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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

This report provide s the details of an effort that represents the continuation of an overall
progra m designed to reduce helicopter transmission vibration and noise . The orig inal
progra m developed an analytical techn ique to determine the areas of high strain density,
and hence, high acoustica l energy, on the surface of a gearbox (USAR TL-TR-78-2A & 2B).
This effort has resu lted in the development of a technique to selectively stiffen these
areas of high strain density using high modulus aluminum oxide continuous fibers . A
CH 47C forward transmission has been cast in three sections; i.e., outer ring , web and
inner ring, and two “Z” sections have been cast to demon strate the capability of incor-
porating these fibers into a complex shape. Subsequent testing has demonstrated the
inc reased stiffness characteristics under both shear and moment loads. The ultimate
benefit will be the reduction in internal noise levels in current and fu ture US Army heli-
copte rs. Mr. Allen C. Royal , Propulsion Technical Area, Aeronautica l Technology Division .
served as project engineer for this effo rt.

DISCLAIMERS

The findings In this rsonn sri not to be construed as an officia l Depertment ci the Army position unless so
designated by oth.r authorized documents.

V ten Government drawings. apsclflcstlons, or oth.r data are used for any purpose other then In connection
wi th a definitely related Government procurssnent operation, the United States Government theriby Incurs no.Is,.onalbIlity nor any obligation whatsoever: and the fact that the Government niey have formulated, furnished.or In any tvey supplied the said drawings, specIfIcatIons, or other data Is not to be ragerded by Impilcetlon or
otherwIse as in any manner licensing the holde, or any othi r person or corporation, or conveying any rights orpermission. to manufacture, use, or sell any petented invention that may in any ~~y be related thereto.
Trade names cited in th i, report do not constitute an official endorsement or approval of the me of such
commercial hertheere or softwer..

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return It to the origlnstor.
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PREFACE

This report is an appendi x to work conducted under contrac t DAAJO2.74-C-0040, Helicopter
Transmission Vibration and Noise Reduction Program. This initial work has been documented
in two volumes. Volume I, USARTL-TR.78-2A, is the Technical Report , and Volume 11,
USARTL-TR-78-2B, is the User’s Manual .

The work outlined herein has been performed under U.S. Army contract DAAJO2-74-C-0040,
Mod. P00011, under the technical cognizance of Allen Royal , Applied Technology Laboratory ,
U.S. Army Research and Technology Laboratories, Fort Eustis, Virginia. The period of per- - I
formance was from 13 March 1978 to 30 October 1978.

This program was conducted at the Boeing Vertol Compan y under the technical direction of
Joseph W. Lenski, Jr. (Program Manager), of the Advanced Power Train Technology Department.
Principal investigators for this program were Fred W. Brown (Analytical), Dale Austin (Test),
and Robert Pinckney (Manufacturing Technology).

Acknowledgment is made to Dr. Ashok Dhingra and Dr. William Krueger of E. I. Du Pont de
Nemours and Company, Textile Fibers Department, Pioneering and Textile Research Division ,
Wilmington, Delaware, for their technical assistance in the fabrication of the PP fibers and
test specimens ~id cons~i1tation during the test program.
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INTROL)UC~1ON

Considerable attention has been focused in recent years on the reduction of noise levels for
both military and civil helicopters , as evidenced b y the noise requirements outlined in Military
Specification MIL-A-8806 , the Occupational Safety and Health Act (OSHA), and the Walsh-
Healy Act. Helicopter noise emanates from thre e major sources: the rotor blades , engines ,
and transmissions. The effort of this contrac t and the Advanced Power Train Technology
group has been directed toward reducing the noise level of the helicopter transmission at its
source.

Boeing Vertol has been investigating since 1974 , under contract DAAJO2-74-C-0040 entitled
Helicopter Transmission \~i ly ~don and Noise Reduction Progra m, methods of reducing acousti -
cal energy at the source by controlling the dynamic response through stiff ness, mass , and
inertia distribution. To provide a helicopter transmission housing meeting the criteria of low
cost and low weght , as well as being capable of selective stiffening for efficientl y reducing
vibration and noise levels and deflections , it was necessar y to assess the utilit y of new material
concept s such as cast metal-matrix composites. The effect of selective stiffening can be
evaluated by analyt ical techn iques developed under Applied Technology Laboratory contracts
DAAJO2-74-C.0040 (References I and 2) and DAAJO2-75-C-0053 (Reference 3). The results
of these programs show that the techni ques developed for predicting noise generated by a
hel icopter transmission correlate with test data.

Current cast-li ght-alloy transmission housing technology does not provide an optimum support
structure for power train dynamic components under operational loads. These structures .
limited by current material s and processing techni ques that do nor permit structural desi gn
optimization , exhibit excessive deflections and disp lacements under load which result in gear
misalignme nt and vibration and noise generation. Increases in helicopter size . per formance, and
pay load have intensified the need for hi gh-st rength . lightwe ight materials. The metal industry
has bee n endeavoring to develop alloys with hi gher stren gth-to-wei ght and modulus-to-weight
val ues. New alloys and new methods of working and heat-treatin g ha ve brought abo ut small
improvements , but the gains are no longer proportional to the effort that must be expended.
Since all of the widel y used structural metals reach limits of speci fic strength at about I million
inches and of specific modulus at about 100 million inches . a search was initiated for some way
to get around these barriers. Several metal-matrix candidate systems have exhibited specific

I. Scssrra , John 5., How dlla, Robert W.. Lcn,ki , J oseph W.. J r.. Drago , Raymond 5.. and SchaetIcr , Edward G.. HELICOPTER
TRANSMISSION VIBRATION AND NOISE REDUCTION PROG RAM , Volume 1 - Technical Report . Boeing Vertol
Company. Philadel phia, Pennsylvania; USARTL-TP,.78-2A. Applied Technology Laboratory , U.S. Army Researc h and
Technolo gy Laboratories (AVRADCOM), Fort Eusns. Virginia . March 1978 . AD A055 104.

2. Scia r ra . J ohn J.. Howells, Robert W.. Lenski . Jo sep h W.. Jr.. m d  Drago. Raym ond 5.. HELICOPTER TRANSMISSI ON
\flBRA flON AND NOISE RED UCTION PROG RAM , Volume II - User ’s Man u al . Boeing Vertol Company. Phil adel phia .
Pennsylvania ; USAR TL .TR. 78.23 . Applied Technology Laborator y , U.S. Army Researc h and Technology Laboratories
(AVRADCOM). Fort Eusris, Virg inia. Marc h 1978. AD A054827.

3. H owella, It . W ., and Sciarra. 5. J ., FINIT E ELEMENT ANALY SIS FOR COMPLEX STRUCTURES (HEL ICOPTER
TRANSMISSION HO USING STRUCTURAL MODELING) . Boeing Ver tol Comp.mn .. , Philadel phia. Penn sy lvan i .m ;
USAAMR DL .TR- 77.32 . App lied Technology Laborat or y. U.S. Army Research and Technology Laboratories (AVRA DCOM1.
Fort Eustis. Virginia . J anuary 1978, AD AP5274 9.
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strengt h in the range of 2 to 3 million inches and specific modulus of 400 to 5O0 million inches.Thus, there are many areas where metal-matrix composites offer unique combinations of im-proved performance for helicopter applications.
The development of composite materials and the refinement of manufacturing technology forthese materiais have provided extended capabilities for the reinforcement of structures. Appli-cation of finite-element analyses to transmission housing design has permitted the use of optimi-zat ion methods such as strain.energy analysis. Previous optimization work , although qwte extensive ,had been limited to varying the wall thickness of a conventional cast magnesium housing. Theanalyt ical techniques have indicated the potential for more efficient app lication of the optimiza-tion methods by tak ing advantage of the improved properties and capability for selective rein-forcement offered by composite materials. The ability to build up composite material elementswith specified property orientations allows selective reinforcement of predetermined housingregions and provides improved flexibility for optimization of the structure.

The use of metal-matrix composite materials for helicopter transmission housings has many po-tential benefits, includ ing reduced vibration and noise levels and improved stiffness. Theseimproved vibration and noise characteristics are due to the increased overall stiffness and theability to further selectively st iffen identified areas. By increasing the housing wall stiffness,the resulti ng static and dynamic displacements will be reduced for a specified load condition.This is evident , for example, from F = Kx , where F = applied static or dynamic load, K = stiff-ness, and x = disp lacement.
A plot of displacement versus load for a CH-47C forward transmission housing fabricated fromvarious materials is shown in Figure 1 and indicates that the magnitude of the housing displace-ments can be reduced substantially by the use of stiffer metal-matrix materials. Steel is shownin the figure as a point of reference. Since the amp litude of the vibration and resulting soundwaves is proportional to the magnitude of the displacement of the structure , th e overall effectof increased stiffness would be to reduce the vibration and noise level. In addition , substantialweight savings can be achieved through the use of metal-matrix materials to achieve a desiredstiffness. If the standard magnesium housing was replaced with a steel housing of the sameit dimensions , a weight increase of 182 pou nds would result, lithe housing were fabricated withlOO-percent metal-matrix material to achieve a stiffness close to that of steel , a weight increaseof ap proximatel y 30 pounds would result. It is anticipated that only local stiffening of thehousing will be required to achieve a sign ificant reduction in deflections and therefore theweight will increase by much less than 30 pounds. This increase in housing weight will be offsetby a significan t reduction in the weight of various acoustical treatment materials required toach ieve the same results.

A further benefit of the metal-matrix configuration is that it is much better suited for detuningof the housing than the conventional monolithic cast structure. A typical transmission frequen-cy spectrum is presented in Figure 2. Because of the multiple forcing frequencies and themany natural frequencies of the structure which occur , detuning of this housing is extremelydifficult. Although the natural frequencies can be shifted by modify ing the wall thickness, themultitude of closely packed frequencies generally will cause the tuning process to be onlyminimally effective. The new frequency spectru m which results after substituting a typicalmetal-matrix material for monolithic magnesium is also presented in Figure 2. It is significantthat the natural frequencies have been shifted toward the high end of the spectrum and that

12
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only about 40 percent 0t the frequencies remain in th~ range o1 Inter est (below approximate ly
5,000 Hz) as compared to the solid magnesium configuration. Those natural frequencies re-
maining in the range of interest also have been dispersed and are thus much more amenable to
the detuning process. Using the selective stiffeni ng capability provided by the metal-matrix
design , the housing can be tuned to reduce the vibration and noise levels. Further areas of po-
tential vibration and noise improvement for the metal-matrix structure include structural damp-
ing and acoustic transmission loss (TL). Little data is available on these aspects , and therefore
they must be investigated full y .

Boeing Vertol has worked with various casting concerns in an attempt to find a firm with the
technical capability necessary to produce fiber-tilled aluminum and magnesium cast components.
Some firms have attempted to fabricate test specimens with little success.

During the past several years, the Du Pont Pioneering Research Lab oia turv has been conducting
experimental fabrication using F’P aluminum fi l am ents  in a magnesium matr ix .  In addition ,
Dii Pont has also been working with Boeing Vertol on a seties of developmental steps necessary

( to develop full.scale test hardware. To further exp lore the use of F’P/magnesium matrix , Boeing
Vertol and Du Pont have fabricated several typ ical test specimens containin g the hi gh-modulus
reinforcing fibe rs. This work and hardware fat ’i-icat ion were used to supp l ement the work con-
ducted under a modification to contr act I ) AA J O2 74-C-0040 to Iabrkate and test transmissiond housing specimens.

The objective of th~ program was to assess the potential app licabilit y of I f l e t a l - I n a t r i x  composite
materials for the selective stiffenin g of a helicopter tr ansm ission. Previous .in .dvsis and testing
of a CH-47C forward transmission housing by the app l ication of str ain-ener gy muetho ds in
conjunction with finite-element modeling have defined the most effective portions of the housing
to be reinforced. The work conducted in this program has been directed to the area of tile
bevel gear support structur e of the forward transmission. Several basic shapes representing
th is area were fabricated with FP fIbers in a magnesium rna tr i~ to det ntnistr ,at t ’  the selective
reinforcement of a magnesium structure via casting technology. These specimens , whic h ,ar . ’also representative of typ ical cross-section ekme’nts of .m transmission housing, we’re .mn .mlvze d ,
fabricated , and tested to determine material properties and to develop the technolo gy for t he
app lication of selective reinforcement to a full-sc ale helicopter tr ans m ission housing

is
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DESIGN SELECTION

TEST SPECI MEN CONFIGURA TIONS

To provide a better understanding of the configuration , functional requirements,and design
criteria cf a typical helicopter transmission , a brief description and background for the select-
ion of the test specimens used in this program will be provided. The CH-47C forward rotor
transmission shown in Figure 3 will be considered as a typical baseline transmission and is
composed of three major parts with essential ly separate functions: the upper cover , the ring
gear , and the case. The upper cover supports the rotor shaft and provides lugs for mounting
the transmission to the airframe. Hence , the rotor system loads are transmitted through the
uppe r cover into the airframe structure. The case contains and supports the main bevel gears
and may also include a tail-rotor or synchronizing shaft drive, lubrication pump, or other
accessory drives. The transmission case may also have a separate sump for containment of
the lubricant. The stationary ring gear , which connects the upper cover and case, contains the
planetary gear system. The entire transmission housing also performs the functions of sealing( in the lubricant, providing passages for lubricant delivery , protecting critical transmission com-
ponents , and dissipat ing heat by conduction and radiation. Figure 4 shows the CH-47C forward
transmission case in detail.

-l

Because of the comp lex geometry, large size , and the many functions that a typ ical helicopter
transmission housing must perform , a simp lified housing specimen was designed to simulate
the maj or structural elements of the housing. The critical areas to be considered in this design
were the outer shell , the inner support of the bevel gear , and the support webs that transfer
loads fro m the inner ring to the outer shell. The simulated housing specimen of the CH-47C
forward transmission is shown in Figu re 5. A wood and plaster model of this specimen was
made and is shown in Figure 6.

A typical transmission housing has evolved as a generally th ick-walled magnesium casting. A
weight breakdown shows that the housing weight re presents approximatel y 24 percent of the
total transmission weight. It is recognized that minimum wal l thickness in nonstructural areas
is limited by the casting process. With the methodology developed under contract DAAJO2-
74-C-0040 and reported in USARTL-TR-78-2A, sign ificant app lication of load path analysis
can be used to optimize the structure of advanced transmission concepts emp loy ing fabricated
housings, composite materials, and oth er advanced concepts that will permit greater design
flex ibility . For examp le , maj or load paths could be selectivel y rei nforced to decrease deflect-
ions and minimiz e the noise and vibration emanating fr om the housing .

To further simp lif y the housing specimen , several smaller , less complex shapes were designed
to rep resent the three maj or areas of a typ ical transmission housing: the outer shell cross
section , the oute r rim/web/ inner rim cross section , and cy l indri cal shapes representing the
outer wal l and bearing support areas. The outer shell was represented as a flat section with
increase d thickness at each end ,es shown in Figu re 7. This specimen was used to demonstrate
fibe r reinforcemen t of the thin outer shell wall and fiber transition into the heavier sections
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where stuè will be placed. The dimensions of this specimen represent typical thin-wall casting

capabilities.

The outer rim/web/inner rim cross-section specimen (Figure 8) represents a major support

member of a sp iral bevel gear . The aim of this specimen was to demonstrate that fibers can be

cast into a specimen to provide continuous fiber flow from an inner member (bearing support)

• through a web and into the outer member (housing outer shell). A continuous flow of fiber

is essential to provide adequate stiffness and strength. Finally , the last specimens to be fabri-

cated as part of this program are shown in Figure 9. These specimens represent large cylindri-

cal shapes containing oriented fibers which represent the outer shell and bearing support areas

of a hel icopter transmission housing.

REINFORC~~~E~~ FIBER SELECTION

Descript ion

Fiber PP is an experimental continuous aluminum oxide fiber currently under development by

the Du Pont Compan y (Reference 4). In contrast to existing high-alumin a insulation fibers on

the market , Fiber FP is essentiall y 100-percent polycrystalline a-alumina at a purity of

greater than 99 percent AI2O3, fi red to a density of 98 percent of theoretical. The fiber is

• there fore inherentl y stable at elevated temperatures and is compatible with a variety of metal

systems. Fiber FP is a multifilanient yarn which offers flexibility and relative ease of handling.

In addition , the projected cost of the fibe r is competitive with graphite and is substantially

below that of large-diameter monofilaments of boron and silicon carbide, These features make

Fiber PP an excellent candidate for metal-matrix composite reinforcement. A typical 500-gram

bobbin of Fiber FP is shown in Figure 10.

A technique based on molten-metal infiltration has been developed for fabricating metal-matrix

composites with Fiber FP. The infiltration technique offers the potential for low cost and can

be extended to making large reinforced castings.

Room-Temperature Properties -

Fiber PP is experimentally produced as a continuous , polycrystalline a-A1203 yarn containing

210 filaments. Each filament is round in cross section with an average diameter of 20 microns.

The fiber purity is greater than 99-percent alumina and the density is 98 percent 0f theoretical.

Properties are summarized in Table 1. The tensile modulus of 34 5-379 GPa (50-5 5 x j~ 6 psi)

is considerably greater than alumina fibers which contain large amounts of silica or other

metal oxides.

4. Champion. A. R.. Krueger, W. H.. Hartmafln, H. S.. and Dhingra, A. K., FIBER FP REINFORCED METAL MATRIX

COMPOSITES, Second International Cont~rence on Composite Materiak, Toronto, Canada, April 1978.
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TABLE 1. FP FILAMENT PROPERTIES

Tensile Strength . a 200 ,000 psi~
Tensile Modulus , E 50-55 x io6 i,~i
Elongation to Break 0.4 perce nt

Density , p 3.95 gm/cc (0.143 lb/in .3)

• Melting Point 2 ,045°C (3,713°F)

Filament Diameter 20 ± 5 microns
Cross Section round
Filaments per Yarn 210

Specific Tensile 1.4 x io 6 in.
• Strength , a/p (3.56 x io 6 cm)

Specific Tensile 3.5 x 10 8 in. . -

I Modulus , E/p (8.89 x io8 cm)

- Oxidative Stability Room temperature strength• I unchanged after 300 hours
at 1,000°C.

* A silica-coated fiber with tensile strength of 275 ,000 psi is
available for resin and other nonmetal app lications.

1 k

I

Figure 10. Bobbin of Fiber FP Continuous Alumina Yarn.
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FihcrFP was primarily developed for metal reinforcement applications. Jr processing the
fibers , a small amount of silica coating is app lied to the fibe r primarily to aid in wetting by
molten metal during composite fabrication. Coating levels are of the order of O.20-0.25-per-
cent silicon as determined by atomic adsorption of an extrac t of the fiber. Using secondary
ion mass spectrometry (SIMS) techni ques, Prewo (Reference 5) estimates the thickness of the
silica coating to be approximately 50 angstroms. Typical filament strengths measured at
6.4-inm (0.25-in.) gage length average 1380-1500 MPa (200-220 ksi) prior to silica coating.
Coating with silica typically raises the strengt h level by 275-350 MPa (40-SO ksi). The exact
mechanism of the strengthening effect is not known . Du Pont believes that a partial healing of
surface flaws takes place through rounding off of crack tips. This strength increase, however,
is of practical usefulness only for resin applications of the fibe r, since the silica coating generally
reacts with molten metals and the strength of the fiber drops back to its uncoated level. For
this reason , Fiber PP strength is quoted in the uncoated condition. Typical stress-strain behavior
of PP fibers versus other commonly used reinforcing fibe rs is shown in Figure 11. In addition ,
the fiber strength at elevated temperatu res compared to other materials is shown in Figure 12.

Microstructure

The surface texture of Fiber FP shows the typical cobblestone appearance of glass-free poly-
crystalline alumina (Figure 13). There is no visual difference between silica-coated andf uncoated fiber , even at a magnification of 12,000 times. Fracture surfaces show typical ly
transgranular failure and it is difficult to locate fracture origins or to determine grain size
accurately. Grain size de termination is improved by thermal etching of the fracture surface,
but it is more accurate when fiber ends are first polished and then thermal l y etched to reveal
grain boundaries (Fi gure 14).

Recent Developments

t 
Fiber FP has the potential for higher strength than the current 1380 MPa (200 ksi) level used
in this program. Recentl y, fibers with an average tensile strengt h of 2000 MPa (300 ksi) prior
to silica coating have been demonstrated on a laboratory scale. This strength increase was
achieved without any sacrifice in modulus.

It also has been demonstrated that Fiber PP can be woven into two-dimensional fabrics. Since
the yarn is brittle it is necessary to overwrap the fiber with three to four wraps per inch of
50-denier rayon prior to weaving. Plain weaves, 8-, and 12-harness satin constructions have
been made.

• Woven fabric was not used in this program. Because of the variation of fiber orientations , the
fiber was used in sheet form consisting of unidirectional fibers. These sheets arc used to obtain
the desired fiber orientation and percent fiber volume for each specimen fabricated for this
program.

5. Prewo , K. M., Report R77-912245- 3, United Technologies Research Center , East Hartford, Conncctic t, May 1977.
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I’ES I SPECIMEN ANALYSIS

A SiguiIf ic ~ iit port ion ~1t h ’  work com p leted tU tile earl y phases of this contract was aimed at idt ’nt i
t~ tn~ b~ analy si s those areas of a tran smiss ion housing which , whe n selectively stiffened , would
resu lt in a r eduted aud ible  rr aiisiiiission h oist’ level. rhi s capability has been demonstrated alit1
suhs .anttate d by t est and is documented in Rekrt ’nces I and 2. In order to fu l l y  ut i l ize til ls
tCC!’noiogv. it iiec t ’ssarv not only rc~ develop the  hi gh- modulus materials and fabric at ion
tec h mque~. hut  also to demonstrat e th e app l icabili t y of available analyt ical  metho ds to these

i lat , ‘rials. A i ia l y t i c a l  technique ’s to t’har actcr i ,e’ th e s t ructural  behavior of these material s are’
hI eL’u~ss.trv to assist the  engineer ill designing .i f u t u r e  helicopt er transmission which incorp orates
th~: advanta ge ’s I~ selec tive st i f ten ing.

l’he mJ,or oh pet-ttve s of r h .  ana l~-ttca l ~ 01 t ion of this progr am were’ as follows:

1. To investi gate ’ the app l icabilit y oi ava il abl e ’ an a lytical  methods to pred ict the behavior of
Fiber F P/magnesium matr ix  lanhil ia t e ’s.

2. To analytical l y compare the strength and s t i f fness  characteristics of ’ the Fiber FP/mag-
nesium com posite specimens to the same characteristic s of specimens made entir e ly of
fll agfleSiuill .

3. To verify the results of ’ the a nal ytical investigation by compari son with experimental test
data an d to identi ty areas where the anal ysis may require improvement or special tech-
fliques to adequ ately model Fiber FP/n lagnesium composite behavior.

These obj ectives were met during th e ’ course of t il is program. The methodology used in t i tt ~
anal yses is identica l to that  documented in References I and 2. except that static -loadilIg coil-
ditions only were considered in this  program.

The anal yses of’ the various test specimens were approached ill tile following manner:

I .  Emp loy existing anal yt ical methods to calculate material propert ies for each of tile Fiber
FP/nlagnesiu m laminates comprising t llC composite test specimens.

2. Model and anal yze tile test specimens using tile finite-element technique. Input  material
property data calculated in first step . The finite-element model should endeavor to simu-
late the load ing conditions and fix ity of tile specimen exp erimental test configuration.

• 3. Model and anal yze baseline AZ9IC-T6 magnesium specimens for conlparison 0f strength
and stiffness characteristics with Fiber FP/magnesium specimens.

All i~ousitig component specimens were anal yzed using the same genera l computer approacil .
Firs t , the material properties for the Fiber FP/magnesium laminates conlpris ing the various
sections of tilt ’ composite specimens were computed USiIlg tile Point-Stress Laminate An al ys is
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(PSLA) computer program, Reference 6. This program accounts for the anisotrop ic character-istics of the composite by using the basic single-ply (lamina) material properties (Figur~ 15) tocalculate the equivalent pseudo-orthotropic material properties of the laminate . These ~nisotropicmaterial properties are then used in the NASTRAN analysis. Figure 16 illustrates the larninaor layer coordinate system (1-2) which is transformed to the laminate (X-Y) ax is systen~. Theangle 0 shown is the angle defini ng the orientation of the lamina material coordinate sys çemwith respect to the laminate coordinate system. The resultant forces and moments, repre~sent-ing a force system which is statically equivalent to the stress system acting on the lamina~te, are • 

- •also shown. This computer program may be used after the NASTRAN an alysis as a postprocessor to obtain interlaminar and laminar stresses. -
• 

-

The NASTRAN analysis of the test specimens considered only static loading conditions. Modelsof each specimen were developed with quadrilatera l elements. Material properties from the •PSLA computer program were input for the Fiber FP/magnesium specimens while AZ91C-T6material properties (Table 2)were input for the magnesium specimens (Reference 7).
The NASTRAN finite-element model of the outer-rim cross-section test specimen (SK27 376) isshown in Figure 17, The model consisted of 169 quadrilateral plate elements j oined at 207 gridpoints. In develop ing the model, advan tage was taken of the geometric symmetry of the specimen.Due to reflective symmetry about the horizontal and vertical centerlines of the specimen , onl y onequadrant of the specimen (with approp riate boundary conditions) need be modeled. Thestresses and displacements in the other three quadrants are reflections or mirror images ofthe single-quadrant model, This modeling technique reduces the number of elements requiredin the finite-element idealization , and hence decreases computing time. The boundary con-ditions compatible with the l/4-symmetry model are shown in Figure 18. NASTRAN anal yseswere performed with this model for both the magnesium and FP fiber-reinforced magnesiumspecimens. The composite material properties of the Fiber FP/magnesium laminate (±600/00/±600 fiber orientation) were developed with the PSLA computer program and subsequentl yinput into NASTRAN for the Fiber FP/magnesium finite-element analysis. Material prope rtiesof the AZ91C-T6 magnesium alloy were input for the finite-element analysis of the plain mag-nesium specimen. Figure 19 is a plot of the typ ical deformed shape due to load of the outer-rim cross-section test specimen. Note that , for purposes of visualization , the deformat ions onth e plot are shown to a greatly exaggerated scale.

The finite-element model of the outer rim/web/inner rim test specimen (SK27377) is shown •in Figure 20. The model consists of 167 quadrilateral plate-be nding/membran e elements con-nected at 175 grid points. This model was employed in the NASTRAN analysis for both thesingle-specimen test con figuration and the back-to-back test configuration; the back-ro-back con-• figuration used two specimen models. Both anal yses assume that the test specimens arerigidly fixed to the test fixture members at the fixture mounting points. Loads were app lied• through a rigid coup ling analogous to the test fixture center section. Stress and deflection data
6. Reed, 0,1.., POINT STRESS LAMINAT E ANALYSIS, Document FZM.5494, Advanced Composite Division, U.S. AirForce Material, Laboratory , Wright.Patter~on Air Force Base, Ohio, April 1970.
7. MIL- HDBK.5c, MILITARY STANDARDIZATION HANDBOOK, METALUC MATERIALS AND ELEMENTS FORAEROSPACE VEHICLE STRUCTURES. FSCI 560, Department of Defense, Washington, D.C., September 1976.
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Figure 15. Properties of PP/Magnesium Composites.
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Figure 17. Computer Model of Specimen 5K27376.
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Figure 18. Boundary Conditions for 1/4-Symmetry Computer Model.
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Figure 19. Elastic Deformation of Simulated Specimen 51(27376 Under Load.

FIgure 20. Undeformed Plot of NASTRAN Model of Test Specimen SK27377.
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was obtained for speciniens made from Fiber FP/magne sium composite and AZ9 I C i~~ mag-
nesium for the two test confi gurations . altho ug h onl y Fiber FP/ ma gnes ium specimen s were

• act uall y fabric ated and tested. This provides ior a comparison based on inialy t i ca l dat a between
the FP/magnc siutu composite and AZ9 iC-To magnesium test specimens. Figure 2 1 shows a
t~ pic.d deformed-shape plot of ’ the sing le-specimen test con hgurat ion . Figurt ’ 22 shows tv p leat
undt ’fortn e’d and deformed-shape plots of the two test specimen models in the back- to-b ack test.

The results and experimental  compar ison of the an aly sis  witi  be discussed in ,i subsequent
section of this report.

Figure 21. Deformed Plot of NASTRAN Model of Test Specimen SK27377.
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FIgure 22. ComposIte Specimens SK27377 Shown in the Back-to-Back Configuration.
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FABRICATION OF TEST SPECIMENS AND CASE SECTIONS

• The fabrication development portion of this program was directed to accomp lish two maj or
goals:

1. Develop a method and manufacturing process for the fabrication of test elements required
for test and evaluation.

2. Insure that the developed fabrication techniques are suitable for the production of full-
size, operational helicopter transmission housings at reasonable cost.

Although the benefits to be derived from a high-modulus reinforced case structure were identi-
fied more than 10 years ago, l ittle serious effort was made to fabricate monolithic case elements
because of the multitude of manufacturing steps involved and the manufacturing costs projected
for diffusion-bonded complex structures. Available boron and graph ite fibers and their pre-
cursor forms such as multifilament wire or diffusion-bonded sheet materials were also investigated
with little success.

The direct-casting process seemed to be the most practical means of producing helicopter trans-
mission case structures, but no reliable , practical means of accomp lishing th is was found. The
direct-cast ing process envisioned required a fiber which was stable at the temperatures of molten
magnesium or aluminum.

Recently, the Du Pont Company has developed a process involving a casting technique based on
liquid-metal infiltration and has used this method to fabricate test bars and flat specimens made
from aluminum or magnesium reinforced with FP fibers. In addition , th is concept has been
coupled to a Boeing Vertol-developed fiber laminating and forming techni que to provide the
technology needed to produce the test specimens fabricated under this contract.

The maj or effort to date has focused on Fiber FP reinforcement of aluminum and magnesium,
since fiber incorporation would be expected to greatly improve the stiffness , high-temperature
strength , and strength-to-density ratio of these already commercially significant lightweight
engineering materials. In order to produce void-free composites with attractive mechanical prop-
erties by a molten-metal infiltration process , the metal must wet the fiber and form a strong
fiber/matrix bond. Magnesium and its alloys satisfy these conditions with Fiber FP, and FP/
magnesium composites containing up to 70 percent fibers by volume have been prepared.

VACUUM INFILTRATION PROCESS

A flow chart for the vacuum metal infiltration technique used to prepare FP/metal composites
is shown in Figures 23 and 24. As the firs t step, FP yarn is made into a handleable FP tape with
a fugitive organic binder in a manner similar to producing a resin-matrix composite prepreg.
Fiber FP tapes are laid up in the desired orientation , fiber volume loading, and shape , and
are then inserted into a casting mold of steel or other suitable material . The fugitive organic
binder is burned away, and the mold is infiltrated with molten metal . While there are numerous
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methods for infil trating the metal into the FP fiber preform assembl y, the best cast ings in terms
0f soundness and m echanical properties have been obtained by preevacuating and prehea r ing
the mold assembly prior to introducing the molten metal.

PREFORM PREPARATiON

Prior to casting the test specimens, a series of steps must be taken in order to prepar e a preform
of the test specimen which contains the fibers with predetermined orientation. Simple flat
sheets or plates are made by cutting, lay ing up, and hot-press compacting the fibers into pie-
form material in a manner analogous to conventional epoxy lam inates. Complex-sha pe fiber
laminates or preforms are fabricated by the techniques shown in Figure 24 , steps 1 throug h 7.

The process used in this program to prepare the preforms for casting t ivolves t he modification
of the FP fiber sheet material made in step 1 by the addition of a volatile , ash-free orga nic

• material to improve the flexibility and adhesive tack of the fiber sheet. These sheets can be cut
into tape and various p ly patterns can be developed and preshaped to fit the test specimen
shape and then tacked in place usiti; moderate heat and pressure , in a manner again similar to
that used for the fabrication of organic resin components (step 3). For simple shapes such as a
cy linder , the completed preform is then installed into the outer shell of the casting mold , as

shown in step 4. A vacuum bleeder bag is then installed and the preform is compacted and ad-
hesivel y tacked together , as shown in steps 5 and 6. After the complet ion of step 6, the pre-
form may be stored or moved directl y to the casring area. At the casting area , the preform is
inserted into the casting mold (step 8) where the binder is burned out (step 9) and the casting
operation is conducted (step 10). After casting and cooling, the mold is removed and the test
specimen is complete except for the removal of excess material.

Some of the key steps in the preparation of the FP fiber preforms for a cy lindrical shape arc
shown in the following photographs. The step numbers refer to Figure 24.

• Step 2 — Sheet material is slit to size (Figure 25).

• Step 3 -- Preform pattern is developed and a binder added to improve shee t flexibil ity
and tack.

• Step 4 — The preform is installed into the casting mold (outer shell only) prior to
pressure compaction (100 psi) at elevated temperatures (350°F) (Figure 26).

• Step 7 — The vacuum bag is removed and the pre form is complete and ready for cast-

ing. The completed stable outer cylinder preform is shown in Figu re 27.

• The most complex preform developed in the program was the preform for the outer rim/web!
inner rim cross section composite (SK27 377). The fiui al preform which was used to cast this
specimen was composed of six individual preforms. Figure 28 shows the various steps required
to prepare the preform. Shown in this figure are the preform dies which are used to lay up the
fiber into desired shapes~ the individual preforms , and the casting mold into which the preforms
are inserted to form the final shape of the test specimen. Figure 29 shows a polished cross section
at the flange/web jo int of a final cast specimen.
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Figure 26. Preform Installed Into Casting Mold.
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Figure 27. Fiber FP/Rhoplex Binder Preform for Outer Shell Composite Component.
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TEST SPECIMEN FABRICATI ON METAL INFILTRATION

~~~ test specimens fabr icated for t his pr~~ram have been identifie d as SK27 37 6, outer n u n
cross section; SK27377 . outer rim/web/inner rim cross section; and SK27378 , outer rim , web,
and inner rim components. Table 3 provides a summary of the components and material s used
to fabricate the test specimens. The test specimens and their relationship to the end item case

• are showii in Figu re 30.

TABLE 3. PROC RAM TEST SPECIMENS

Drawing Numbe r of
Number Specimens Descri ption Materi al

SK27376- 1 I Outer rim cross Magnesium allo~
section plus FP fibers ’

SK273 76- 2 1 Outer rim cross AZ9IC magnesium
section alloy, T6 heat

treatment
SK27377 2 2 Outer rim/web! Magnesium alloy

inner rim cross pl us FP fIbers ’
section composite

SK2T’378-4 I Outer rim Magnesium alloy
pl us FP fibers ’

SK2 7378 - 5 2 Web Magnesium atiov
plus FP fibers ’

SK2737$ t~ I Inner rim Magnesium alloy
pl us FP fibers ’

‘FP fIber — 20-micron nomin al d i atu t e t er , 200 ksi ultimate tensile strength minimum

The outer rim cross seetton ~SK2’37ti ~ was the first specimen to he comp leted. A flat preform
of t he ±600/00/±600 fib er Ia\ -up was inserted into a metal mold th at  represent ed the outer rim
cross section of a typ ical helicopter transmission housing. No attem pt was made to add ad-

• dit *o n~l fibers in the flange or stud area at either end of this specimen. The first test specimen
to be fabricated indicated that the fiber ’s vol ume expanded (Fi gure 31) in the end areas ~hir ing
the burn out 0f the fug itive organic hinder.

The casting mold which was used to fabricate this specimen is shown in Figure 32. The length
• of the mold was increased to 11.5 inches to provide room f~ r gat ing and a material reservoir

• (riser) for cooling. The mold had one in let port and one vacuum line with a compression fi t t ing
on either end of the specimen. This proc edure had been prey iouslv used to fabricate standard -

fi at-p late specimens. A schematic diagram of the molten-metal  inf i l t ra t ion  process used to lab-
ncate all test specimens is shown in Figure 33.
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Figure 31. Fiber FP/Magnesium Outer-Rim Cross-Section Specimen.
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Figure 32. Mold Design and Insulation Techni que for Preparation of Outer-Rim Cross.Section Specimen and Composite as Cast.
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CASTING SEQUENCE
• PREHEATING OF MOLD (STEP 9, FIGURE 24)
• CASTING/INFILTRATION OF MOLTEN METAL (STEP 10. FIGURE 24)
• PROGRESSIVE SOLIDIFICATION

FIgure 33. Fabrication of Fiber-Reinforced Metal Castin~ Via Molten-Metal
Infiltration Technique.
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It should be noted that the casting mold should be properl y des igned with an a.dequate gat ing
system and rise r in order to prevent fiber damage or distortion during casting. Results of the
testing and visual examination of the first test specimen after test revealed that the gating pro-
cedure used to fabricate the outer rim cross section (SK27376) may have resulted in distortion
of t he fiber in the center portion 0f the specimen during the metal infiltration process. Further
information and descri ption are provided in a later section of this report.

After water cooling of the specimen . the casting was removed from the steel mold and the ends
(gating and risers ’~ were cut off to obtai n an 8-inch-long test specimen as shown in Figure 31.
Visual observation of the test specimen indicated that  a good quality test item was obtained.

The operations involved in the molten-metal infiltration are shown as steps 8. 9. and 10 in the
process schematic shown in Figure 24. As described for the outer rim cross section . similar
tooling and infiltrat ion techni ques were used for the fabrication of all the test specimens
quired for this program. Two different filling techni ques were used, depending upon the type
of spec imen being cast. The two methods used were remote filling and immersion filling . For
simp le specimens such as flat plates or the outer rim cross section (SK27376) , either techni que
can be used. In the remote filling techni que shown in Figure 33. the upper portions of the mold
are insulated with a refractory fIber blanket which serves to maintain the casting area at molten-
metal temper ature while the gate and inlet tube areas are immersed in the molten t iller metal.

The alternative techni que is to simp ly immerse the entire mold within the molten-metal bath
after the fiber binder burnout is complete. The remote filling techni que described in the
previous paragraph is the most pract ical method for casting larger . more comple x configurations.
This process was used for the fabricat ion of the large 12-inch-diameter outer case shell com-
ponent. Figu res 34 and 35 show the molds of two test specimens after casting.

CU VFING AND MACH INLN G TECHNIQUES

Although a near-net-shape casting process is envisioned for production operations , some cutting.
machining, and drilling operations will still be required to produce a final finished part . Gasket
sealing surfaces and bearing bores will uieed to he machined to final dimensions. Gates and
riser areas will have to be cut away . Holes will have to he drilled and tapped for oil passages,
j et nozzle installations , and accessory mounting.

The aluminum oxide FP fiber is hard , has a h igh mod ulus, and should show abrasive characteri s-
tics and resultin g hi gh tool wear. For this reason it was expected that diamond-ed ge tools
would be required . along with cutt ing and machinin g method s previously developed for boron-
fiber-reinforced components.

Diamond-coated circular saws were used to cut off heavy or thick gate and riser areas because
the y were available and known to give a good surface finish.
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Figure 34. SK27377 Specimen Mold After Casting.

I

Figure 35. SK27378-4 Specimen Mold After Casting and as-Cast Specimen Removed

From Mold.
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Drillin g was accomp lished with carbide-ti pped twist drills , with accepta ble hu le fInish.  Lath e
tur n machinin g was accomp lished with carbide-ti pped tools, with excellent re sult s. A con-
tinuous chi p was formed and the material appeared to machine similar to a luminum.  The
mach ined surface had a bri ght , smooth , metall ic finish with no visual evidence of fiber fractur e
or tear-out.

SEWNOARY JOININ G OF CASE SECTION COMPONENT S

Due to the comp le xit y of casting the simulated bevel gear support structure as a one-p iece unit
reinforced with Fiber FP , the program was directed toward the fabrication of several major
components (outer rim , inner rim , and webs) and the use of secondary m ining techni ques to
form a final assem bl y as shown in Figure 36. The fabrication of the individu al components was
successfully comp lete d as stated previousl y . But before the final j oining of th e components.
several tests were conducted to investi gate various secondary j oining methods. The results of
t hese tests , wh ich will be briefly discussed later , indicated that  additional work would be re-
quired before an acceptable and adequate joining procedure could be developed. Therefore the
four components which made up the fiui a l housing assembl y were not j oined at this time.

Limited exp loratory efforts were made within the cost constraints of this program to determine
the feas ibility of joining the transmission case components by state-of-the-ar t welding techni-
ques. Due to fiber discontinuit y across such joints , their use as a primary loa d path was thus
precluded . However , the use of welding for at tach ment of equi pment brackets , metallic tubular
oil lines or passages. and the repair of porosity or voids in nonstructural areas was a valid reason
for pursuing this limited evaluation. -

- 
• in itial attempts used electron-beam and laser welding equi pment to determine the effect of h igh-

energy impingement on aluminum oxide Fiber FP-reinforced magnesium specimens. Penetra-
tion of the material was easily achieved , as shown in Figu re 37. However , cha racteristic
molten-metal flow and refilling of the area behind the heat zone did not occur as is the case
with conventional metal alloys . One theory for th is difference in behavior is that the aluminum
oxide fiber vaporizes and mechanicall y blows the molten magnesium out of the weld zone.

These results indicated that structural welds in which inciting and fusion of the material to be
j oined created a deep penetration weld were not practical with the equi pment available.

As a result , further efforts were directed at brazing or fillet weld j oining with lower-energy heat
sources. Initial trials of an aluminum-zinc soldering techni que with a conventional oxygen-
acety lene torch indicated that the material was amenable to such an approach. T-j oints were
formed by mechanically scrubbing the solder on the surfaces to be joined at low heat. This
techni que caused a wetting of the plate surface by the solder and was followed by the buildup
of sizable fillets of the solder materi al. When the specimens were broken by bending, cast
magnesium and fiber were torn out of the plate over much of the soldered area. Further work
with surface cleaning and fluxin g techni ques could result in a usable soldering method.
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Figure 37. Penetration of FP/Magnesium by Electron-Beam Welding.
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Another approach tried was the use 0f magnesium wire and an inert-gas-shielded arc torch.
This techni que also produced a suitable fiHet j oint.

However , none of the techniques described produced any metallurgical joining of the specimens
in areas where the fiber ends werv exposed , as shown in Figure 38.

To achieve a better metallurgical j oint , a plasma-arc metal-spray techni que was used to coat the
fiber-filled magnesium specimen. It was expected that the deposited aluminum would protect
the exposed fiber ends and aid in achieving wetting across the jou it surface during the initial

ti torch braz ing operation. Figure 39 shows the results of thi s approach. Partial success was
obta ined , as can be seen in the photograp h , with good adh esion of the flame-sprayed metal to

the machined specimen edge and partial fusion of the two flame-sprayed surfaces.

The results of these preliminary tests indicate that welding techniques are feasible and f urth er
development should he pursued in order to demonstrate practical secondary structural j oining
and repair techni ques.
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Figure 39. Photo grap h of Test Weld.
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EXPERIMENTAL PROG RAM

A series of five tests was conducted to evaluate the material properties of the FP/magnesium
metal matrix and to provide test data to compare with analyt ical data. Table 4 provides a
summary of the tests conducted. All testing was conducted on either a 60-kip or 120-ki p uni-
versal test machine located in the Boeing Vertol engineering test laboratory .

The first test conducted was that of the SK27376 outer-rim cross-section test specimen. The
specimen was mounted in specially designed grips with a filler material to insure uniform con-
tact across the grip area, as shown in Figure 40. These special grips were required because of
the th ickened ends of the test specimen. This additional material was cast into the specimen
to simulate the area of a transmission housing where studs would be installed. Fabrication of
the test sp ecimen did prove that the fibers could be dispersed in this area to provide a good
material structure for the insertion of studs, but the shape created problems in providing a good
grip on the test specimen without causing a moment load.

The specimen was strain-gaged on both sides of the flat section in the center; it was then
mounted into the 120-ki p universal test machine for tension loading, as shown in Figure 41.
Two X-Y plotters were set up to record strain versus load and extension versus load. An ex-
tensiometer was mounted along the edge of the test spec imen.

—
Two tests were conducted using this setup. The first test was run with an SK27376-1 test speci-
men which contained FP fibers in a magnesium matrix. The second test used a similar specimen
(SK27376-2) except that it was fabricated from standard AZ91C magnesium alloy with a T6
heat treatment. The standard magnesium specimen represented a baseline for evaluating the
FP-reinforced specimens. The results of these first two tests are shown in Table 5. Both speci-
mens failed through a set of five 1/4-inch-diameter holes which were drilled into the specimen
for the test grips, as shown in Figures 42 and 43. Because of the holes in the specimen , ultimate
failure strains were not obtained for either material . Review of the test data indicates that

• - an elastic modulus of 6.3 x io6 was obtained for the AZ91C-T6 material and an elastic modu-
lus of 20.7 x io6 was obtained for the FP-reinforced magnesium specimen. This represents an
increase in modulus of more than three times,

Visual examination of the fracture surface of the fiber-reinforced test specimen indicated a
noticeable difference in material appearance from the center of the specimen to either side , as
shown in Figure 42. At approximately one-third of the distance in from each side the materia l• showed a distinct layer buildup of the ±60 °I0°/ 60° fibers . In the center third of the specimen
the layers were not obvious . The specimen was returned to the Du Pont Pioneering and Textile
Research Center in Wilmington , Delaware , for a more detailed examination of the material. The
results of this examination indicated that the fibers in the center section of this test specimen were
disorganized and many of them were broken , as shown in Figure 44. The fibers at the outer
third of the specimen appeared normal and were properl y aligned. Additional cuts made on
this specimen indicated that the fibers in the center were damaged for most of the length of
the specimen .
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Figure 40. Test Setup for Outer Rim Cross Section.
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Figure 43. Outer-Rim Cross-Section Baseline Specimen SK27376-2 After Test.
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The results of this examination indicate that the fibers may have been damaged during the
casting process. It appears that the flow of molten magnesium into the center of the specimen
produced the breaking and disorganizing of the center fibers. It also appears that the gating
used to cast this specimen was not adequate to reduce the velocity of the molten magnesium to
prevent this type of damage . The outer fibers were not affected by this condition .

The effect of the broken fibers on the material properties of the outer rim test specimen could
not be determmed from the test data. Therefore , two additional flat specimens were fabricated -

with a fiber orientation of ±600/00/±600 and a thickness that represented the flat wall section
of the SK27376 specimen. The specimens fabricated were 1 by 0.26 by 8 inches and did not
have any holes or other unusual features. The coupons were mounted in standard friction gr ipsin a 60-kip universal test machine for tensile loading. A dial indicator was used to measure the
crosshead travel and strain data was recorded incrementally during the loading sequence. A
total of two specimens were tested under this condition.

The results of these tests are summarized in Table 6. The mechanical properties determined
by test correlated very closely with the predicted values. An elastic modulus of 18.3 x io 6
psi was achieved on these specimens, which is approximatel y th ree times that of stan dard mag-
nesium alloy. The test coupon after test is shown in Figure 45.

The final series of tests conducted involved the use of the outer rim/web/inner rim test speci-
men. Two tests were conducted , the first using two specimens in a back-to-back setup and the
final test incorporating only a single specimen. Figure 46 shows the test setup to simulate the
conditions expected fo1 the bearing support of the spiral bevel gear of the C1-I-47C forward
transmission. The load app lied to the test specimens was equivalent to a thrust and moment
overload produced by the bearing reacting to the gear loads, as shown in Figure 47.

A test fixture was fabricated as shown in Figure 48. The fixture was initially used to support
two SK 27377 specimens. The large endface of each specimen was mounted to the outboard
sides of the fixture representing the outer wall of the housing and the two smaller endfaces
of the specimen were clamped together to a simulated bearing supporting the sp iral bevel gear.Each specimen was strain-gaged at critical areas and dial indicators were also used to record
specimen deflections under load, as shown in Figure 46. A total of 12 strain gages and 6 dial
indicators were installed on the specimens.

Initiall y, the test specimens (SK27377) were supplied in an as-cast condition. First attempts
to place the specimens into the test fixture indicated that the uneven face surfaces would re-
suit in high induced stresses by clamping the specimen to the fixture. The specimens were re-moved and the endfaces of each specimen were machined parallel to fit into the test fixture.
The specimens were reinstalled in the fixture and clamped. During this operation , extensive
effort was made to avoid straining the specimens by shimming each clamp plate while clamp ingthem to the fixture. Many attempts were made until a reasonable zero reading was obtained
on all strain gages.
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Figure 45. ±600/00/±600 FP/Magnesium Coupon After Tension Test.
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The test fixture with specimens installed was placed into a 120-ki p universal test machine , as
C shown in Figure 49. A loading rod was placed into the fixture offset from the centerline by

one inch. A downward load on this rod produced the desired thrust and moment load which
simulated the bearing reaction loads. Figure 50 shows the test assembly mounted in the test

rig with dial indicators and strain gages. The specimens were incrementally loaded to a maximum

of 5,000 pounds thrust and 5,000 in.-lb moment and deflection and strain data was recorded.

- - The strain and deflection data taken during this test is shown in Table 7.

The final test conducted was that of a single SK27377-2 test specimen loaded by a combination
shear and moment as shown in Figure 51. The specimen was mounted in the same test fixture -

except that one specimen was removed from the setup. This test was conducted to achieve an
ultimate failure of the SK27377-2 test specimen. The test fixture with the single specimen in-

• stalled is shown in Figure 52. The test load was to be increased in 100-pound increments until
the specimen could not support the applied load. Strain gages and dial indicators were used to
record the strain and deflection of the test specimen. As the load was being increased from
300 to 400 pounds, an audible report was heard and a visible crack was noted at one end of
the specimen web section (strain gage no. 5, tension side). As a result of this , the next load
increments were decreased to 25 pounds and the test was continued. A second audible report
was heard when the load was increased to 475 pounds and the crack progressed across the web
to gage no. 6. The crack appeared only on the tension side of the web member and the speci-
men continued to carry the applied load. Application of the load continued until a total of C

525 pounds was applied, at which time an ultimate-type failure occurred. The crack appeared
on both sides of the web but did not result in a total separation of the specimen. A complete
record of strain and deflection data for this test is shown in Table 8.

The two specimens used in the final two tests are shown in Figure 53 after completion of the
test. A crack can be seen on the web section of the left specimen in this figure . Detailed
photographs of the crack on both sides of the web are shown in Figures 54 and 55. The crack
initiated in the area expected and progressed through four strain gages. The failed specimen
was returned to the Du Pont Company for further analysis of the fracture surface.

The specimen was separated at the fracture surface and one-half of the specimen is shown in
Figure 56. A visual examination of this surface indicated that all the fiber plies were properly
aligned and there was no indication of fiber breakage or disorientation as noted in the

• SK27 376 specimen. A section was cut out of the web and polished to observe the fiber
distribution ; a photograph of this section is shown in Figure 57. The figure shows that a
good distribution of fibers was achieved. This examination established that the pre forms
developed in this program to achieve a continuous flow of fibe rs from the outer rim to the
inner rim can produce a good structure using vacuum-metal-infiltration casting techniques.
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Figure 54. Crack Through Strain Gages 5 and 6 on Tension Side of Web.
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78



~~~~~~~ 
‘

~~~~

SEE FIGURE 57
FOR ENLARGEMEN T
OF THIS ARE A

- 
- 

‘ CC - 

--

s’,, ~

‘ - -
I

- 
.

‘- -C “C
- 

~~~~
_
~
-
~~~~~;

Figure 56. Fracture Surface of Specimen SK27377.

79

—
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



WEB TOP
________ 

SURFACE

I 
_

~~~~~~~~~~~~~~~~~

~~‘ : ‘ ‘~~~ ~
- -. ‘.C.-~~~~~~~~ -- 

~~~~~~~~~ ~.‘.

- •
~ ( - .

~ ‘ •
.

• 
I 

-

~~~~~~~~~~~~~~~~ 
~~l5

- 
I 

- 
- 

-~~~~~~ “ 0 
- -‘s.-

~~~~~~~ ~

- 

C~~~~ 

U 

C . —

- . - 

C. . 
±60°

~~~~~~~~~~~~~~~~~~~~~~~~ 
- .k

- C 
~~~~~~~ 

t1 ’- -~
I’ 

. 

—

00

p600

0°

WEB BOTTOM
SURFACE

Figure 57. Micrograph of Po’ished Section of Web Specimen.

80

‘ C— — - -



— -

TEST RESULTS

-
• 

This section presents the results of the transmission housing component specimen rests as well
as the correlation with the test specimen finite-element anal%ses. The strength and stiffness
characte ristics of the Fiber FP/magnesium specimens are compare d to those of the AZ9 1C-T6
magnesium alloy specimens. The results of the test specimen analyses are discussed in relation
to the ex perimental data.

TENSIO N SPEC IMEN TEST AND ANALYTI CAL RESULT S

The Fibe r FP/magnesium outer-rim cross-section specimen (SK27376-1) was tested to failure in
the confi guration shown in Figure 40. Failure occurred through the row of 1/4-inch bolt holes;th e fracture location and surface are shown in Figure 42. Strain measurements were obtainedfrom four strain gages (two each side) located in the center of the specimen. One gage on eachside of the specimen measured longitudinal strai n , along the loading axis and colinear with the
laminate reference axis. The other gage on each side measured transverse strai n , perpendicular
to the longitudinal direction. Figure 58 is a plot of the reduced dat a from this test.

• Because the strain-ga ge readings from the SK27376-l specimen test do not reflect the strains atthe failure location , a second test was run to accuratel y dete rmine the failure strains. This test
specimen (Du Pont 7674-4-I) is a representation of the outer rim wall and is of the same material

• and layup confi guration (±60 0/00/±600) as the thin section of the SK27376-l specimen. This
• specimen was strain-gaged (longitudinal and transverse gages each side) and loaded incremental lyto failure. The reduced data from this test is presented in Figure 59, where app lied load versusaverage strai n is plotted. Load-versus-strain results from the Poin t Stress Laminate Anal ysiscomputer program are shown as dashed lines in Figure 59.

The AZ9IC-T6 magnesium alloy outer-rim cross-section specimen (SK27376-2) was tested to
failure in a con figu ration identical to that of the SK27376-l specimen. The reduced data from
this test is presented in Figure 60.

The results of the NASTRA N finite-element analyses for the SK27376-1 and SK27376-2
specimens are shown as dashed lines in Figures 58 and 60. These strain-versus-load relation shipsrepresent the strains at the specimen strain-gage locations as derived from the NASTRANoutput.

To compare the material behavior on a more unified basis, the test restilts have been presented as
plots of calculated stress at the gage locations versus strain. Figure 61 shows a stress-versus-strain plot for the FP/magnesium ±600/00/±600 laminate specimens and Figure 62 shows thestress-versus-strai n behavior for the AZ9IC rest specimen. Note that a typ ical stress-versus-
strain curve , as published in Reference 7, has been superimposed on the test data in Figure 62for comparison with predicted values. Also show n in Figu re 61 is the maximum stress level
at the failure load and location (1/4-inch-diameter holes) predicted by the NAST RAN anal ysisfor specimen SK27376- 1. The Fiber FP/magnesium material properties data for the ±60°I0°/ ±60°
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laminate was generated by the Point Stress Laminate Analysis computer program described in a
previou s section of this report. This material properties data was used by the NASTRAN
finite -element analyses to calculate the specimen stress and strain data. For the AZ9IC-T6magnesium alloy specimen analysis, material properties were obtained from Reference 7. A
comparison of these published values with the PP/magnesium composite material properties isgiven in Table 9.

TABLE 9. PREDICFED AND EXPERIMENTA L MECHANICAL
PROPERTIES OF AZ91C-T6 MAGNESIUM AND
FP /MAGNESIUM COMPOSITE ±60°/0°/±60°
LAMINAT E CONFIGURATI ON

AZ9IC-T6 Predicted From• Property Reference 7 by Analysis Test

Elastic Modulus (Avg), Longitudinal 6.5 x io 6 psi 19.6 x lO 6psi 20.7 x lO 6psi
Poisson ’s Ratio (Avg), Longitudinal 0.35 0.26 0.24
Longitudinal Ultimate Strengt h (Nominal) 17—35 ksi 25.7 ksi 24.0 ksi

-
Ii

Agreement between the SK27376-1 and 7674-4-I specimen test data seems quite good , as• evidenced by the plots in this section . These results also agree with the analytical results inf  the strain region where material behavior is linear in nature . The Point Stress Laminate Anal ysis
and NASTRAN analyt ic methodologies presuppose linear material behavior. Indeed , transmission• design allowable stresses for continuous operation are generally well below the y ield stress range,
as shown in Figure 62. A comparison of the material properties shown in Table 9 indicates
that the longitudinal elastic modulus for the FP/magnesium composite is approximatel y th ree
times that of the AZ91C-T6 alloy. This represents a threefold increase in stiffness over the
AZ91C-T6 and consequentl y a threefold decrease in deflection for a given stress for the

• FP/magnesium composite. Agreement between analyt ical and experimental properties is on
the order of 5 to 8 percent. The analyt ical load-versus-strain data correlates well with the data
from specimen testing.
OUTER RIM /WEB/INNER RIM TEST AND ANALYTI CAL RESULTS
The FP/magnesium SK27377-2 outer rim/web/inner rim section specimen was tested in two
confi gurations. In the first test , two SK27377-2 specimens were tested in a back-to-back
arrangement analogous to the cylindrical inner rim/web/outer rim of the bevel gear bearing
support structure. An offset load was app lied to the test fixture to simulate the bearing thrust
and moment resultants as shown previously in Figure 46. Load was app lied incrementall y to5,000 pounds , with longitudinal strains measured at each load level. The 5,000-pound offsetload produces an equivalent 5,000-pound thrust and 5~000-inch-pound overturning moment atthe simulated support bearing location. These load values are approximatel y twice the actual
support bearing loads for the CH-47C transmission operating at 100-percent rated power.
Furthermore , the width of the test specimens is onl y 64 percent of the minimum web section
width for the CH-47C bearing support webs. This would indicate that test specimen stress levels
are even higher than the doubled rated load condition imp lies. The sketch in Figure 63 shows
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the geometric relationshi p between specimens and load as well as the location and numbering
of the Strain gages. The reduced data from this test is presented in the form of plots (Figure 64)
showing average measured strain versus applied load; also contained in these figures are curves
showing the results of the NASTRAN analyses performed for this test configuration. The
anal ytical strain-versus-applied-load behavior in the web region of the FP/magnesium SK27377
specimens is indicated. The specimens were also analyzed as if they were fabricated from
AZ91C-T6 magnesium alloy. Although no outer rim/web/inner rim AZ91C alloy specimens
were tested, the analyt ical data is also include d in Figure 64 for purposes of comparison.

Deflections of the loading fi xture center section were also measured during the back-to-back
specimen test. These deflections represent displace ments and rotations of the specimen ’s inner
rim flanges. The plots presented in Figure 65 show the measured average vertical displacements
and rotations of the fixture center section as a function of load. For comparison , analyt ical
data representing the displacements and rotation s of hypothetical AZ91C-T6 specimens is included.

The second outer rim/web/inner rim cross section specimen test consisted of subjecting a single

• specimen (SK27377-2) to loading conditions as shown in Figure 66. In this setup the specimen
was loaded incrementally until failure. Failure was initiated at a load level of approximatel y
350 pounds and was characterized by an audible report and a small crack in the area of strain •
gage 5. The specimen , however , continued to carry load. Testing was continued and the load
was increased until ultimate failure occurred at 525 pounds. A plot of strain gage readings is

.4 shown in Figure 67. This figure also shows the NASTRAN strain-versus-load data for
FP/magnesium and AZ91C-T6 magnesium alloy analysis. Figure 68 contains measured and

• analytical AZ91C-T6 displacement and rotation versus load data for the single-specimen test
confi guration.

The material property data used in the analyses of the composite specimens was generated by
the Point Stress Laminate Analysis computer program . AZ9IC-T6 properties were taken from
Reference 7. The complexity of the test specimen geometry and loading conditions precludes
verification of predicted outer rim/web/inner rim laminate material properties on other than a
comparative basis. The correlation between analyt ical and experimental results seems reasonable ,
especially for the single-specimen test where the comp lexities of load paths are less likely to
obscure the material characteristics. Table 10 presents the material properties used in the

• analysis of the outer rim/web/inner rim test specimens.

TABLE 10. COMPARISON OF FP /MAGNES IUM AND AZ91C-T6 MATER IAL
• PROPERTIES FOR OUTER RIM /WEB ! INNER RI M SPECIMENS

FP/Mag
AZ9 iC-To Outer and FPIMag

Property Reference 7 Inner Rim Web

Longitudinal Elastic Modulus 6.5 x 106 psi 20.6 x 106 psi 22.7 x io6 
~~~

Transverse Elastic Modulus 6.5 x 106 psi 19.2 x 106 psi 18.3 x io 6 psi
Poisson’s Ratio 0.35 0.26 0.25
Ultimate Tensile Strengt h (Long.) 17—35 ksi 31.4 ksi 42.8 ksi •
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The analytical strain-versus-load data is in general agreement with the experimental results . The
back-to-back test and analytical results in Figure 64 display nearly linear strain-load behavior.
This is expected for data in the relatively low strain region where material characteristics are
linear. It should be noted that in the analyses no attempt was made to model the stress riser
effect at the specimen web-rim intersection. Strains , however , were monitore d during the test
at these fillet locations to investigate the effects of the stress concentration and to detect any
tendency for the composite to delaminate in these areas; no such tendencies werç noted. A
comparison of analytical results for FP/magnesium and AZ91C-T6 specimens indicates a strain-
to-load ratio approximatel y 3.5 times greater for AZ91C-T6 than that of the FP/magnesium.
This implies th at the deflections for the AZ91C-T6 specimen would be greater than the FP/
magnesium specimen by approx imately the same ratio, indeed , the anal yt ical displacements
reflected a 3.4 times increase for the AZ91C-T6 specimen over the FP/magnesium specimen.
This ratio was applied to the measured FP/magnesium back-to-back configu ration deflections
and rotations and was plotted as dashed lines in Figure 65. The stiffening provided by
FP/magnesium composites would have a pronounced effect on the vibrational characteristics of
a structure . The strain-gage data in the lower plot of Figure 64 indicates that a slight twisting ;

- - of the specimen web section occurred as load was applied. This twisting s seen as a slight
di fference in gage readings between gages located on opposite sides of the specimen centerline,
gages I and 2 on specimen 2 , for example.

FP/magnesium experimental and analytical data in Figure 67 for the single-specimen test
correlates well . The slight deviation from linear behavior can be attributed to material
nonlinearities. Again , web-rim fillet effects were not modeled. Note the apparent lack of
responsc. for gages 7 and 8. The analytical results for an AZ91C-T6 specimen indicate a sub-
stantial increase in strain-to-load ratio. The predicted ultimate strain for the web section agrees
closely with the measured value at failure. The displacement and rotation versus load plots in
Figure 68 exhibit the same tendencies discussed previousl y in relation to the back-to-back
testing.

The predicted material propert ies for the FF1 magnesium laminates comprising the SK27377
spec imens have provided reasonable correlation between analyt ical and experimenta l data.
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CONCL USION S

The analytical and fabrication technology developed for comp lex metaI-matr~ structures madefrom Fiber FP-reinforced cast magnesium has been demonstrated successfull y in this program.This progress offers considerable encouragement for the full-scale development , fabrication , andevaluation of a metal-matrix composite helicopter main transmission housing.

The following specific conclusions have been reached as a result of this program:

• It is possible to construct a finite-element model (NASTRAN) of composite structureelements fro m engineering drawings and available material properties. The model pre-dicts stresses and strains which correlate with experimentall y measured values.

• The analysis indicates that composite metal-matrix materials (Fiber FP/magnesium) can• be effectivel y employed to selectivel y stiffen a helicopter main transmission housing .

• The manufacturing technology necessary to fabricate a comp lex metal-matrix structureusing Fiber PP and a magnesium alloy has been demonstrated, Procedures for develop-ing preforms of Fiber FP and the use of vacuum-metal, infiltration techniques have alsobeen proven.

• Good manufacturing quality of cast magnesium reinforced with Fiber FP has beendemonstrated.

• Structural ly sound test specimens representing various critical elements of a transmis-sion housing have been fabricated from Fiber FP/magnesium and tested to evaluate thematerial properties under simulated load conditions.
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RECOMMENDATiONS

Based on the results of this program, it is recommended that the following specific items be
considered for future investigation:

• Additional work is required to provide an adequate data bank on the properties of
Fiber FP/magnesium composites. This information should precede the development
of a production helicopter main transmission housing. Several areas to be investigated
are the following:

— Compatible alloy selection

— Thermd processing

— Gating and filling techniques

— Fatigue and fracture toughness properties

— Installation of stud inserts

— Material properties at elevated temperatures

• The development of a monolithic investment-casting technology for large, complex
structures using continuous, one-piece fiber preforms should be investigated. This
technology would result in high j oint efficiency, minimum machining, and a single-step
casting process. Methods of providing preselected f iber orientation and location in a
casting must also be developed.

• Development of ceramic shell-casting techniques is required to replace the presently
used metallic expendable tooling. This new technology will be needed to cast full-scale
helicopter transmission housings at relatively low cost.

• Additional work will be required to modify existing analytical methodology to incor-
porate the effects of the nonlinear material properties of magnesium. Present input to
computer programs uses the material properties of magnesium valid only in the small
strain range. This input should be varied as load and strain change in order to improve
the correlation between calculated and experimental stresses and deflections.
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GLOSSARY

AI,O~ aluminum ox ide

Fiber FP an ex perimental aluminum oxide fiber under development by Du Pont

CPa gigaPascals , N/rn2 x

HM graphite high-modulus graphite

I -f T graphite high-tensile graphite

kH~ kiloHertz , thousands of’cvcles per second

kip thousands of inch-pounds

ksi thousands of pounds per square inch

LP lower planetary

Mg magnesium

MPa megaPascals, N/rn2 x 10 6

micron one one-millionth of a meter

psi pounds per square inch

PSLA point stress lalniuare analysis

strain , p in./in.

p micro, One’ one-millionth of
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