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Abstract

Aerospace engine and airframe designers are constantly seeking lighter
weight high strength materials to reduce weight and improve performance of
powerplants and aircraft. Titanium metal matrix composites (Ti MMCs)
have offered the promise of significant weight savings since their initial
development in the early 1960s, but until recently, their inadequate quality
and reproducibility combined with high processing and materials costs have
prevented their introduction into production applications. This paper
describes the state-of-the-art for Ti MMC aerospace fabrications, their
potential payoffs and the recent advances in processing which are now
leading to high quality, affordable Ti MMC components.

Introduction & Historical Perspective

Over the past 30 years, titanium metal matrix composites (Ti MMCs) have
been under considerable development and evaluation for use in aircraft
engine and airframe applications. For airframers, the high specific modulus
of Ti MMCs has been the impetus,(1-3) while engine makers have sought to
take advantage of their high specific strength, especially for compressor rotor
applications.®  With the development of titanium aluminide matrix
alloys5.6) which have temperature capabilities approaching 760°C (1400°F),
Ti MMCs offer a potential 50% weight reduction in the hotter compressor
sections now dominated by nickel based superalloys.

The introduction of Ti MMCs into high performance engine applications has
been inhibited partly by the complexities of composite rotor fabrication.
However, a more significant barrier is their high materials and
implementation cost(” which is mainly driven by low market volume. To
overcome these barriers, Ti MMC components with higher volume
applications are now being emphasized by Pratt & Whitney (P&W) and GE
Aircraft Engines (GEAE) under the Advanced Research Projects Agency
(ARPA)/Air Force sponsored Titanium Matrix Composite Turbine Engine
Component Consortium (TMCTECC) Program.(® The high bypass
commercial turbofan engines which will power long range aircraft into the
next century can benefit greatly from the weight and operating cost
reductions enabled by the selective use of Ti MMCs in their structures.
These applications represent the size market needed to make Ti MMCs cost
competitive (Ti MMCs at $1100 per kilogram, $500 per pound) for
production introduction into engines or airframes.®® The following describes
the status of Ti MMCs in terms of their demonstrated capabilities, potential
payoffs and progress towards achieving affordable manufacture of
components for acrospace applications.

Progcessing & Properties

Ti MMCs which have demonstrated properties suitable for aerospace
applications consist of conventional (Ti6Al4V, Ti6A12Sn4Zr2Mo, etc.) and
advanced (Ti3Al, TiAl, etc.) titanium matrix alfoys reinforced with 30-40
volume percent of continuous arrays of high strength (>3450 Mpa, >500 ksi),

high modulus (380 Gpa, 55 msi) SiC fibers.d These fibers are approximately
0.127 mm (5 mils) in diameter and produced by chemical vapor deposition
(CVD) with a 4 pum (0.2 mil) carbon rich surface layer to enhance
processability, fiber strength and achieve desired metal/fiber interface
characteristics. 910

Processing

For many years, Ti MMCs were primarily fabricated using foil/fabric

§ SCS-6 SiC fiber made by Textron Specialty Materials, Lowell MA.
Trimarcl SiC fiber made by AMERCOM, Inc., Chatsworth CA.
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processes consisting of alternating layers of woven fiber mats and
0.1-0.15 mm (4-5 mil) thick titanium alloy foils which were stacked up and
vacuum hot press (VHP) or hot isostatic press (HIP) consolidated into
multilayer composites. High foil costs associated with cross-roll processing
of the preferred titanium alloys combined with high fiber costs and low
volume demands caused Ti MMCs to only be considered for very high
payoff applications. Additionally, a lack of reproducible quality for
foil/fabric Ti MMC components precluded their introduction into any man-~
rated aerospace applications. More recently, innovative processes including
tape casting,{11.12) induction plasma deposition (IPD),{13-15) ¢lectron beam
physical vapor deposition (EBPVD) fiber coating(!®and fiber/wire co-
winding(!7 have been developed in order to increase alloy flexibility and
improve quality of Ti MMCs and at the same time reduce their fabrication
costs.

The availability of this assortment of approaches now allows composite
manufactures to select the method most suited for a particular component
configuration. For example, airfoils, ducts and certain unidirectionally
reinforced parts (actuators, exhaust link and struts) are most easily assembled
using tape cast or IPD processed Ti MMC monotapes (a single Tt MMC
ply). Cylindrical shapes requiring cross-ply layups which include shafts and
ducts/cases can be more easily assembled with IPD processed monotapes
which can be produced in wide sheets and maintain fiber position during
assembly more effectively than other methods. Rings for reinforcing rotor
components can now be produced with tape cast strips, co-wound fiber/wire
or coated fiber techniques more easily than with foil/fabric or IPD processes.
Selectively reinforced structural applications are most cost effectively
fabricated using coated fiber and pre-consolidated shapes made from tape
cast or IPD monotapes. As a consequence of this increased flexibility for
fabricating Ti MMC components, manufacturing costs are being
dramatically reduced compared with previous foil/fabric components and
quality significantly improved.

Having multiple fabrication options can aid the development of prototype
components but it leads to a fractional market and resulting low volumes.
One goal of the TMCTECC Program is to focus on a common material
specification and mill product for fan applications in order to drive the cost
of Ti MMCs to $1100 per kilogram ($500 per pound).

Properties

Some of the new processes cited above have now been developed to the
point where a large enough materials property database exists to enable
engine designers to make Ti MMCs serious candidates for weight reduction
opportunities in advanced and growth versions of current engines. A
comparison of properties for Ti MMCs and superalloys is shown in Table I.

Table I Comparative Properties of Ti MMCs and Superalloys

Conventional | Ti Aluminide
Property* Ti MMC Ti MMC Superalloys

Density, g/cm’ 4.04 4.18 8.3

0° Stiffness, GPa 200 242 207
90° Stiffness, GPa 145 200 207
Max Use Temp- °C 538 760 1090
0°CTE.°C"'x 1076 7.20 792 13.0
90°CTE,°C"1x 100 8.91 9.18 13.0

0° = Direction of Fiber, 90° = Transverse to Direction of Fiber



Achigving desined properties in Ti MMC siructures 1s strongly dependent on
preventing fiber damage or degradation during component fabrication while
maintaining uniform fiber spacing tllustrated in Figure 1. When properly
processed, conventional Ti MMCs can be reproducibly fabricaed by tape
casting or plasma deposition to achieve superalloy strengths up o 3385C
{1000°F) at half thetr density as shown in Figure 2, Advanced titanium
aluminide MMCs based on the Tig Al imntermetallic are being developed
which may enable Tr MMC use up to TH0°C (1400°F) 58 The specific
modulus of Ti MMCs, which is especially imporant for struciural
applications, is also nearly double thot of superabioys as shown in Figure 3.

Figure |:  Typical microstructure of properly processed Ti MMC
(THALZSnAZrIMo/SCE-6) Fabricated from plasma spraved monotapes
Note the unifermly spuced, nem-teetuny filber areiy which v eeitical o
aoiieving predicfed properties
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Figure 1: Comparisen of specific sirength of Tt MMCs and typical
superallovs.

Of course, these excellent properties in the direction of fiber oreniatien can
only be taken sdvantage of if the lower transverse propenies of Ti MMOs do
not fall befow design requarements. Miny applications have been identilied
that can cope with this anisotropy of T MMOs and in some instances take
advantage of i

Other mechanical properies cratical (o werospace appheations include low
cvele Tutigise (LCF) i fatigue crack growih (FCGY As shown in Figures 4
ond 5, Ti MMCs exhibit LCF and FCG propenties saperior o superalloys
when looded in the fiber direction, even before considering their densiry
henefit. However, Iransverse LCF and FOG for Ti MMCs ane sygnificanily
lower than, superalioys and therefore their use is restmcted o those nor
applications which introduce low tfransvesse cyclic stresses,  Many rodor
spplications which satisty this cnteria have been identified by designens ol
the advanced military engines being developed under the Inteprated High
Performance Turbine Engine Technology (IHPTET) Program. This program

seeks 1o double the specific thrust of military engines and must rely heavily
on the weight reduction potential of Ti MMCs and other advanced materials
1y i t14 ]
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Potential Engine Applications & Payoffs vs Risks

Potential aerospace applications for Ti MMCs fall into several categories of
payoff and risk. Figure 6 illustrates Ti MMC component opportunities and
Table II lists the estimated payoffs, risks and relative costs associated with
each. The applications are divided into categories of rotating and non-
rotating parts which fall into various risk classifications. These risk
classifications for Ti MMC components refer to the consequences of
component failure or failure to perform per design intent. Weight savings
are based on a comparison with the current part which may be titanium,
nickel or steel alloys.
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Figure 6: Potential engine applications for Ti MMCs.

Rotating Components

Rotating parts such as Ti MMC reinforced impellers, disks, integrally bladed
rotors (IBRs) or blisks (bladed disks), blings (bladed rings) and blotors
(bladed rotors) are high risk because they are inherently difficult to
manufacture and their failures can destroy an engine. However, payoffs for
Ti MMC rotors, in terms of engine performance and weight savings are the
highest of any application. Rotor weight savings of from 30% to >50% can
be achieved with Ti MMCs with the added advantage of a larger free-hoop
radius than either monolithic titanium or nickel disks. Ti MMC shafts
represent a moderate to high risk application because, while they are more
easily fabricated than disks, their failure in service could also be
catastrophic. Payoffs for Ti MMC shafts are only moderate (up to about a

30% weight savings) but they can lead to improved rotor dynamics. Non-
load carrying spacers represent a low risk Ti MMC rotating application
which may perform a critical engine function and thus justify their higher
cost even though offering a small weight savings versus monolithic spacers.

Fan and compressor airfoils represent low to moderate risk rotating
components since engines are designed to contain or otherwise cope with
their failure and prevent engine destruction. Fabrication of Ti MMC
containing airfoils is the least difficult of all rotating parts since their
structures are usually two-dimensional layups with moderate curvature. In
most cases, the payoff for Ti MMC airfoils on a direct substitution basis is
relatively low (15-20% weight savings) since they would replace titanium
blades and thus have difficulty justifying their higher cost. However, in
advanced high bypass engine applications like the PW4084, the specific
stiffness of T1 MMC reinforced hollow fan blades (RHFBs) combined with a
weight savings make them attractive enough to pursue.® The payoff for
Ti MMC airfoils in future "rubber engine" designs can be even more
significant if the airfoil weight savings allows further reductions in disk and
support structure weights.

Non-Rotating Components

Most non-rotating Ti MMC engine applications are of moderate to low risk.
Pressure vessel and containment applications including ducts/cases represent
typical examples of moderate risk parts. The modest payoff of 15-25%
potential weight savings for these parts can be very significant due to the
large size of these components. However, these weight savings must be
traded off against the complexity and cost of their fabrication, which can be
difficult due to the multitude of ports, attachments and other features
prevalent. Stator vanes containing Ti MMC can not compete with current
materials until titanium alloys for use above 760°C (1400°F) are fully
developed and can be made into composites. To date, Ti MMCs based on
the high temperature (>815°C, >1500°F) gamma TiAl intermetallic have not
been successful due to the low ductility of these alloys combined with the
significant SiC/TiAl coefficient of thermal expansion (CTE) mismatch.(18.19)

Structural components like struts and fan or turbine frames, whose primary
function is to maintain engine shape and clearances under the wide range of
mission loadings, are of moderate to low risk and rely heavily on material
stiffness. Both weight savings and performance gains through reduced
specific fuel consumption (SFC) can result from using Ti MMCs in these
structures. On large bypass engines such as the GE90, fan frame weight
savings of 10 to 15% are possible along with net cost savings of up to 35%.
These cost savings result from the use of lower cost aluminum or polymeric
vanes which can be substituted for complex fabricated monolithic parts as a
consequence of the selected application of Ti MMC reinforced
components. 20

Table II Potential Engine Applications and Payoffs for Tt MMCs.

Relative* Relative*
Category Components Engine Risk Potential Payoff Manufacturing Manufacturing
Difficulty Cost
Disks, IBRs (Blisks), * 30% to >50% Weight
Blings, Blotors, High  Larger Free-Hoop Radius 5 5
Impellers, etc. = Strength
Moderate | * 15% to 30% Weight
Shafts to * Enhanced Stiffness 3 4
Rotating High * Improved Rotor Dynamics
Parts Fan & Moderate ¢ 15% to 20% Weight (substitution)
Compressor to * >30% Weight (new designs) 2 3
Blades Low * Improved Dynamics
* 10% to 15% Weight
Spacers Low » Dimensional Stability 4 4
e 15% to 25% Weight
Ducts/Cases Moderate » Stiffness 3 3
* 5% to 15% Weight
Non-Rotating | Stator Vanes Moderate | * Stiffness 2 i
Parts Struts, * 25% to 35% Weight
Fan & Turbine Moderate | ¢ Stiffness 2 1
Frames * Improved SFC
* 15% to 45% Weight
Links, Actuators Low » Stiffness, Stability 2 2
Exhaust Sidewalls & * 25% to 40% Weight
Structures Low » Stiffness 1 2

* Relative Scale: 1 to 5 = Increasing Cost or Difficulty
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(her non-rolafing parts being considered for Ty MMCs are low nsk exhausi
components including lmnks, actuators, sidesalls and structural members for
wdvanced military amd commercial applications like the High Speed Civil
Teaiisport (HSCT) engine. Tt MMC links and actuators offer only 2 small
overall engine weight savings but sidewalls and structurml components i
exhausts can represent a major portion of engine weight. Studies al GE and
F&W have shown that Ti MMCs could offer 20-40% weight savings for
F120 exhaust nozele structures compared to mickel components.

Fabrication Demonstmtions

In the: eardy 1970=, Fabrication development of Ti MMCs for compressor fan
blwde applications was stared 1 Since that nme, numercus Department of
Defense (DO and engine company funded progroms have been conducted
1o determuine and demonstraie the feasibility of fabncating the wide array of
T MMC components cited above. The following is o sampling of the resulis
of those effors

Disks. Blisks, lnpellers

Ti MM reinforecd disks offer lower density components and an increased
hoop mdins which can resolt in up o 50% weight reductions in comgesson
This high payofl poential has resulted nomany DOD sponsored programs
aimed at demonstraning  fabrication  feasibility and performance
capabafiny. %2120 Those pregrams relied promandy on feil/fabric approaches
to produce Ti MMC nings and encountered significant manufacternng
dhfficultses but were ultimately successful at producing rings which achieved

predicted burst and other performance capabélities.

The potentially lower cost and stmpler Ty MMC ning making processes based
on powder and fiherfwire co-winding have been successfully demonstraied
by engine and composile makers. Using a powder process, P&W fabricated
the 4006 cm (16" ) dinmwstes Ti MMC reinforced 1BR shown in Figure 7, Ths
roter was proof spin lesied and then tested in PEAW's XTC-05 IHPTET
demonstritor engine where ot med all performance requirements, 4

Figure 7: Ti MMC ning wnsert and corresponding miegrully bloded motor
labricated wsing powder process technigues ond successfully tested in P&W's
XTC-65 [HPTET demonsiralor enpgine

The simulated 178 cin (77) doamieter IBR shown in Figure B was fabneated
by Atiantic Research Corporanon (ARC), Wilmington MA, wsing ther
fiberfwine co-winding process! 7' This component was subsequently spin
tested w Tadlure al Y8% of s predicted bourst capability, A third new
apgeraach 1o Ti MM ning making hos recently been demonstrated by 36, St
Pail MN, which utibzes their EBPYD coated fiber technology (5 Using
Tt AN coated SiC Gber consolidated inte fully dense thin stinps, a 16 ply
2 em (A7) diamcter Ti MMC ring was produced by M us shown 1o
Frgaire ¥ Future rings of larger diameter will be made by this approach io
determine s caipahilines. The mimimzation of debulking reguired for the
M and ARC ring makmg approaches offers the disting odvantage of precise
fiber bocation controd, which can be entical o the effective use of T MMCs
an resldsrs

Figure B: A sumulated Ti MMC rotor fabricmed by ARC usiing co-wound
fiberfwire echigoues and spin tested o failure of 98% of predicted
capabihiy,

Axial X-ray

XXX X

Figure % Demonstration Tt MMC fing fabricated by 36 using monotapes
produced from coated SiC fibers, Note the precise positioning of fibers in
besi she radial and il divections which is cniical o dexign

shalis

Developrment of titlsnium composite shafis stared in the early 1901577
and has progressed 1o the abncation and testing of Ti MMC power wrbine
shafis for small engines' and low pressure tushine (LPT) shafts for
advanced IHPTET engines ™ Figures 10 and 11 show a GEZ7 power
turbine shaft and an XTE-45 LPT fan shaft, respectively, fabriciied by
Textron Specialty Matenals, Lowell MA, for GE Aircraft Engine. Ti MMC
shafls of these types are typically fabricated with cross ply layups onented
from 2157 to £45° to the shaft axis, These layaps enhance shaft stiffiess and
torgue capabihity while reducing weight compared to nickel or steel shofts

l<— 122 cm (48™)

Figure 10 Early Ti MMC reinforced GE2T7 power turbine shaft fabricated
hy Textron using foil/fabrc methods. This shegT wer oot of balunce due 5o
difficulty conteelling Ti .‘u.f.‘r.ff'lr.l."r lecatioms and waldl dhicknesses

Figure 11: Low pressune urbine fan shafi for GE's XTE-45 deimonstrator
engine [abricaled by Texteon with 1P processed Ti MMC monotopes,  This
st exhufited no bufarce problems and exceeded all predicied sivenpth und
fufirne caprabilitles in compenent fess

The 122 cm (48°) long, 5.07 cm (27) diameter power turbine shaft shown in
Figure 16 was fabricated with 13 plies of £25° Ti MMC using (ilifabric
I_rll.'l'h“l:|h Tlis shaft exhibited predicted bending stiffoess and natural
frequencies but was out of balance due (o wall thickness variations which
resubted from ply wrapping difficultics. The 127 cm (50") long, 12.] em
{4.75%}) diameter LPT fan shafl shown in Figure 11 was fabrocated more




recently using 36 phes of 2157 onenfed plasrma sprayed Ty MMC monotapes

This shaft was sulbscquently LOF tested 1o o runout of 100,000 cveles which
excecded predicted capability.  No significant balance problems were
encountersd with this shaft and natvral frequencies were os predicted. A
samilar shafl is currently being fabricated for testing i the joust GE/Allzon

XTE-76 IHFTET demonstraror enging

||-:.'J.d|.':

Thi ;,'.h!_:|l:-. (o enhoanee mrfol snffness and lower Tan and compressaor blade
v.e'|!5|'|r~. by elimination of shropds |4'-.|II|:|."|| for vibration mode control has
made Ti MMC reinforcement of these parts very attractive to engine
designers, However, until recently. moteriols costs and l[abricotion issues
{alse cost drvers) have lmited Ti MMC blade development. One program
conducted by GE ler Air Fi sponsership in the early 198(s
demonstrated that large Ti MMC reinforced hollow fan blades like that
shown n Figure 12 could be Successfully Fabricated wsmg foilffabric
micthods. 33 These F110 configured biades had preconsolidated 18 ply
unidirectional (0%) priented Ti MMC reinforced skins on the concave and
wves airfoll surfaces and when companent | mel of exceaded all

predicted strength, diffness, LCF and HCF capal

HET

ted

i

L]

Figure 12
using ||.'-;'::a_-||'ul|:.||:||1_'-:1 [
demongirated menufaciuring fear

benefits in companens eI

Hollow Ti MMC remforced FILO fan blade fabricated by GE
fnbric skins ||II'.['.I..I\.:':| by Texiron,  This Sledy

Iy wrted exhiiinted predicted perfurmance

The encopraging results on the FILIG fan blode and the potential availability
of lower cost Tr MMUCs has led to further development of hollow Ti MMUO
fan blades 239 for PAW militury engines (similar in size to the GE blades)
and for the high bypass PW4000 series commercial engine applications
under the TMCTECT Progrom. ™! The PW400U fan blade apphcation wses ¥
pounds of unidirectionol T MMC tape to suffen the orfoil wall. Four 1o
eighi plies of 50.8 cm by 1016 cm (20" by 40 Ti MMC tape are placed on
either side of o hollow core region and subsequently HIP consolidared

Figure 13 shows a PW4084 fan blode fabricated on the TMCTECC Program

1016 con (407)

Figure 13 Hollow Tt MMC nenforced PW 4084 fan blade fabricated on the
TMCTECC Program
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Drucis!Cases, Spagers

Engine ducts or cases with Ti MMCO reinforcements have been designed and
fabricated by both GE and P&EW for their respective IPHTET engines. GE
design studies h ht savengs from 20- U can b achieved
with Ti MMC ducts where ducted gas temperatures are i the 427.338°C
(BUO-1000°F) range and normally steel or nckel based ducts would be used
A prototype To MMOC XTE-45 bypass duct which was fabncated for GE by
Textron wsing IPD processed monotapes s shown i Figure 14 Thiz duct
utilized an & ply combination of unidirectional and cross-ply fiber layup o
ichieve desipn strength and stiffness requirements. A shghily dilferem
IJ\."\I['II case/duet which (S ElabA b I of =olid Ti MMC rods and sorans WK
fabricated by Textron for P&W using [wl/fabric and wire winding methods
This case was successiully proof tested ar room lermperiture and exceeded all
design predictions.  In addition, o 16 ply conical shaped Ti MMC HPC
spuicer was fabricated by Textron ) This thin shell ring consisied of o +15%°
ipe gast ||||-L,'~. and wis ,\.|_|.'|'|_'\.}.|||E'|:. spin tested h:, PEW

Figure 14 Prototype Tt MMC remforced bypass duct fabricated for GE by
Teatron using plisma spraved monotapes, Sole the commbined off-axis and
unidirectionad plies incorporaied o meel design reguirements

I'fl' - ST " ie
Ty MMCs for non-lowd bearnng vanes in ¢ngine structures offer Llittle or no
puyoff compared to monolithic or polymenc composite parts.  However,
where vanes help corry structural loads, the stiffness of Ti MMOC can be ol
bemefit. This 1 particularly tree where o combined vine/frame structure is
wsed as im the GE%0 engine. Under the GE purtion 1o the TMCTECC
Progeam several fan frome outler guide vane (OGV) desipns with Ti MMC
reinforcements are heing fabricated for component testing and 1o
demanstrate manufactonng feasibility and costs.  One OGV desien of
interest which consists of oirfoil skins selectively reinforced with
preconzolidsted tape cast (° Ti MMC has been successfully fabneated as
shown i Figure 15

Ti MMC Remnforcements

Figure 15: An outlet guide vane design for the GES) fan frame fabricoted on
the TMCTECC program using preconsolidated tape cast Ti MMC insents for
the selectively reinforced airfoil skins.  This i one of several caondidare
dexigng bemg evaluated for potential weipht and cost reductions

Another OGY design being evaluated for the GE90 is a king strut which
utilizes o hicasting spproach developed by Howmet, Whitehall M. This




process wis successtully demonstrated by Howmet in fabsicating the
Ti MMC reinforced prototype CF6 fan frame strut shown in Figure 16, A
thard OGY design being evaluated consists of highly renforced leading and
truiling edge Ti MMC elements which can be readily fabricared o pear nel
shape with required bow and curvature using I6's coated fibers, A 66 cm
(267} long leading edge element fabricated by 3M on the TMCTECC
}D.!l:f.llll is shown in rltl.lll.‘ 17. These vamous GV dL\.|;._|n .J]u,_r.p with
others are being'evaloated to identify the most cost effecrive and highest
payoff design for polential production imtroduction into GES0 growth engine
|JL"-I!.:,,|'.I:1

-&:;&_

Bi-cast Ta MMC Relnforéemenis

SegErment

r GERD fan frome fabneated on
MCTECC prog using preconsolidaved tiape cast T MMC insens ina
King strut design based on Howmet's bicasting previosly
demonstrated in GE's CF6 fan frume struts,  Thix is owie of several candiduie
|."r-.|.;ﬂ:.'| |":'..'|_|_ A ated fuid Frerfe relinl W eRERT ciied crl Fedaciions

Process

'

-
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Figure 17: An cutler guide vane for the GEH) fan [rame fabncated on the
MUTECC program wsing the 3M coated fiber process o produce near met
shape leading and i Illll'u_- gdpe inserts,  Thiy s ene of feveral condidete

designs Dedng evaluoted frr potential wesshi anad cost redictions

Solich high pressure e ({HPC) blades with an 8 ply, £207 Ti MM(
remnforcement have recently en prodisced by PEW using Lupe casting
metheds and successtully proof 1ested

MNressor

wing exhawst Maps
15 the first thght demonsteation applicitions for Ti MMCs
Tt MMC compression inks as shown in Figure |8, wene
L FLIO-100 Cigime I._\.l st ._|.|,| Mgk |. I_' -.|_|_|J for 31 howrs in

have been ust
I 1997, 1hres
installed ino G

an Air Force F16 wrcr sible disfress flight teshing was
preceded by over T4 hours of fucton ¢ LERls U.ll.l\.ll inchucted over 3706)
after burner lights. These Ti MMC links were fabrcated by Textron osing
IPLY processed monotapes and replaced INTIS links provading o 43% direct

¥ However

wiighl savings
mrocue gion i pl

the high Ti MMC component cost prevented

STTHERLAL S

Ovwer the past two years, PEW, ART and Parker-Berten have worked
i ther b I1I.":\']L"|'I and fabricaie a 356 cm (147) |||||__;..__'\I achuator peston rod for
the FII9 enpine exhaust nozzle s shown in Figure [9.9%  Production
quantities of Ti MMC reinforced piston cylinders with precisely located
fibers were produced wsing ARC' fiber/wire co-winding process.  These
piston actuators, which offer o greater than 30 weight savings, exceeded all
mechanical design requirements and hove been ||||||||1,. d for use in
""l'-:'-ill': tin FI 19 COgincs Ti MMC reinforced acluators sme mow also |'|L||'|"
considered for airframe applications

re I8: Ti MMC rej
usl flaps fabracaled by
were suceessiully 7
s evideice of distress

forced compression links for GEs F110-100
extron wsing plasia ‘-|'l..l'.-'L||J'|'i'|I apes,  Thexe

il tesied farviers an aee Air Force FiG

frr pver 3

wirh firtfe

I Ti MMC remnforced actustor pston
wrker-Bermen for PEW'S FI19 engine for |||l_'|

tabricated
hier asrcrafi

ol
'| "'I

by
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are for green (unconsolidated) monotape and consolidated mill product.
TMCTECC believes the key to establishing a high volume Ti MMC market
is to agree to common material forms and common specifications,

During TMCTECC’s Phase 1 activity, 3M, Textron, and ARC all produced
material that met TMC 2000/2001 requirements. Textron and ARC are using
a powder tape casting approach and 3M is EBPVD coating fibers. The
current processes that produce the SiC/Ti6Al4V tape are generating very
uniform microstructures and mechanical properties. In addition, the HPC
Program is sponsoring the development and implementation of in-process
monitoring sensors in the tape lines at ARC and Textron. Current capacity at
the three suppliers totals more than 4535 kilograms (10,000 pounds) of tape
per year. While the suppliers have not been able to achieve the TMCTECC
Ti MMC material cost goal of less than $1100 per kilogram ($500 per
pound) at these volumes, they have validated their cost models to show that
the goal can be achieved at production volumes greater than 6803 kilograms
(15,000 pounds) per year.

One way TMCTECC will be able to implement Ti MMC into its fan
components is by using the strengths of the integrated product team
philosophy. The designers, Ti MMC material suppliers, and component
fabricators are working together to develop the optimum component based
on performance, fabricability and cost. For GE and P&W to replace the
current bill of material Ti products, the cost of the Ti MMC containing
component must be less than the production model. To achieve this while
using $1100 per kilogram ($500 per pound) Ti MMC material, the designer
must understand how to maximize the composite benefits while minimizing
its volume in the engine component. This leads the team to selecting simple
shapes with little associated scrap during the fabrication process. With this
approach, both the GE and P&W TMCTECC applications are projecting a
30% cost savings compared with the components being replaced.

Unless a company identifies an enabling use for Ti MMCs, they must buy
their way into a production application. The current Ti MMC material cost
of greater than $11000 per kilogram ($5,000 per pound) is not competitive
with any anticipated production opportunities, TMCTECC believes that
achieving the cost goal of $1100 per kilogram ($500 per pound) will lead to
widespread Ti MMC use. The curve in Figure 20 shows the relationship
between cost and volume projected by Ti MMC manufacturers. The
projected DOD propulsion applications amount to less than 2268 kilograms
(5,000 pounds) per year, so additional commercial applications are needed to
achieve the volume that will lead to supplier capitalization and the resulting
economies of scale.
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Figure 20: Projected cost of Ti MMCs as a function of market volume.

Summary

Over the past 20 years, the Ti MMC community has been able to
demonstrate the benefits and fabrication feasibility of Ti MMC reinforced
propulsion components. GE has gained flight experience with nozzle links
and P&W is inserting actuator piston rods in the F119 engine for the F-22
fighter aircraft. The material has been able to deliver the projected benefits
in the applications that GE and P&W have pursued. The current Ti MMC
material fabrication processes are ready for production implementation and
can routinely meet the TMC 2000/2001 specification requirements.
However, the suppliers and end users have been unable to generate sufficient
demand to yield an affordable Ti MMC material. TMCTECC was formed to
take IHPTET developed Ti MMC material into production. The cost models
and component demonstration articles are meeting the program milestones,
but more work is required to achieve widespread implementation.
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