the test data fall within the scatter band for the baseline strength of unexpnsed
specimens. These results indicate essentially no degradation in the flexure strength
of the six composite materials after 5 years outdoor exposure. Results from shear
and compression tests indicate strength rcductions of up to 15 percent after 5 years
exposure. Since these properties are more matrix dominated than are the flexure
properties, shear and compression properties are normally more sensitive to absorbed
moisture.

To consider the possible influence of constant stress during the outdoor exposure,
tensile specimens arc being exposed at MASA Langley Research Center and San Francisco
Airport with a sustained stress of 40 p cent of the original ultimate strength. Test
results for T300/5208 graphite/epoxy lam..ates are shown in Pigure 37. Quasi-isotropic
laminated tensile specimens have been tested after 1, 3, and 5 years exposure
for both stressed and unstressed conditions. Essentially no difference between
strength of stressed and unstressed specimens and no degradation in tensile strength was
found for any condition.



Another type of environmental exposure that must be considered is the interaction
of composite materials with long-term exposure to aircraft fuels and hydraulic fluids.
Under NASA contract, the Boeing Company is conducting a series of exposures of composite
materials to JP-4 jet fuel, Skydrol, fusl-and-water mixture, and a frel-and-air cyclic
environment. Results for T300/5209 tensile gspecimens with [:450] ply orientations are
shown in Pigure 38. A maximum degradation of 10 percent in the tensile strength
after S5 years exposure to the fuels and fluids indicated. However, Kevlar/2544
exhibi:ed a 40 percent loss in short beam shear strength when exposed to fuel/water
immersion.

The most recent NASA Langley Research Center environmental exposure program involves
flight exposure of composite specimens on schcduled airlines. Moisture absorption in
flight is being determined for composite specimens mounted on the Boeing 737 aircraft.
Unstressed exterior exposure is obtained with specimens mounted on the top and bottom
surfaces of the flap track fairing cone as shown in Figure 39. Interior stressed and
unstressed exposure is obtained with specimens mounted in an aft fuselage vented
compartment. The exterior specimens were dGployed first and moistcure absorption data
have been obtained after 18 months of flight exposure. Composite mass change for three
graphite/epoxy material systems is shown in FPigure 40 for specimens removed from “h~
exterior surface of three commercial airlines which operate in distinct climatic
conditiorr. Specimen mass varied with seasonal weather variations, with mass change
being mo > pronounced in the temperate regions having wide seasonal variations than in
the trojical region having a more uniform year-round climate. The T7300/5209 system
experienced somewhat less masz gain than did the T300/5208 and AS/3501 systems.

Maximom mass gain in any climate was only slightly greater than one t. Mass

chages such as these result from moisture absorption, drying, and ultraviolet radiation,
all of which could have cumlative damaging effects on camposites. These tests will be
conducted over a period of several years to determine saturation levels and the repetitive
nature of the ssasonal variations. The results of these tests will be compared with
outdoor ground environmental test results and indoor controlled laboratory results.
Methodologies for predicting envirommental behavior are being systematically developed
during a comprehensive 10-year program. Additional details of the NASA Langley
environmental effects programs can be found in [16]).

CONCLUDING REMARKS

Excellent experience has been achieved with approximately 200 composite components
in flight service for 2.5 million total component hours.

No significant degradation has been ocbserved in residual strangth of composite
components or euvironmental exposure specimens after 5 years service or exposure.

Technology is being developed that will lead to extensive production of advanced
composites in future aiicraft.

Confidence in advanced composites technology is being developed to the extent
that commercial transport and helicopter manufacturers have made production commitments
to composites for selected components.
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Pigure 17. 576 composite applications.
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Figure 26,  BABR MEE composite primery structures.
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