
(&ASH-CB-115381-1) STUDY OH OTILIZATIOH OF N78-32187
ADVANCED COBPOSITES-IH COHHEHCIAL AIBCHAFT
UING STFOCTORES.,, ,?70LOHE 1: EXECUTIVE
S&MHA8Y Final Beport (locklieed-California Onclas
Co., Burbank.) 23 p HC &02/BF A01 CSCL 11D G3/24 31581

NASA Contractor Report 145381-1

STUDY ON

Utilization of Advanced Composites in

Commercial Aircraft Wing Structures

EXECUTIVE SUMMARY

I.Frank Sakata and Robert B. Ostrom

LOCKHEED-CALIFORNIA COMPANY
BURBAN'K. CALIFORNIA 'A

CONTRACT NASM5005
AUGUST 1978

f\l/\CT/\ Natlonal Aeronautics and Space Administration
l\lf v9f 1 Langley Research Center • Hampton, Virginia



OVERVIEW OF RECOMMENDED PROGRAM

(SHADED ITEMS ARE DISCUSSED IN REPORT)

RESEARCH, MILITARY AND
OTHER NASA-ACEE
PROGRAMS BEING
CONDUCTED THROUGHOUT
INDUSTRY

jggftgjg: MATE RIAL

MATERIAL
PRODUCERS

COMMC'L
AIRPLANE
MFRS

AFFECTED
GOV'T
AGENCIES

MATERIAL SELECTION
AND CHARACTERIZATION-
POOL OF DATA
MAINTAINED BY NASA

%&8*(;8B:̂ ^
8:8£:££ :̂&S8!WING STRUCTURE DEVEL6PMENT:$:%:S%:::::x$::::x::$::
ft-:-ft-ft¥::ft:Sft¥ft:?ft:?ft¥

LOCKHEED

$ffi'NASZ-kCEE%;$$:

:|:8$ SPONSORED§Sx^
•t»j»t»!»!»i*i»553*l*l*l"l*K*"*K*j<l*«v«*«v

APPLICABLE
COMPANY-
FUNDED
PROPRIETARY
TECHNOLOGY

BOEING

EACH COMPANY IV
BOTH KINDS OF D
UNDER LOCKHEEI

DOUGLAS

1UST DEVELOP
ATA SHOWN
D

DECISION REGARDING PRODUCTION COMMITMENT
' r i

PRELIMINARY DESIGN OF NEWTRANSPORT



FOREWORD

The Lockheed-California Company has completed a study for NASA/Langley
wherein a plan for the use of composites was developed. The aim of this plan is to
assist the various aircraft manufacturers in reaching that degree of technology readi-
ness which would enable them to use advanced composite materials in wing primary
structure applications. Implementation of a plan, such as this, will be necessary if we
are to introduce new lightweight and more energy-efficient structures into airline
service.

In our view, the first opportunity for extensive application of composite materials in
wing primary structure could occur with the introduction of a new long-range sub-
sonic transport entering service in the early 1990s. Design of this aircraft would start
in the 1985-1990 time frame. Consequently, the aircraft industry should take advan-
tage of this intervening time period to develop advanced composite materials
oriented toward improving their fabrication costs and material properties. Starting
immediately, we believe NASA should take the lead in an effort which would bring
material manufacturers and users together in a joint program devoted to improving
current materials as well as developing new composite systems. In addition, we
believe NASA should initiate programs with the three major aircraft manufacturers
to develop technology and data relative to the incorporation of composite wing
primary structure in future commercial aircraft.

The development program recommended by Lockheed does not involve building and
flying a composite wing. It does, however, include an extensive design, analysis,
fabrication, and ground test effort. This effort is necessary to acquire sufficient
engineering and manufacturing data to reduce the risk to an acceptable level and
thereby provide Lockheed and others with the option of proceeding into a
1985-1990 transport design incorporating a composite wing structure.

I personally endorse this plan and view it as the nex^fSH toward achieving new
lighter-weight aircraft structures and their attend>H3K fu^satfing benefits.

fisbee
Vice President & General Manager
Engineering & Operations



STUDY ON UTILIZATION OF ADVANCED COMPOSITES IN
COMMERCIAL AIRCRAFT WING STRUCTURES

INTRODUCTION

NASA's Aircraft Energy Efficiency (ACEE) program is designed to improve the
fuel-efficiency of commercial airplanes. One element of the program is to accelerate
the introduction of high strength-to-weight ratio advanced composites materials into
aircraft structures. The particular subelement discussed here is the development of
technology for composite material primary wing structure.

A study was performed at the Lockheed-California Company to formulate a plan
whereby commercial transport developers could accomplish the transition from con-
struction materials currently used for aircraft wings to the extensive use of compos-
ites in time for applications in the 1985-1990 time period. The study defined the
ingredients of the development needed to provide airline transport manufacturers
with the option to commit to the use of advanced composites in wing structures of
future production aircraft. All engineering and manufacturing disciplines normally
involved in the design, development, and production of new aircraft were studied.
Detail descriptions of the wing development plan and supporting data are presented
in Reference 1.

The plan which the study produced defines two separate development programs,
both of which should start immediately:

• A material development program; a joint government-industry effort involving
manufacturers and material suppliers.

• A wing structure development program, to be done by each of the three major
commercial transport manufacturers, Boeing, Lockheed, and McDonnell
Douglas.

It is Lockheed's belief that these programs will assist commercial transport manu-
facturers in reaching a level of technology readiness where the use of composite ma-
terials is a cost-competitive option for a new aircraft production program.

Although several advanced composite structures programs now exist in industry, a
program to expand the data bases being generated is needed before the materials can
be confidently applied to primary wing structures of commercial aircraft.

It's recognized that wing structures can be made of current composite material
systems, however, it is also recognized that these material systems have shortcom-
ings, particularly in the areas of fabrication cost and material toughness. Improve-
ments are both desirable and feasible.



Studies on the use of composites in aircraft secondary and medium-primary struc-
tures now sponsored by NASA's ACEE program at the three major commercial trans-
port manufacturers are shown in Figure 1. These programs are already helping to
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Figure 1. NASA-ACEE composites programs at major commercial
aircraft manufacturers

prepare the industry to use composite materials in airline airplanes. Figure 2 illus-
trates one type of composite material which is already committed to production on
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Figure 2. Current use of Kevlar on Lockheed's L-1011
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an aircraft now in service - the use of Kevlar on the L-1011. Graphite/epoxy mate-
rials are planned to be used extensively on Lockheed's L-1011 in the near future as
shown in Figure 3. It is expected that, as a result of the programs indicated on Fig-
ures 1, 2, and 3, Lockheed will be using large amounts of composite materials in
commercial aircraft in the pre-1985 period.
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Figure 3. Potential application of graphite/epoxy to Lockheed's L-1011

Extensive application of composite materials in wing structure of commercial
transport aircraft requires industry-wide development of a technology base which
will support design, manufacture and operations. Much of the required technology
and experience is not readily transferable from one company to another. Conse-
quently, each of the major commercial transport manufactures will require similar
development efforts. The .most appropriate form for the composite wing technology
development program is one which assists each manufacturer (supplements in-house
efforts) in developing the data it needs to commit to production of composite wing
structures: the establishment of a technology base through analytical studies, manu-
facturing development and development testing.

Development of the data base must include extensive ground testing of full-scale
subcomponents. Flight programs of a complete or partial composite wing box for a
commercial transport are not necessary ingredients of a composite wirig technology
development program. Of prime concern is the demonstration of the feasibility and
the cost-effectiveness of incorporating composite wing structure in future aircraft.

Once a sufficient data base exists to convince a company that benefits of utilizing
composite wings can be achieved with acceptable risk, it can proceed with the pro-
duction, certification and marketing of new aircraft. The production program
would include the normal design, development, and flight test programs. Airlines
acceptance and FAA certification would be addressed in the fashion associated with
the introduction of any new aircraft.



TIMING

Based on world air traffic demand and airline financial conditions, it is expected
that new equipment buys will occur in the early 1980's and again in the 1990's, as
shown in Figure 4. The impetus for the first buy is 1) recovery to a favorable airline
financial condition, and 2) the need to replace the aging fleet of narrow-body
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Figure 4. Marketing study results

transports, such as 707's and DC-8's with short-to-medium range 200-220 passenger
equipment. These needs can be fulfilled by derivatives of current wide-body trans-
ports or by new aircraft whose design must start at once. However, the near-term
application of advanced composite materials to primary wing structure is unlikely
since the necessary technology is not yet available.

Looking to future buys, the next generation of advanced-technology long-range
transport aircraft are expected to occur in the late 1980's or early 1990's. (This
timing will coincide with financial recovery from the preceding buy.) The design of
airplanes to meet this need will start around 1985. With a concentrated effort, the
technologies for applying advanced composites to primary wing structures can be
made available by then. The recommended plan as shown in Figure 5 reflects this
timing.

Large benefits will result from the use of composite materials only if used exten-
sively, which means that they must be applied at the onset of development. To
apply composites on a substitution basis (i.e., substitute composite for metal with-
out changing component size) will yield a limited total weight reduction and its
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corresponding fuel saving. Figure 6 shows that even for a 25 percent weight reduc-
tion in wing structure, only 3 percent fuel saving is expected during a typical mis-
sion. Furthermore, substituting composites for aluminum late in an airplane's pro-
duction life would be uneconomical because of the large nonrecurring cost.
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Figure 6. Benefits of advanced composites



However, in a new design, full use of the weight reducing potential of a new ma-
terial can be exploited. For a given mission (payload, speed, distance), a lighter wing
structure would mean a lower takeoff gross weight, which in turn wound mean that
the wing, tail, engines, etc., can all be smaller. The result of weight compounding in
a new design is shown in the figure as an all new/resized airplane. The figure shows
that if the total airframe weight can be reduced as much as 33 percent, fuel-saving
of 18 percent is possible.

Gains attributable to the use of advanced composite materials are encouraging. How-
ever, many technologies and data now being pursued in existing programs must be de-
veloped further before confidence is at a level where composite materials represent a
viable alternative to metals for primary wing structures of a commercial transport
aircraft.

The recommended composite wing development program plan which Lockheed
feels is necessary for it to achieve technology readiness, at an acceptable level of risk,
is illustrated in Figure 7. Indicated on the figure are the key milestones and the pro-
gram interrelationships. The plan reflects the timing factors, the plan philosophy, as
well as the essential technology development.
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Figure 7. Recommended plan



The recommended material development employs the cooperative industry-wide
effort to define the requirements for the improved material system, to plan and co-
ordinate its development and evaluation, and to characterize its behavior.

The recommended wing structure development program embodies engineering
and manufacturing studies, manufacturing development and development testing.
The strong interrelationship between the concepts design/development and prelim-
inary design are emphasized by showing the two linked together in one bubble in the
figure. Details were studied during the plan development which enabled planners to
make a fairly accurate estimate of the resources that will be needed; these are
grossly indicated by the relative size of the bubbles in the figure. Full consideration
was given to technologies expected to be available from other ACEE programs, the
military programs, and company-funded research.

MATERIAL DEVELOPMENT

A key factor in any new aircraft production program is the selection of materials.
While current composite materials could be used for a wing, these materials will be
20 years old by 1986. The current materials are deficient in terms of processing
cost, mechanical property scatter, ductility and toughness, flame resistance, and
durability. A new improved material system is needed. The major suppliers are con-
tinually developing improved materials. (It is also anticipated that significantly im-
proved metals will be available by 1985, which might make it difficult for compos-
ites to compete.)

With readiness to commit targeted at 1985, there is time to develop a new mate-
rial system for design of a new wing. A coordinated industry-wide effort is recom-
mended to ensure that the improved material will be ready in time for application to
primary wing structure of the next generation of commercial transports, and to pre-
vent duplication and dilution of the material development effort.

There is also a need for multiple material sources which are capable of providing
materials which are interchangeable on a ply-by-ply basis. A proprietary sole source
material procurement environment represents an intolerable vulnerability for a
company embarking on a billion dollar production program.

The schedule for the material development effort is shown in Figure 8. The pro-
gram extends over 69 months. The material selection target date is at the end of
1980. This will permit incorporation of a new material system into the wing structure
development program during preliminary design. It also affords sufficient time for
developing mechanical property design data for a production commitment in the
1985-1986 time period. The material development program is described below.

Task A - Establish Industry Standards

A group of key personnel representing the government, materials suppliers and
airline transport manufacturers will establish industry standards for materials,
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Figure 8. Recommended schedule for material program

processes, and test methods applicable to subsonic commercial transport aircraft.
Their efforts will be guided by design criteria which meanwhile will be generated in
the wing structure development program of each company, as shown in Figure 7.
This work should be done under NASA leadership. Then, development by sup-
pliers and evaluation by users can be done in consonance with target specifications.

Task B — Material Development and Screening

Material development by suppliers and evaluation by user will be carried out.
Initially, to take full advantage of current material technology, the development of
improved prepregs will be limited to resins and graphite fabrics that are commercially
available. Those which show the most promise to provide solutions for the process-
ing and functional problems encountered with currently used materials will be se-
lected. The recommended target material characteristics are listed in the following
table. It is anticipated that each material element change will result in reduced pro-
duction processing cost and improvement of properties, quality level and consistency
of the cured laminates. Candidate materials will be screened based on applicable
trade-off studies, leading to the selection of the most promising material system.

Material Element Target

Fiber
(Typified by T300)

Improved base fiber — Advanced T300 or
equivalent:

• more uniform size
• improved chemical stability
• minimized fiber defects

OF POOR OH*1



Material Element Target

Fiber finish
(Typified by Union Carbide
309 epoxy solution coating)

Reinforcement form
(Typified by non-woven
tape)

Resin type
(Typified by 5208 epoxy)

Prepreg
(Typified by T300/5208
material system)

High, stable fiber-resin bond

• better matrix adhesion for improved
delamination resistance

Noncrimped fabric-unidirectional:

• simplified layup and processing
• improved tolerance to manufacturing

processes
• reduced frequency of unacceptable

prepreg defects
• better fiber spacing, collimation, align-

ment control and resin distribution

Improved, low flow and tough resin:

• simplified processing
• improved ductility and toughness
• better impact and flaw resistance
• reduced cure temperature
• improved flame resistance

Net prepreg resin content with above
material element improvements:

• bleeding/prebleeding eliminated
• minimized property scatter
• maximized material forgiveness
• improved stress distribution, fatigue

and impact resistance

Task C - Material Characterization and Substantiation

A comprehensive test program will be conducted in which the capabilities of the
promising material system to meet all design and manufacturing conditions will be
validated in the laboratory. These laminate tests include:

• Static mechanical properties

• Fatigue properties

• Flammability, smoke toxicity



• Environmental — accelerated weathering — laboratory

• Environmental — outdoor weathering

• Environmental cycling — laboratory

Appropriate number of test specimens, test variables, and types of tests will be
included to verify the processing, mechanical properties, and fatigue properties of
the selected material system.

Task D — Material and Process Variables Effects

To establish tolerable limits on variables in material and process specifications, the
effects of these variables on finished composite properties will be investigated. In-
cluded are:

• Fiber/fiber batch variations

• Fiber/fabric finish batch variations

• Resin/prepreg batch variations

• Storage and aging time variations

• Layup — fiber pattern variations

• Cure process variations

The effects of variables on laminate properties will be established through mechan-
ical tests of coupons including interlaminar cleavage, thermal analysis, and chemical
analysis.

Task E — Mechanical Property Tests

Mechanical property values for structural design will be developed through static
and fatigue tests of coupons considering appropriate test variables. Ply-level lamina
tests will be used for determination of material strength and stiffness. Laminate
tests on both notched and unnotched specimens will be used to verify predicted
laminate strength and notch effects. Pin bearing tests will be conducted to deter-
mine laminate bearing strength. In addition, spectrum fatigue tests are specified for
verification of the design strain level. These data will be prime inputs to the design
data base.

Cost

The material development program will require a total government/industry effort
of 115 man-years spread over several years. The distribution of this effort is shown
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on the bottom of Figure 7. The early portion of this part of the plan will culminate
in the selection of a material at the end of 1980, and the remaining portion of the
program is devoted to characterization of the selected material system.

WING STRUCTURE DEVELOPMENT

Advancement of technology for production of composite wing structures for
future transport aircraft requires industry-wide development of a technology base
which will support design, manufacture and operations. Such a data base must in-
clude basic data on composite material response characteristics; analysis methods
and development tests with which to evaluate structural concepts and manufactur-
ing approaches; quality assurance procedures; valid cost data; and compilation and
documentation of the data base.

Reliable analysis methods are essential for effective application of composite
material to wing structures. The wing is highly loaded. Its structural integrity is
vital. Composites offer significant weight savings if their properties can be exploited
effectively. For example, the industry is only beginning to exploit the post-buckling
regime of composite structure as it is in metals. Analysis methods must be de-
veloped and substantiated for predicting: static strength under combined loading,
initial-buckling and post-buckling strengths, effects of normal and inplane loads and
deformations, fatigue life, and damage tolerance and residual strength.

A major objective of the technology development will be the development of
guidelines,'data and handbooks necessary to support a large design force. These
must include composite structures design handbooks and composite structure analy-
sis methods manuals similar to those which are currently used to support the design
of metallic structure. '•-

The state of readiness for applying composite materials to wing structure of new
aircraft must be advanced by each manufacturer. Both government sponsored and
applicable company funded proprietary technology development is envisaged. The
recommended wing structure technology development plan provides systematic
development of the necessary data, capabilities and confidence for using composites
in primary wing structures, starting now (in concurrence with the new material sys-
tem development).

Initially, a minimal experimental program is planned to verify the strength and
durability characteristics of the existing material systems (e.g., T300/5208 Gr/Ep)
when subjected to the wing design environment. With this design data in hand, the
concepts design/development effort can proceed to assess the relative merits of vari-
ous concepts by sorting out the geometry sensitive parameters for design and manu-
facture of major wing structural components and to select the promising wing
structural concepts. The promising concepts and the new material system (from
the material development program) will then be brought into the preliminary design
phase for further refinement and verification. This will be followed by fabrication
and testing of large wing subcomponents to demonstrate technology readiness.
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The recommended wing structure development program schedule is shown in Fig-
ure 9. The program extends over 87 months. For ease of discussion the program is
divided into four tasks as shown in the figure and described below:
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Figure 9. Recommended schedule for wing structure development program

Task A — Design Data Development

The design data being gathered in other ACEE programs must be expanded regard-
ing the response of composite laminates when subjected to the wing design environ-
ment, particularly in terms of durability and damage tolerance. The wing structures
of commercial transport aircraft are highly loaded and are subjected to large numbers
of loading cycles, including significant ground-air-ground cycles. The capability of
composite structure to withstand this loading environment, in conjunction with
temperature and moisture, must be determined. Also, the effects of foreign object
impact on thick laminates associated with wing surface structure must be deter-
mined. Such impact damage may not be visually detectable and thus may require
the development of in-service NDI techniques. And, the effects of fuel on compos-
ite laminates must be determined. In summary, the design environment for compos-
ite wing structures must be defined, the effects on this environment must be experi-
mentally evaluated, and appropriate design criteria established.

Data supplemental to that existing on T300/5208 graphite/epoxy will be devel-
oped in this initial task. This experimental effort will verify/determine the strength
and durability characteristics of the T300/5208 material when subjected to wing
design requirements. The tests will provide data to establish many criteria, such as
design strain levels for laminates likely to be used in wings, and the effects of fatigue
loading spectra, and variations of potential environments on design strain limits.

The tests span a period of five years. The majority of the tests will be completed
in the first 27 months. Only moisture tests continue through 1983. Design data will
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feed continuously to the concept design/development, and will influence standard-
ization efforts in the material development part of the plan.

Task B — Design Concepts Evaluation

Concepts and arrangements for composite wing structures to best exploit the ma-
terial must be developed. For example, the wing-fuselage interface, the main landing
gear interface, and fuel tank containment must be studied. Aeroelastic character-
istics of the wing will be important and may require tailoring the material and struc-
ture. Weight and cost data for various approaches must be assembled. Both, struc-
tural and manufacturing considerations must be included in these evaluations.

Promising concepts must be developed by tests. Significant or unique design
problems must be experimentally evaluated. The required tests include: static and
fatigue, including the effects of impact and of environment; damage growth; and
residual strength. Surface panels, including panels with joints or access doors,
spars, ribs and structural assemblies must be tested and compared with predictions
to demonstrate that the structural integrity and durability requirements for the
wing can be met.

Manufacturing development is configuration sensitive, and must be performed in
conjunction with the structural design development effort. There is an appreciable
scale-up required for wing production relative to sizes being considered in other
ACEE programs. For example, the wing semispan will be approximately 30.5 m
(100 ft), the wing box root chord approximately 6.1 m (20 ft), the box depth ap-
proximately 1.5 m (5.0 ft) at the root, and surface panel thicknesses will be greater
than 1.27 cm (0.50 in.). Manufacturing concept development and tradeoff studies,
and experimental fabrication and evaluation must be performed to obtain the pro-
ductibility data needed to develop efficient structural configurations, and material
processing and fabrication methods.

In this second task, various structural concepts will be studied for solving the
many details contained in the design of a new wing with an advanced airfoil shape
and active controls. Many details such as types of covers, spar or rib attachments,
joints, control surface attachments, etc., are peculiar to wing design. Specimens of
typical details will be designed and tested to study their behaviors; relative merits of
various concepts will be sorted out.

Producibility studies will be made to establish practical and cost-efficient methods
of fabrication of thick and large-sized wing components with camber and twist; and
with varying thickness and cross-section.

A preliminary definition of the wing structure and design requirements will result
from this planned 33-month effort. Promising design concepts will be defined
through design-manufacturing studies, including an assessment of aeroelastic effects
of the wing. Appropriate preliminary design bulletins and process specifications will
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be developed. Structural elements will be fabricated using the developed processes.
Development tests of key structural elements will define the most promising design
concepts for a commercial transport aircraft wing structure.

Task C - Preliminary Design of Wing

A preliminary design of an entire wing structure of an advanced commercial trans-
port is planned as the third task. The overall wing geometry might be very different
from what will be considered for a new airplane several years later; however, it is es-
sential that preliminary design of a wing be done in order to resolve all potential
problems. The study will assure that all key issues are dealt with and that the re-
sponse characteristics of an entire wing to typical loading environment are
understood.

This work will expand and refine the concepts identified in Task B as promising;
incorporate the new, improved material system; verify the design/manufacturing
parameters; and validate approaches for selected subcomponents and major structural
and systems interface designs, (for example, lightning strike protection and fuel con-
tainment). The manufacturing facilities plan and required resources will be updated
reflecting the manufacturing methods projected for production of a composite wing.

A major objective of the manufacturing technology development, in addition to
the development of manufacturing approaches, is the development of valid cost
numbers for assessing production commitment. These must include both production
and tooling cost estimates, and capital facility and equipment requirements, for al-
ternative manufacturing approaches.

Development of quality assurance methods and data is also needed. These must
cover the total manufacturing process, from material acceptance through final as-
sembly inspection. Standards must be established for quality control of materials,
processes and hardware. These will require development of improved inspection
methods, improved test methods, process control methods, and acceptance criteria.
The latter requires establishing the effects of defects on mechanical properties.
Automated monitoring methods will be needed for inspection during laminate
layup, and for cure-cycle control. A major need is the development of cost-effective
nondestructive manufacturing inspection techniques; i.e., the development of auto-
mated techniques which can handle large, variable thickness, variable cross-section
wing structure.

Candidate tooling approaches for wing production must be delineated, and the
tooling and layup development needs must be identified. Again, the problems are
size, laminate thickness, and the variation of thickness and cross-sections. Wing
surface skins and stiffeners, for example, are tapered, cambered and twisted. These
present added complexity in their effects on thermal expansion, shrinkage and
warpage during the manufacturing process. Least-cost approaches for tooling and
fabrication must be developed — starting with the most critical areas and ultimately
including the complete wing. Advances in several fabrication technology areas are
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required; e.g., automated layup and preforming, molding and automated shape form-
ing, machining methods, and fastening techniques.

The composite wing structure must be inspected and repaired properly. Again,
much work is being done in connection with other composite programs. For exam-
ple, Boeing is presently under contract to NASA to develop NDI (nondestructive
inspection) techniques, and the Lockheed-California Company is performing a NASA
contract to develop practical repair methods. The suitability and effectiveness of
techniques for inspecting thick laminates will have to be assessed. Fatigue and en-
vironmental durability of wing repairs must be verified.

A composite wing structure design that meets all the known requirements in terms
of integrity and maintainability will be developed during this 36-month design-
manufacturing-test effort. The manufacturing methods will be verified and produc-
tion plans, including capital requirements, definitized. The design verification tests
of wing covers, root joint, rib-cover interface, ribs and lightning protection system
will be performed to provide the needed design-manufacturing data base and con-
fidence to proceed with wing structure designs using extensive amounts of graphite/
epoxy composites.

Task D — Demonstration Articles

Two demonstration articles will be designed and built for the final task, one of
which will be structurally tested. This task will be conducted to assure that all prob-
lems will have been dealt with satisfactorily and that the necessary technology is in
hand to proceed with confidence in a wing box design. Fabrication and testing of
the demonstration articles over a 30-month period will involve:

• Demonstrating manufacturing procedures

• Gaining manufacturing experience

• Measuring response characteristics

•

• Assessing durability

A large section of skin with tapered stiffeners over 18.0 m (59.1 ft) long will be
built (Figure 10). Its primary purpose is to demonstrate manufacturing capability.
Although some automatic layup equipment will be in each company's inventory by
1983 in connection with other composite structures programs, it is assumed that the
need for large autoclaves will be limited. Therefore, the length of the test article will
be limited to the length of an existing large autoclave at the Lockheed-California
Company, 18.29 m (60.0 ft). The wing cover segment will, by its configuration, pro-
vide a practical look at the task of constructing a large composite structure. The
segment will validate such processes as: layup of very thick sections, cure cycles for
structures with thick and thin sections, tooling for cocuring stiffeners to skin,
thermal expansion effects between tool and part, and handling problems due to size
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Figure 10. Process demonstration/validation panel

of part. Additionally the part will be used for verification of various inspection tech-
niques including NDI. The completed article will be evaluated primarily by visual
examination and dimensional inspection. Suspect areas may be sectioned and
samples subjected to laboratory tests including chemical and micro analysis or me-
chanical strength and modulus tests.

The other demonstration article, is a wing box segment approximately 5.0 m
(16.4 ft) long which will contain many structural details (Figure 11). In addition to
demonstrating manufacturing capabilities, it will be used to test load-carrying prop-
erties, resistance to damage growth, response characteristics, and durability. The
article will demonstrate solutions to unique problems such as the introduction of
concentrated loads at hard points.

Figure 11. Representative wing box test specimen
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Cost^

The wing structure development program will require a Lockheed effort of ap-
proximately 460 man-years spread over 7-plus years. It would be expected that sim-
ilar efforts would be required by the other major transport airframe manufacturers.
A summary chart showing how the wing structure development plan relates to other
associated programs is shown in Figure 12. The figure relates the wing structure

1970'S 1980'S

COMPOSITE
PROGRAMS NOW
IN PROCESS
(NASA-ACEE AND
OTHERS)

MATERIAL
DEVELOPMENT

WING
STRUCTURE
DEVELOPMENT
(LOCKHEED*)

DESIGN
OF NEW
TRANS-
PORT

1990'S

NEW
TRANSPORT
IN SERVICE

"SIMILAR PROGRAM AT OTHER COMPANIES
Figure 12. Recommended and associated programs

technology development to on-going composite programs and to the material devel-
opment program, and targets completion for around 1985. The distribution among
engineering, manufacturing and testing is shown in Figure 13. About half of the
total effort will be devoted to developing manufacturing and quality assurance needs.
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Figure 13. Distribution of effort among primary ingredients of
wing structure development

CONCLUSION

It is Lockheed's belief that the development plan will assist commercial transport
manufacturers in reaching a level of technology readiness where the use of composite
wing structure is a cost-competitive option for a new aircraft production program.
The recommended development effort consists of two programs:

• A joint government-industry material development program,

• A wing structure development program.

The material development program will result in a new, improved composite ma-
terial systems that will lead to an efficient wing structure design. The wing structure
development program will provide the technology and data needed to produce a
cost-competitive advanced composite wing structure and to achieve certification of
an aircraft employing such a structure.

The material development program is proposed as a joint effort between the manu-
facturers, the material suppliers, and the Government. Because of its general ap-
plicability to the design of composite aircraft structure, it is suggested that this effort
be funded separately. The goal is a modified graphite/epoxy material system with
improved characteristics that will meet engineering and manufacturing requirements,
and at the same time, will not invalidate the existing graphite/epoxy data base. The
material development must include consideration of modifications which will miti-
gate the electrical hazards problem associated with graphite fiber release in event of
fire.
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The planned wing structure development program encompasses engineering and
manufacturing analytical studies; manufacturing development; and development test-
ing to generate composite wing design data, to support concepts development, and
for design verification. The program culminates in a manufacture and test demon-
stration of technology readiness using a representative (generic) wing box structure.
The objective is to develop and demonstrate the technology needed for design and
manufacture of composite wing structure which will meet durability and damage
tolerance requirements. The development program is based on the belief that such a
program will take the manufacturer as far as is practical towards developing the tech-
nology and data needed for production of composite wing structure. It is not felt,
however, that a company, or the Government, can afford to fully exercise, in ad-
vance, the manufacturing scale-up efforts associated with building a complete wing
structure. These must be addressed in normal company-funded production programs
for new aircraft. Such a program probably would include the manufacture and test
of two full-scale articles: a static and a fatigue/damage growth test article and a
flight test article. It is believed that each manufacturer will require a similar compos-
ite wing development program to achieve technology readiness and an acceptable
level of risk. At the same time, it is anticipated that each manufacturer's program will
include some concept-peculiar aspects, reflecting differing philosophies, approaches,
and operating procedures.

In recognition of the current uncertainties concerning the timing and funding of
NASA's planned composite wing development program early initiation of two long-
lead-time, high-priority technology development efforts are recommended:

• Development of a new, improved material system to be started immediately
so as to provide a firm material base for the applications of composite primary
wing structures. This material development effort should include the proposed
efforts to alleviate the potential carbon fiber release hazard.

• Efforts be initiated in the near future to develop the data necessary to demon-
strate the durability and damage tolerance characteristics of composite lam-
inates when subjected to the wing design environment. These development
efforts should include the definition of the wing design environment and the
development of associated design criteria.
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