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V FOREWORD

This report describes the work performed during the period 1 July 1970 through 31 Decem-

I ber 1977 by Pratt & Whitney Aircraft Group, United Technologies Corporation , East
Hartford , Connecticut under Contract No. F33657-70-C-0624 , as amended by Modification
P00005 dated 10 January 1977 , with the Air Force Systems Comm and , Aeronautical Sys-

I tems Division . Wright-Patterson Air Force Base , Ohio. This report is submitted in coinpli-
ance with the req uiremen ts of Sequence No . A008 of the Contract Data Requirements List,
DD Form 1423 attached to the above contract.
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1.0 INTRODU CtiON

The TF3O Third-Stage Composite Fan Blade Service Program was a major effort directed to-

ward early service evaluation of the TF3O— P-9 third-stage fan blades made of BORS 1C®/A1u~
minum composite material. The progra m was initiated to t’urther refine and develop existing

composite fan blade designs and fabricating techniques which were developed under the Ad-
vanced Composite Engine Program (ACE ) , Air Force Contract F-336 I S-69-C-165 I , conduc-

ted by Pratt & Whitne y Aircraft for the Air Force Materials Laboratory and Aero Propulsion

Laboratory , Wright-Patterson Air Force Base , Ohio. Advantages associated with using advan-

ced composites as the structural material t’or aircraft jet engine t’an blades include a signifi-
cant reduction in engine weight , improved performance~ and the potential for increasing fan

tip speed.

The Composite Fan Blade Service Program was conducted in two phases. Phase I was a div-

ersified effort in which the blade designs initiated under the A( l- Program were finalized ;

pro totype advanced composite test specimens . blades and peculiar en~ ne parts were designed ,
fabricated , and rig tested ; tools required to fabricate the protot ype components were designed
and fabricated ; and fan blades were fabricated and structurally tested. Concurrent with the se
efforts fabricating techniques were developed and refined and a program was initiated to de-
velop effective nondestructive inspection (ND I ) procedures for  the blades. Procurement of
composite material for use in Phase II of ’ the Fan Blade Service Program was initiated.

Phase Ii was a specifi c effort in which tooling, blades. and adapting parts for an engine en-
vironment test program were fabricated ; blades and adapting parts were tested in an engine

at simulated sea level subsonic and altitude supersonic conditions ; and engine environment

test results were thoroughly evaluated. Fabricating processes and MDI procedures developed

in Phase 1 of the Program were further refined as well. The final task was a successful 1 84-

hour flight service demonstration in E l I 1-D aircrat ’t at Edward s AFB, Cal.

The choice of the TF3O engine as the hard~~ re test vehicle was based on these considerations:

S ‘the TF30 is a modern turbofa n engine which powers operational supersonic air-
craft and in which the fan blades are subjected to high temperatures and tip speed.

S TF3O engines were available for use in experimental testing and included those
funded under this contract and those available on a ‘piggyback ’ basis from Pro-
duct Support Program engines.

S The TF3O. being currently in service, afford s the immediate opportunity of eval-
uating the blades in a flight environment.

The effort was directed toward the third-stage blade because the third -stage provides the hIghest

possible fan temperature environme nt (470° F) . A further benefi t is that the first and second

stages of the fan protect the third from massive foreign object ingestion such as bird s and ice.
This protection fro m foreign object dama ge (FOD ) increases th e safety factor making immedi-
ate fl igh t evaluation more feasible.
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2.0 SUM M. .t K \

All m~tj or objectives of th e program were ~ ‘iii  ~‘li~ t t ~’ .t P..t j et  i~’it ~ 1 I I Ii ,  ough I t ’ sumII f IU r I / c

the results :

2 . 1 MATERIAL

A source ot ’ BORSI(’®/ Alum ,num com posIte m ate ri al ~ .i~ I .~i i i i d  i i  t . u i i  ~ Iii ~h HI )KS I ( ‘~~~

minum monolayer tape could he iIrocIIred at a wi p 1k-c .tnd ~ ii l i m i t  .m i c .iMi nabk Ic.md I
The tape was purchased to a P&WA m aterial pecItIcalm on ~ hm ~ Ii rt -~u ltt ’tI in çt rot -uienn ’n l of
a unit ’orm . high quality tape 11w tape accept anc e r.mlt ’ ~ .is o~~’i ‘

~~~‘

2.2 I)ESI6N

The blade destg n which evolved ~m lIs meets s tuic t u r a l  .mn d .mert itlv n a m n i c  Ihig h i ret ) imi r emue nts
and can he con sistently fabri cat ed to a lugh t l ua lmi  ~ st and _ mit t  mn .m not  mn.ml ~t io p cIIvI r ori tut ’iI t -

- 2.3 TOO LIN6 ANL ) FABRICATION

Tools and processes were developed 1w which 2 4 i  blades Wt ’ l t ’ Iabrmca te tl  w i t h  an acceptance
rat e in excess of’ 92 percent - Blade dies exhibit ed a tile of at least I t ’S parts , and art ’ adequ ate

for fabrication of flight evaluati on hardware .

2.4 NONDESTRUCTIV E INSPE(’TION

Nondestructi Ve inspect ion procedures were develope d w lit ch enabled the engine environment
test program to Lw conducted with no blade t’ailur es . NI ) I  procedures included ultrasonic
C—scan , X-ray , visual , acoustic emission and eddy ~urreI~t . as well as determining density and
natu ral frequency. All blades were proof spin-tested.

2.5 BENCH TESTiNG

Composite blad e bench tests showed th a t :

• No b lade degradation resulted fron t  salt corrosion or a (~5’ to 500” F thermal
shock.

• Blades lost t’requency in t ’urt ’ bending faligue tests but did not otherw ise tail  in

~~ cyc les.

S Burst speeds , demonstrated in spin p it  t e st s were at least 30 perc ent .iI’o~ t ’ norm al
ird line speed (10,550 IltIn).

• Blades withstood the highest engine operatm g stresses (except for surge stre sses )
during combined stress/ fatigue testing, as shown in m o d  t ime d ( ;oodnuin it mag r amu ’.
(at room temperature and 450° F).

‘I 
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1-.
S Composite blades with a nickel-cobalt leadin g edge had sl ightly better resistance to

sand erosion than titanium blades.

• Composite blades were sl ightly less resistant to small FOD (gravel , rivets ) than
- 4 titaniu m blades .

S Composite blades had relativel y poor resistance to massive FOD (birds , ice) com-
pared with t i t an ium blades . -

2.6 ENGINE ENVIRONMENT TESTING

A total of 564 hours of testing in an engine environment were conducted . Of ’ these , 300 hours
took place in a funded engine , while 264 hours were “piggyback” tested during CIP/PSP test-
ing. Tests were conducted on two full sets of composite blades and included 444 hours of

-‘ cyclic endurance testing at sea level and supersonic conditions. Test results showed that:

• Blade vibrator y stresses were wi th in  acceptable levels , both with a clean inlet and
with distortion .

• Aerodynamic performance and stall margin were un aft ’ected .

S As many as 19 surges were performed with no apparent detrimental effects.

• A severe tip rub (0.090 in.) caused no blade catastrophic failure but did induce
cracks in 7 of the 36 blades (20 percent).

• Leading edge FOD, blended to maximum li m its , resulted in no blade damage dur-
ing approximately 50 hours of subsequent engine operation.

S Blade performance could be evaluated in all portions of the flight envelope includ-
ing high alt i tude , high Mach number ;  high altitude , low Mach number ; and sea level .
Mach number 1.2.

• After test timnes of 100 hours or more , X-ray inspection indicated small cracks in
sonic blades at the leading edge near the root. However , these cracks did not grow
appreciably in test time to 364 hours.

Durin g the testing in the engine environment , the maximum blade temperature was 470°F;
maximum blade t ip speed was 1 500 t’t/sec: and mn aX intu lu blade stresses were 8,000 psi (non-
surge ) and 30,000 ps’1 (surge).

Because of the crack indications , P&WA imposed a 200-hour limit on blade engine operation
during the fligh t program before a full bench inspection.
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2.7 FLIGHT SERVICE EVALUATION

One t’uII set of ’ i~revious1v ground engine—tested blad es was inst tmlkel in an F I l l - I )  airc iafi at
I :dwtmrtt s AE B . (‘ahiforn ia , and subj ected to 184. I hour s ot ’ unrestricted flight over a span ot
90 flights in I months. l’his was the’ t’irst tlight of an advanced composite material applied
tO Sn en gine primary structural component. i.e., the 3rd stage ~~ No serious composite
blade proble’mus occurred during this time. Bench inspection of the blades following the
Ilight program revealed no damage except for surl ’ace cracks in the root region of several
blades. ih e  tlight progra~u was conducted entirel y by the L I SA I and program details are to
be reported in a separat e’ ~\Sl) report .

3.0 CONCLUSIONS AN L) RFUO MM F NI)ATIO N S

l’his component impr ovenwnt program was directed toward early service testing of 1’F30-
fl_ i) third—st age tan blade’s tabI’ icak’d of B() RSK ’®/Alun i m u m  composite material. The blade
at ta chm ent  roots were’ t’ahric ateel ot ’ BORS1(’®/A lum inum nhim te r i Sl wi th  t i tanium dovetail
section, and a luminum wedges to splay the fibers.

3. 1 CONCLUS IONS

l:ri~mn the overall results of the program , it is concluded that  l’F30-P-Q BORSIC®/Alun l inum
third -stage’ t’an blades, designed , fab, ’icated and inspected according to the procedure’s devel-
oped during this program , will be’ acceptable ’ t’or flight service subj ect to periodic inspe’ction .

l’he BORSK’®/A lum inum co mim I’osite materia l selected consisted of ’ silicon—carbide cotite’d
boron fibe’r filaments at tmxed to ,~A606 I aluminum foil by PlaSIu~% ~~rayim ig AA606 I sI n —
ni inn in powder. When m atte’ to procurem ent spe’citi cat ions, BORSl(”~’/ Aluminum l’ape Spe—
cit ’ication l’WA 437 and HORS1(’® Filament Specit’icat ion PWA 438, this material exhibited
the required properties to meet fan-blade application requirements. (These’ two specifica-
tions art’ included in Appendix B. Quality Control Plan for l’F30 Composite Fan Blades , to
show the standards t h a t  we’re imposed on tape and t’i lam nent t im bric ation. ) Results of qu a l i ty
assu rance tests indicat ed tha t  rliI )doIU sampling was not sufficient to assure quality.

the blades t’abri cate’d un iter this program were designed to meet all st ress and vibratory con-
ditions cot lsiSte’nt wi th  th e ir  application as third—stage fami blade’s in a 11:30_p_ I) engine’ Ana-
lysis indicated that  core (unidirect ional fibers) and shell (t ’ibers at t 45° ) construct ion would
provide’ both the strength and stil ’fne’ss requirements for these blades. l ’i t tmn ium dovetail root
att achments  provi ete ’et ample shear and bearing strength.

I’he tools and fabri cat ing procedu res developed during this program were’ speeit ’ically de-
veloped for a low production run application. Fabrication prtWe’ss l~aramete’rs we’re’ held to
tight tolerances to ensure’ pro gr amu success. Subsequent test results indicated that the blades
fabricate d using the tools and ;~rocesses developed during the prograln exhibited supt’nor
performance characteristics ,

The NI ) I proce’dures develope’d during this program it e’monstr att ’d the ’ cap a bi lity of detectin g
all known significant material and/or tabric iltio li defects. the blade’s flight tested did not

-
; t~ave an~ cr acks detected by these procedures prior to insta llation in th e’ flight te st engin e.
I

iL
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Bench testing provided the evidence that the BORS K ’®/Alum inum third-stage fan blades
• had sufficient structural integrity to successfully undergo evaluation in an operating engine

enviro iment. It was further concluded that neither salt corrosion nor thermal shock had sig-
nificant effect on blade structure. The blades exhibited sufficient FOD resistance to per-
form satisfactorily in a third-stage fan environment.

f During both simulated sea-level static and altitude/ supersonic testing , the BORSIC®/Alu .
minum blades exhibited the capability of ’ performing well in a flight environment. Engine
performance was in no way degraded by incorporating advanced composite blades in the
fan third-stage .

The 184 hours of fligh t service operation was highly successt’ul , but did result in surface
cracking of several blades. In future designs , this can probably be avoided by improved
filament orientation and blade processing.

3.2 RECOMMENDATION S

It is recommended that the blades in service he evaluated at 200-hotmr intervals by a bench
inspection including lOx visual and x-ray techniques.

It is recommended that the blades be service evaluated in a flight program. Uowever , due to
x-ray indications of small cracks in some ground engine test blades at the leading edge near
the root , a 200-hour limit should be imposed on flight test blade ope ration before a full
bench inspection is conducted.

It is further recommended that all tape lots be tested and the strength of each tape lot be
evaluated. Tape lots exhibiting average filament strengths of more than 340,000 psi would
result in panels having the required 140, 000 psi strength. Tape lots exhibiting filament
strengths of less than 340,000 psi must he qualified by demonstrating that panels pressed
from the tape ex hibit at least 140 ,000 psi composite strength . if possible, the tape vendor
should be required to guarantee the final tape properties.

- 1 A future study should be conducted to investigate the effects of imposing less stringent pro-
ductio n controls on blade quality and also to optimize tools for use in long production run
app lications.

The procedures outlined in this report : specifically, ultraso n ic C-scan , contact ultrasonic
through-transmission , x-ray, determination of natural frequency and density, fluorescent
penetrant inspection, visual inspection , and proof spin testing should be adopted as the qua-
lity assurance procedures in future advanced composite programs.

It is recommended that a program he conducted to improve methods of FOD protection to
expand the use of composite materials in jet engine fan applications.

Future designs should also utilize improved t’ilament orientations and tooling/processing
techniques to minimize filament breakage which can lead to cracking of the composite
structure. Potential re sidual stress problems should be identified. Spin-pit burst testing can

• he a usefu l tool for this purpose , by establishing actual burst speeds vs. predicted values.

5
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4.0 GENERAL BACKGROUND

The term “advanced composites” , as used in this report , applies to materials made up of high
strength , high modulus , low density fibers combined with a matr ix material which holds the
fibers in proper conformation and distributes the loads among them. It has been recognized
for several years that , if these materials could be successi~ulIy applied to ai rcraft jet engines ,
significan t weight and perfo rmance benefits would result. Development programs conducted
to date have thoroughly demonstrated this potential and reinforced the desirability of refin-
big the production and inspection techniques required to produce high quality, advanced com-
posite , jet engine aircraft parts economically and consistently.

Although silicon-carbide and sapphire show promise for future use as fiber materials in advanced
composites , current interest is centered on graphite and boron. These are available in a wide
variety of fiber forms. For example , gr aphite can be obtained in high strength or high modulus
forms in either short lengths or as a continuous filament . It can also be obtained as yarn corn-
posed of several hundred filaments , woven yarn , or tow. Boron fiber can be obtained either as
uncoated or coated with silicon-carbide and in sizes ranging from four mils to eleven mu ils in
diameter . The term BORSIC®, as used herein , refers to Boro n Silicon Carbide coated fibers
unde r United Technologies trademark.

The matrix materials can be either metal or organic. Standard alloys of aluminum or t i tanium
are the usual metal matrix materials and they may start out in the fo rm of foil , plasma spray,
m ol t en metal , or powder. Organic matri x materials can be characterized as low temperature
(epo xy resin) or high temperature (polyimide resin ) materials. Boro n fiber can he combined
with either metal or organic matrix materials while graphif e fiber is normally used with an or-
ganic matrix material. Development efforts are currently underway to combine graphite fiber
with an aluminum matrix.

4 1 MECHANICAL PROPERTIES

Advanced composite materials have extremely high specific strengths and mnodu l i. Fiber tensile
strengths range as high as 500,000 psi and moduli up to 60 million psi , while densities are 0. 1
lb/in 3 for boron fibers and 0.05 lb/in 3 for graphite fibers. When combined with a matrix to
form a composite material , the strength in the direction of fiber orientation is generally pro-
portional to the volume percentage of fiber in the composite. Density of the composite on
the other han d , may remain the same as that of the fiber , or increase slightly. Consequently, - 

-

their specific properties are superior to thosc of titanium , which is currently favored for j et
engine structural use where the engine temperature environment is less than 800° F.

The prope rties of advanced composite materials are anisotropic . however. The strength of com-
posites transverse t o the fi ber direction is far less than in the axial di rect ion of t he fibers . The
anisotropic characteristic can be overcome to a great extent by proper design (i .e., cross-ply-
ing) and fabrication of the component.

Temperatures at which advanced composites can be used as structural materials are limited by
the matrices used. These limits are generally 200-300° F for epoxy mat rices, 600°F for poly-
imide or aluminum matrices , and 800- 1 ,000°F for f itaniu m matrices.

6
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I
4.2 FABRICATION TECHNIQUES

Structural components made from advanced composites are laminar , built from successive
layers of advanced composite tape (sheet) or broad goods. The tape or broad goods can be pur-
chased in either monolayer or multilayer form . Those composite materials having an organic
matrix are called “prepre g” because they are usually impre gnated with the matri x material.
Composites with a metal matrix sometimes contain an organic “fugitive ” binder by which the
manufacturer holds the fibers in position while applying the metal matrix. If present , the
fugitive binder n-must be driven off by heat and vacuum during processing, othe rwise occlusions
result , thereby weakening the material.

Composite m aterials can be used to make shapes as simple as flat panels or forms as compli-
cated as turbine engine fan blades which have a two-dim ensional taper , curvature , and twist
plus a root attachment at one end (Figu re 4.2- 1 ).

• Processing of the part , whether simple or complex , is usually similar. Plies of the proper shape
and size are cut, stacked with the proper tiber orientation , loaded into a mold (for organic
matrices) or die (for metal m atrices), and subjected to heat and pressure for a specified period
of time . This last operation , normally performed in a vacuum , is called a “cure” cycle when
used with organics, and a “bonding” cycle when used with metal matrices.

The cure cycle is performed at moderate pressure levels. The characteristics of organic ma-
terials however, often dictate that more than one temperature level be applied during the cure
cycle and that the time /temperature relationships be closely controlled.

The bonding cycle for metals, on the other hand , is a diffusion bonding process, and req uires
less stringent control of ti m e-tem perature relationships. It does , however , require high pres-
sures, In the range of 3500-5000 psi for aluminum and up to 25 ,000 psi for titanium.

The vacuu m environment for either cycle can be provided by the use of autoclaves, retorts ,
or by bagging.

After molding and bonding, finishing operations are performed as required. The composite
materials can be machined , but in the case of boron the only effectiv e finishing techniques
are grinding and electrodischarge machining (EDM) .

Most composite parts require more than one fiber orientation in their structure to meet strength
-

- and stiffness requirements. This is a consequence of the anisotropic properties of com posites.
In fan blades , for example , the most critical structural design requirements are those of bending
and torsional stiffness, tensile strength in the radial direction , and sometimes torsional creep
strength. These requirements usually cannot be met by a unidirectional fiber orientation , but
necessitate a “cross-p ly ” Iayup where the fibers are alternately arranged at son-me angle to the
radial axis of the airfoil. Another possible solution is to incorporate a “core-shell” construction
(Figu re 4.2-2), wherein the bendin g and radial load requirem ents are satisfied by the core of
radial fibers, and the torsional stiffness and creep requirements are satisfied by ±45° cross-ply

• shell. The latter arrangement is t he one used in the TF3O fa n blades designed , fabricated and
tested under this program.

7

—- 
- 

— --—~~~~~~ - - -
- - —



~ 
- --  - - - -

~~~~

PR a wm m rr ~ iv A m k (R41 r

lime immo st common problems whi ch occur in m u a m m u f a c t u m m n g  commm p os it ~’ parts are voids in t Ime
matrix material . dt’t am ni n at iom i of t l m ~’ pl ies , cracking. m u tso r tem i t a t io m i of fibers , and br oke im fibers.
.-~ll of these defects , however. can be detected wmtl m high assurance I proper application of
N UM techniques such as X -ray and ultrasonic ~~~~~~~~~~~~~ In addition , the effects of flaws in ad-
vanced coi mm po si t es are reduced because ~t~i i iposi t e  materials are less notch s t ’n sm t mve than most
metals , including ti t a n iu m m i .
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5.0 MATER I AL

Thy advanced comuposi (e material selected for use in this program was BORSK’®/A lun h inun i
consisting of silicon-carbide coated boron t’ilamne nt s affixed to AAt~0(- I a lumi n u m m i foil by
plasm a spraying (PWA 437-I )  AAhO6 l aluminum powder. The mu at e rial . ordered to Specifi .
cation PWA 437-I , Rev. I) , was Procured as a monolayer tape from two sources: the Hamil-

- ton Standard Division ot United Technologies (‘orporat iom i . Broadbrook , Connecticut and the
Materials System Division of Union (‘arbide , I mid ian apohs . In di ana .

The choice of ~~~ I ,ml u m inuni  as the m atr ix im m ater i a l  was mad e on the basis of P ra tt  &
Whitney Air craft experi ence in prior programs. BORSlC®(silicon~carhide coated boron)
fibers were chosen rather than uncoated boro n fibers because of fabri cahi l ity : the coated
fibers allow the composite material to he processed at higher temperatures and over a
greater range of’ temperatures.

Upo n deli very . the advanced composite was insp ected to ensure conformance to th e pro-
curement specihcat iomis . BORSl(~® Alum inum Tape Specification I’WA 437 and BORSIC®
Fil am iwnt Specification P W A  438 which are includ ed in th is  do cume mim as Appendix A. The
inspections , described in Paragraph 5. 1 , showed that the composite material tape purchased
was consistently unj tonn and of high qual i ty . The tape acceptance rate was in excess of
95 percent for the Union Carbide tape , which incorporated IISD tlher.

5.1 RAW MATERIAL QUALITY ASSURANCE

5. I . !  Visual lnspecüon

All raw material received was visu al ly inspected for  loose or missing fibers , fiber crossover ,
creases or wrinkles in the ba ck-up foil and oth er  visually discernible defects. Minor defects
which were comifined to a small area and would have no degrading c Iket on component
fabrica t ion or composite mat erial phy sical properties were not a cause for materia l rej ection.

5.1.2 Fiber Content and Charactemii.at ion

A sample tak en from a corne r of each tape was weighed and measured to determine the
weigh t per un i t  area. The aluminum mua tr ~x was then removed by leaching. Fiber spacing.
diameter , and content wer e (lien determined from im the remaining mua t er ia l .  Sligh t devi ations - -

in weigh t per unit area , fiber diameter , and excessiv e fiber content  were expected to hav e
no effect on the progra m and , consequently , tapes wi th  such dev iations were j udged to he
acceptable. On the other hand , material iii  which th e fiber content ~ as less than that
specified in PWA 437 was rej ected.

5.1.3 Mechanical Property Evaluatiomi

In it i al  n -m echanical propert~ tes ting ~v m s  conducted on unid ir ectional test panels fab r i cated
fro m a rando m ly selected tape (or each 100 square feet ol m aterial  received . The test
panels. t’ahnca ted in accordance with paragraph 3.2 . I of Specification PWA 43 : , consisted
of ten layers ot composite mat erial  pressed together to m I .5 hours in a vacuum of 1 (i~
Tort or le:-~s. a t a t em pera t ure of 1040° ~t 10° F and a prt’sstmre of 5000 psi. Properties de-
t erm mned m n iuded longit u dinal u l t imate  tensile strength and modulus (t ilament s parall el to

• — applied Ioad~ am id t rans~ erse u l t ima te  tensile strength ( f i laments  perpendicular to appli ed

— 
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Test results of the initial panels showed strengths as low as 53, 900 psi , significantly below
the minimum speci fication requirement of ’ 140 ,000 psi.

An additional panel was fabricated from a tape which had e xhibited a strength of ’ 92 ,900
psi. This test panel was laminated at 950° F and tensile tested to determine whether the low
strength was the result of insufficient silicon-carbid e coating. Tensile strength improved only
slightly to 100,600 psi which indicated that the coatin g was sufficient.

Weihu ll analysts of single-filament tensile test results on fiber extracted from as-received tapes
and fro m fabricated test panels revealed that panel fabrication had no observable effect on
fi lament stren gth. However , t here was a significant differe nce between fibers extract ed
from material which exhibited an acceptable stre ngth greater than 140,000 psi . and those
fibers from material s which did not meet strength specifications . Figures 5.1-I through
5.1-4 show that the incid ence of fibers hav ing a strength less than 200 ,000 psi or fibers having
defects was significantly greater for the weak materia l . Despite this demonstrated difference
in fibers , however , t he results of filament testin g are not always consistent with panel testing.
Sufficient inconsistencies existed to indicate that mean fiber strength va lues may not provide
a valid criterion of filament quality , and fiber testing only a small sample may be insufficient
to detect unacceptable material. The variability in tape-to-tape composite strength demon-
strated- the advisabilit y of eva luatin g the strength of all tape lots rather than a random samp-
ling.

The cost and time involved to evaluate the stre ngth of each tape tot by extensive panel or
fiber testing led to developing tensile test specimens of monolayer tapes as qualitative pre-
dictors of subsequent composite (panel or component) strength. Test specimens contained
40-4 5 ti laments and were 0.2 50 inches wide by 4.0 inches long with a 2.0 inch gage length
and 1.0 inch long aluminum double rs attached by epoxy adhesive to the gripping areas. A
gripping alignment fixture , used to avoid bending stresse s , and a monola yer tape tensile
test specimen are shown in Figure 5. 1-5 .

Strength values were estimated using the total fiber cross sectional area only because the
load carrying capab ility of the uncompacted matri x was negligible. The rule of’ mixtures ;
i.e., the strength of the compo site is directly proportiona l to the volume percentage of
filament , indicated that the composites , havin g approximatel y 50 percent filament , would

— exhibit about hal f the strength indicated by the tests.

Correlation of tape test results and composite panel properties , Figu re 5.1-6 , showed that
in general , panel strengths were less than hal f of the tape strength for the higher strength
material. Tape strength above approximately 4 15 ,000 -420 ,000 psi correlated with
acceptable compos ite pane l stren gths , while tapes with strengths less than 260,000 psi
yielded unacceptable composite panels. Experience on th is and other program s conducted
at Pratt & Whitney Aircra ft indicated that mat erial containing BORSIC® fila ment prior to
mid-January, 1971 . and exhibiting average strength above 4 15 ,000 psi would have acceptable
panel strength. Tapes that exhibited strengths less than 420 ,000 psi required panel fabrication
and testi ng to assure that the composites would have the required tensile strength of 140 ,000 - -

psi.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- 
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I

It was j udged that exceptions to the correlat ion were due to sigmu fi c ant s t rength differences
between fiber lots which were revealed ~luring test um ig. Ini t ial l y ,  three specimens were ob-
tained from a sin gle edge of cacti Cape. Th is selectioii of lest specimen locations had the

- — — - result tha t only one of the two or thre e fi be r lots used to fabricate a tape was actu ally
tested. Consequently , tensile lest results were high1~ consistent . When test specimens from
different edges of the tape were selected , however, some tapes exhibited large diffe rences in
strength. This was attribut ed to the fact tha t different fibe r lot s were used to fabricate a single
tape . This is shown in Figur e 5.1-6 where tape lots . J , K and X arc indicated .

Subsequent testing ~ as expanded so that specimens selected were representativ e of more
th ami 75 percent of the tape area. This provm ded a more accurate assessm ent of the tape ’s

• strength.

Testing of Union Carbide material rec eived between July.  1971 and mid-November 197 1 re-
vealed an apparent improvement in manufacture. Test results showed that  the composite panel
strength was approximately 50 percent of the tape strength. Figure 5 . l -7 , shows the
correlation ot tape and composite panel strengths for this material . The lower line in this
figure represent s a panel strength 50 per cent of that  of the tape based on the rule of mix-
Cures. The uppe r l ine , parallel to the 50 percent line and located at the top of the strengt h

— hand. crosses th e conipo site specification min imum of 140 ,000 psi near the 340 .000 psi
tape stre ngth level, indicating that a tape strength ot ’ 340,000 psi would ensure acceptable
composite strength. Therefore , when panel testing of ’ one randonih’ selected tape from 

V

- each 100 square feet of tape received was resumed , panels from tapes with strengths of

— 
340,000 psi or greater were not tested providing that  the monolayer tensile tests f ’ro tmi
diff ’ert ’nt locations of the same tape exhibited no significant decrease in strength.

•
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6.0 DESIGN AND ANALYSIS

The airfoil shape of the third-stage blades designed and fabricated under this program was
established by the contrac t commitment that the blades would be service evaluated in a Pratt

t 

& Wh itney Aircr aft TF3O-P-9 engine. Except for the part-span shroud , which was eliminate d,
- 

‘ the blade airfoil shape is identical to that of the TF3O-P-9 bill of mate rial (B/M) titanium alloy
blade. As a consequence of removing the shroud , the blade shape was smoothly blended to
eliminate the chord wise notches and local thickening at the shroud locations. Figure 6.0-1
shows a comparison of the advanced composite blade with the B/M titanium alloy blade.

6,1 BLADE DESIGN CONSIDERATIONS

V Fan blades must satis fy both vibration and static stress requirements. The vibratory design V

- - 
- criteria are primarily concerned with the second order engine excitation (2E) of lower order

bending frequencies and avoiding torsional flutter . The stress criteria of both the airfoil and
attachment sections of the blade are imposed to ensure that the blade will be able to with-
stand the loading to which it will be subjected during engine operation.

In addition to the vibration and stress requirements, the blades must also be able to withstand
foreign object damage (FOD) due to ingestion of foreign obj ects into the engine.

Because of the inherent anisotropic propertie s of advanced composite blades and the signit-
icant interdependence of fabrication techniques on mechanical and physical properties , the
design procedure for advanced composite blades is highly sophisticated. In general , the corn- V

posite-blade design process requires more iterations than the design process for isotropic ma- —

terial blades. Figure 6.1-1 is a typical logic network used in the design of composite fan blades
and illustrates the complexity of the process. This has resulted in the development of ad-
vanced , computerized tech niques to anal yze the stress state and vibration characteristics of
nonhomogenous and anisotropic material fan blades. These techniques, developed by P&WA
and outlined in Figure 6. 1-2, were used extensively to optimize the fan blad e design.

Although the procedures are m ore complex , the structu re of composite blades does allow a
certain amount of design flexibility not available when designing with isotropic materials.
The lay-up pattern of the laminates can be varied in an effort to meet specific design criteria.
The shell and core construct ion shown in Figure 6.1-3 can be used to advantage in meeting
bending and torsional frequency requirements as well as stress requirements . The shell pro-
vides the torsional stiffness to meet torsional frequency requirements and keep the angle of
untwist at an acceptable level. The core , on the otherhand , provides the bending stiffness to
satisfy the bending frequency requirements as well as providing the P/A load carrying and gas
bending and restrained warping stress capability.

6.1.1 Vibration Considerations

The high modulus-to-densit y of advanced composite m ateri als is not sufficient to compensate
completely for the reduced bending frequency which resulted from eliminating the part-span
shroud. Consequently, firs t bending resonance by 2E excitation was unavoidable. To resolve

19
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thi s condition the composite fibers must be oriented and distributed so as to reduce the fi rst
bending frequency to a level where 2E excitation would have little adverse effect. However ,
the blade stiffness must not be decreased to a level wh ere the second coupled bending t’re-
quency is reduced to a point where it will undergo 2E excitati on in the engine operating range.

An additional consideration is that the torsional frequency of the blade must be maintainc - d
at a sufficiently high level to achieve an adequate torsional flutter parameter. This parameter
is defined as bw t where b is the chord length in feet and is the first t rsional blade t~re-
Liuency in radians/sec.

6.1.2 Stress Considera tions

6.1.2.1 Airfoil

The general stress criteria used in fan blade design include yield stress, low cycle fatigue (LCF) .
and creep.

Low magnitude vibratory stresses , combined with high level steady state stresses , create a
potential fa tigue problem in fan blades. in addition to stress due to aerodynamic loading,
steady state stresses result fro m centrifugal forces (P /A stress ), blade untwist , and restrained
warping. Under centrifuga l loads , large torsional moments are developed in the rotating blades
because of blade pretwis t and the asymmetric blade geometry with respect to the plane of ro- V

tation. The fixed condition of the hub prevents warping and results in longitudinal (restrained
warpin g) stresses , Blade untwist and camber variati on due to torsion cause additional longi- V

tudinal stresses.

Vibration of the blades induces torques and moments resulting in high frequency stresses.
The magnitude and frequency of these vibratory stresses depends upon the natural frequency
of the blades and disks and are a function of the torsional and bending rigidities of the systems.
A yield strength cri terion is traditionally applied to metallic fan blades because experience
has shown that vibratory fatigue failures are avoided by limiting the steady stress to a fraction F
of the yield strength. With composi tes, the cri terion is to limit the steady stress to a fraction
of the composite ultimate strength since yield strength essentially coincides with the ultimate
strength.

6.1.2.2 Root Attachment

Blade at tach ments transmit tensile , bending, bearing, shear , and torsional loads from the air-
foil to the disk. A design constraint is that the attachment must be stronge r than the airfoil
so that , in the event of failure, the fail ure will occur in the airfoil section of the blade rather
than the more massive attachment section, thereby mi nimizing secondary damage . The blade
attachment must have sufficient strength to withstand the high induced inertial loads and in
addition , must be designed so that st ress concentrations are reduced to a level where they will
not be adversely affected by the vibratory loading environment.

20 
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To design the blade attachments , P&WA has developed a computerized finite-element tech-
nique by which the stresses in this attachment can be accurately analyzed. In this technique,
the elastic continuum is replaced by a mesh of interconnected quadrilate ral elements of
known stiffness . Equilibrium and compatibility conditions at the nodal points are then satis-
fied and a system of simultaneous equations is generated. The solution to these equations

• approximates the exact elasticity solution.

Figure 6.1-4 is a schematic of a typical finite element model of a blade attachment design.
• Because of symmetry, only one-half of the design need be considered provided appropriate

boundary condi tions are specified along the axis of symmetry. As can be seen , the elemen t
V size can be varied throughout the body — small elements in areas of rapid stress variation and

larger elements where stresses vary more slowly. This provides the mean s to m ore accurately V

determine stress profiles and stress concentration factors .

6.2 BLADE DESIGN METhODOLOGY

A disciplined , orderl y design procedure was implemented to ensure a successful fan blade and
rotor design as well as to provide a cost effective design effort which would minimize duplica-
tion of effort and optimize the analytical iterations required. An outline of the procedure is
as follows:

1. Fan flowpath and blade airfoil contour technical data were determined . These data were
based on the TF3O-P-9 engine B/M blade data.

2. Fiber volume percent , airfoil weight, and centrifugal pull were determined based on
the required fan speed plus ten percent. This data identified the root load carrying
requirements.

3. The blade attachment was designed taking into account the design constraints described
in Section 6. l .2.2 of this report as well as manufacturing considerations. Al though

- - blade root and disk lug attachment stresses were calculated in the same way as for a
metal blade , particular attention was paid to tooth shear and bearing stresses as well as
the bonded root join t shear stress because of the anisotropic properties of composites V 

-

V materials. In addition , the broach.angle of the blade root attachment was optimized
so as to produce the smoothest flow of fibers into the root.

To form the root section , the tiber plies which make up the blade were translated from
the aerodynamic airfoi l section into a rectan gular wedge shaped root and splayed into
t wo fiber bundles. An aluminum wedge was inserted between the bundles, and titanium
root pads were bonded to the outer surface of the fiber bundles. The root pads provided
the surface necessary to carry the bearing loads produced by the interaction of centrifu-
gal force and the restraining lug of the disk. Figure 6.2-1 shows a cross-section of this
design .
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The rectangular shape of the root simplifies manufacturing the a lu minum wedges and
titanium root pads. To achieve maximum shear strength of ’ the bonded joint , the mat-
ing surfaces were matched as closely as possible. The design aim is to obtain the smooth-
est possible transition in the shortest radial length. This will  mifliIfl i~e overall blade length
and consequent vibratory problems as well as avoiding th e possibility of imposing more
stringent pitch limitations on the disk tug design.

Although the design criteri a are not identical to those for metal blades , every effo rt was
made to adhere to proven disk and blade design relationships.

4. Concurrent with the design effort which provided the basic configura tion , the fi ber
ori entation of the plies was optimized so that the vibratory and stress criteria would be
adequate ly met. The core and shell construction was selected as the best means of meet-
ing all design criteria , including torsional creep (untwist )  of’ the airfoil.

5. After determining the fiber orientation and both the radial and axial blade tilt, a com-
puter program was developed to determine the flat pattern shape of each ply to be used
in the blade construction. The airfoil taper established the overall span length of each
ply .

6. Finished tolerances were determined to be those expected of a t i tanium olade; conseq-
uently, techniques to calculate the blade tip clearance and root balance were those used
for titanium blades. However, it was expected that actual clearan ces might diffe r due to
changes in the coefficient of expansion and density of the composite materi al , plus
lower airfoil stiffness. 

V

6.3 FINAL BLADE DESIGN ANt) CONSTRUCTION

The blade has an overall length , including root attachment , of appro ximately ten inches; chord
length is app roximately three inches. The blade weigt~t is only 6.6 ounces, 40 percent lighter
than the TE3O-P-9 engine B/M blade. The airfoil has a maximum twist of 49° and a maximum
camber of 68°. Its leading and trai ling edges are a max imum of 26.4 mils thick . The blade is
designed to operate at a maximum tip speed of 1500 ft/sec and at a maximum temperature
of 470°F.

V 6.3.1 Airfoil

The airfoil is constructed of 6061 aluminum alloy matrix materia l reinforced with a 50 per-
cent volume of 4.2 mit BORSIC® fiber (boron fiber coated with silicon carbide). The at-
uminum alloy matrix material was chosen because of its superior fabricahility and good
corrosion resistance as well as Pratt & Whitney Aircraft experience with the materia l. Coated
boron fiber , rather tha n u ncoated , was chosen also because of fabr icability; the BORSIC®

fiber allows a greater range of , and higher , processing temperatures.

Figure 6.3-I shows a cross section of the core and shcll blade construction as well as the fiber
orienta t ion in each element. l’he inner core is composed of all-radially oriented fibers to pro-
vide both bending stiffness and strength in the radial (root-to-tip) direction. In the shell the 

V

alternate fibe r layers are oriented ±450 to the radially oriented core fibers. The orientation
of the fibers in the shell provides the require d torsional stiffness and creep strength,
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The ratio of shell-core-shell thickness is 20 percent-60 percerit-20 percent based on the max-
imum thickness at a given airfoil cross section. This thickness ratio is maintained from blade
root to tip . A total of 44 plies is used in the root are a, only 13 of which extend to the tip.
The 44 ply shapes at the root were established by computer after the airfoil aerodynamic
parameters were established. The inner most radial ply is the smallest and the outermost
“cross” ply is the largest. Figure 6.3-2 shows the relative sizes of the plies. 

V

To provide protection against sand/dustJ rain erosion and the types of FOD encountered in
a fan’s third stage (norm ally gravel and small metal objects) the airfoil has a nickel-cobal t
leading edge extending fro m the tip to within one inch of the root. Figure 6.3-3 shows this
protection while Figure 6.3-4 shows a cross section of the leading edge . Nickel-cobalt (Ni-Co)
alloy was selected rather than hardened nickel for the leading edge because it exhibits superior
hardness above 350°F.

An alternate leading edge design consisting of a two-piece titanium alloy sheath was developed
but was abandoned because of substantially higher cost and fabrication difficulty. Figure
6.3-S shows the alternate design.

6.3~2 Root Attachment
Figure 6.3-6 shows the low-wedge , one inch splay radius , titanium dovetail attachment Se-
lected for the advanced composite fan blade. while Figure 6.3-7 is a sketch of the titanium
dovetail attachment geometries considered. The low wedge at tachment was selected and
fabricated under this program . The selected design has several advantages over the aluminum
double-dovetail attachment design developed and tested under the Advanced Composite
Engine Program . Phase I . Air Force Contract F336I5-69-C- 165 1 and discussed in
Technica l Report AFML-TR-70-89, J. A. Mangiapane , April , 1970. The prime advantage is - 

-

the ample shear strength of the titani um pads; a ratio of maximum titanium shear stress at
redline speed and 450°F to allowable titanium shear stress at the same conditions is 0.53.
Other advantages include simpler geometry . superior wear resistance and a high bearing strength
throughout the operating temperature range .

6.4 VIBRATION ANALYSIS

Blade vibration analyses , using BORSIC®/Alu minum composite material properties at both
room temperature and 450° F, were conducted . The effect of the Ni-Co leading edge was in-
cluded in the analysis . Figures 6.4- 1 and 6.4-2 are resonance diagrams showing the results
of these analyses.

The analyses indicated that , at both room temperature and 450°F the TF3O-P-9 BORSIC®/
Aluminum fan blad e with FOD protection will be excited in first bending by 2E engine fre-
quency at about 5000 rpm. This rpm is just above id le in the engine operating range which
would occur only duri ng rapid descent from high altitude. The 5000 rpm speed does not
coincide with any potential operating speed of ex tended duratio n.
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rhe coupled blade-disk second mode 2-nodal diameter frequency satisfies the Pratt & Whitney
Aircraft imposed ten percent margin requirement on 2E excitation at redline engine speed.
To meet this requirement for a Ni-Co FOD protected blade , the disk design incorporates a
live-rim thickness 0. I inch larger than the rim thickness of a disk designed for a blade with
t i tanium FO!) protection. Figure 6.4-3 is a sketch which compares the two disks. 

V

The shroudless BORSIC®/A luminum blade with FOD protection exhibits a flutter parameter.
(b 

~~ 
1187 ft/ see) such that torsional flutter is not anticipated. This conclusion is re-

inforced by the results of a rig test conducted on shroudless third stage ~tanium blades
having a b 

~ 
ot’ 1120 ft/sec. Test results indicated that the blades were flutter free.

6.5 STRESS ANALYSIS 
V

6.5.1 Airfoil Steady Stress and Test Analyses

A gas-bending and blade tilt analysis was conducted on the BORSIC®/Alumi num blade in or-
der to equalize the maximum shdi stresses. The shell stresses are a maximum at two points on
the blade airfoil root , on the convex side at the leading edge , and at point A as show n in
Figure 6.~ - l .  The maximum shell stre ss (combined P/A , restrained warping, and gas-bending
stresses) at the leading edge is reduced by ti l t ing the blade to create a moment which acts
against the gas-bending moment. The level of stress reduction which can he achieved in this
way is limited beca use , as the leadi ng edge stress is reduced , the stress at point A increases.
The optimum tilt is attained when the leading edge shell stress with maximum gas loading
eq uals the shell stress at the three-fourth chord position on the convex surface with minimum
gas loading.

This analysis indicated that the recommended stack line offsets (tilt) were 0.2 inches tangential
and 0.031’) inches axial at the blade t ip. Table 6.5-1 lists the elastically calculated longitudinal
stress compone nts and their vector sum at the locations of peak stress at the airfoil root see-
t ion ( r  = 7.0 1 in.). Values are :

TABLE 6.5-I

MAXIMUM AIRFOIL STATIC STRESS ( psi)

Conditions: Mach No. 1.2, Sea Level, Max Afterburner , Fan Speed 10 ,355 rpm

Core (0° fiber orientation) Shell (±45° fiber orientation)
3/4 Chord (CV) Leading Edge

P/A(p  32 ,170 18 ,000
V Restrained Warping 2 1 ,000 24 ,500

Tilt and Gas Bending 2 ,406 1 .4 10
Total 55 ,5Th 43,Q 10
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TABLE 6.5-I (Cont ’d)

Conditions: M iii. Gas Load , Fan Speed = 10 ,350 rpm

3/4 Chord (CV) 3/4 Chord (CV)

P/A .;2 , 170 18 ,000
Restrained Warping 2 1 .000 19 ,450
Tilt and Gas Bending 7 ,070 6.920

Total 60,240 44.370*

Balanced Stre&ies

The recommended stack line offsets ( t i l t )  were determined by balancing the total longitudinal 
V

stress at the leading edge of the shell ~m ax imum gas loads . Mach No. 1.2 , sea level , maximum
afterburner flight conditions) against the total longitudinal stress at the three-fourth chord
position on the convex shell surface (minimum gas load at fan speed of 10,350 rpm) .

6.5.2 Titanium Dovetail Attachment

The titanium dovetai l attachment was optimized by using a finite element method of ana-
lysis to determine the combination of fiber splay radius and wedge heigh t which would re-
suit in minimum interlaminar shear stress in the ±45° oriente d fi be r cross-plies. Two wedge
heights were considered, and severa l splay radii were analyzed for each wedge configuration .
Figure 6.5-2 shows a plot of maximum and average interla minar shear stress in the cross-ply

V 
layers versus the splay radius for t h e  “high ” and “low” wedge designs. The optimum design
is indicated to he a low wedge combined with a small splay radius.

The mini m um bend radius to which the fibers can be subjected is limited by the maximum
allowable bending stress induced in the fibers by curvature . Unidirect ionally oriented fibers
(core) may be bent abou t a min imum radius of 0.75 in. while the cross ply fibers (shell) may
be bent abou t a min imum radius of 0.375 in. Bending abou t these minimum radii will induce
a maximum 160,000 psi bendin g stre ss in the fibers. Figu re 6.5-2 shows that the interlaminar
shear stresses for the cross ply layers of the optimized dovetail design are less than the allow-
able value of 5,300 psi or 66.6 percent of the shear strength.

In the optimized configuration the fibers are splayed by a singl e aluminum wedge which
produces a minimum splay radius of 0.75 in. in the unid i rectio nally oriented fibers . The
titanium pads provide ample shear and bearing strength throughout the operating temperature
range . 

V

The root design point shown in Figure 6.5-2 was based on fabricahil ity and inspectability
considerations as well as laminar shear strength. Althou gh the stress optimized design results
in a slightly lower shear stress, the larger bend radius of the actual design point (one inch vs
three-fourths inch) reduces fabrication (lift iculties at the root and facilitates ultra sonic in-
spection. In either case, the average shear stress is well below the allowable value and the max-
imum shear stress is not a ffected at all .
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Sel~cted for  the BORSIC®/Aluminum Blades Designed and Fabricated Under
This Program
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7.0 FABRICATION . TOOLING AND EQUIPMENT

The fa brication processes and tooling used in producing the I%ORSl( ’~~/AlLIIfli n uIn tI~ird-stage
* - fan blades under this contract ~ erc devetoped specilicall y to meet th e needs of this pro-

glilIn; i.e., a short production run application , l ’Iuphas is was PkI~’eLl OIl developing the
V techniques and tools ilecessary to ensure technical success rat h er than conducting an effort

• directed toward i~ossible Ili (nrc long production run cost opt imitation .

7.1 FABRICATION PROCESSES 
V

7.1.1 Development

Stringent process control param eters  wete  establis h ed and adhered to I hrougl~ou I the  pro—
grain. These param eters will for m the basis tot fabricat ing f light qu ahil \ hardware. In the
blade bon din g—difl u s,on process the af lnosp h er ic  pressure Ill the retort w as  reduced to a
maximum ot I 0’~ lor r , (he die s were healed to 1050 0 10 °F, and a load of 5000 psi was
applied tot 1.5 bouts. A lthoug h ho lding these paranleters was IchI t  i~ ely d I U I L ’illI . it wa s  an
effect ive method of ensur ing tha t  the te~hIl ical success 0( ( l ie prograni would Pl ot he conlpr (~mised - l owering the standards could h av e re sulted in such a coinpr olnis e .

f)urin g t lie deVelopIlle lI t st ages of t i l e process. I W& ) pr ob lems were defin ed wuicn Ila O io be
solved belore lab ricating pal -Is ol high t I II ~ I I i t V  V

The f i rs t  involved ta br ic a tuig the t i t an ium root blocks to a t0 .002 in . toler ance. Figure 7 . I —

shows these blocks. Machining was cllosen over ca sting or forming as the m ost feasible mnelh -
od ot pr oducing the blocks. l~ot Ii tracer III acl ti n ing ( t roni  a mast er )  and numeric a l  tape con-
tro l kNC ) machining were possible. The NC tape approa ch was tried unsu ccessfu lly . Subse -
quent tria ls using the tracer t echnique were even less stIcct-sst ul . Impr oved too t ing was th en
developed and lie N( ‘ approach again t tied . l b  is result ed in (h e successful and cOIIsiS(en I pr o— 

V

duct ion ot engine qual i ty  parts.

the presence of a second problem area was recognited when imf i a l  spin—pit proof test ing ol’
the blades resulted in several failures a 115  percent design speed. I t  was detennined th at
high residual stresses induced in ti le t iber~ during the hot—pre ssing operation were causing the
failures. Init ial  remedial action was to relieve th e st tesses by adj ust  lug (lie cool—down rate of
the die. Success Lw ti l ls method was incons istent , so an 800°F b eat—tre a t  was applied to the
blades in th eir f inished cont igur af ion. l’hi s procedure solveti the  problem aii&1 no f u r t h e r
blade failure s were experienced either in sp imi- pit or engine environment te sting.

During this develop m ental  period 5Q blades. I - I  through l~ St) , were either not Processed
by optimum procedures or destroyed in spiti—pit testing .

7.1.2 Finalized Fabrication Sequence

Table 7. I—I outlines the sequence of operations used III producing the  blades trom wh ich all
engine test blades were selected. This sequence was used to fabricate I SQ blades (F~~()
thro ugh I:_ 2481.
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TABLE 7,1-1

FABRICATION SEQUENCE

TF3O Third-Stage Composite Fan Blade

Sequence
No. Operation

I. Cut 44 plies of BORSIC®/Aluminum tape to correct shapes.

H 2. Cut three plies of .005” 6061 Al foil.

3. Machine two 6-4 titanium root blocks.

-~ 4. Machine one 6061 Al wedge .

5. Stack , preform , and tack-weld plies together into three packages.

6. Record weigh t of blade components.

7. Tack-weld together three ply packages, wedge , and root blocks.

8. Load assembly into closed die. -

9. Transfer die to vacuum retort/press facility.

10. Reduce pressure in retort to IIT~ Torr or lower , induction heat die to 1050 0 ±
10° F, load blade to 5000 psi (78.5 tons), hold for 1.5 hrs., cool down.

11. Remove compacted blade from die , deflash edges, and clean blade.

12. Perform in-process, non-destructive inspection (density determination , ultrasonic
C-scan, acoustic emission).

13. Electroplate nickel-cobal t leading edge protection on airfoil.

14. Shuttling

15. Machine root form , platform, and undercut , by grinding.

16. Machine blade lock slot by electra-discharge machining (EDM).

17. Machine blade tip by EDM (rough ) and grinding (finish).

18. Clean and heat treat at 800°F for 3 hours (two cycles).

19. Check airfoil twist.

V 
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I TABLE 7.1-I (Cont .)

FABRICAT ION SEQUENCE

TF3O Third -Stage Composite Fan Blade

I Sequence
No. Operation

20. Mark blade with proper ide mi t i f ic a L ion.

2 1. Inspect blade dimensions .
F
• 22 Inspect blade root by fluorescent p enetra nt inspection (Hi).

I 23. l)eter inin e blade na tura l  frequ encies in first and second bendin g, and firs t
to rsional modes.

— 24 . Proof spin to 12 , I 50 rp m ( S c~ cle~ I.

25. X-ray blade airt~ il .

a 26. M ark blade wi th  appropriate cxperi iuent ~ l t light qual i ty  mark.

- 7.2 FABRICATION TOOLING ANt) TECHNIQUES
1 - 

7.2. 1 Ply Cutting (Sequence Nos. I and 2)

— 
Af ter establishing the final ply shapes to be used in this program , a ply cutting tool* was
desi~~ed and fabricated. Figures 7.2- 1 through 7 .2-4 show the tool and illustrate its

— operation. V

- The tool consists of 44 steel , ply-shaped temp lates. one for each of the required ply shapes.
— The templates were assembled into a single tool by adhesively mounting on a steel hacking

plate. Sharp upper corners were produced on the temp lates by means of a “skim ” cut on
- the upper surface of the template assembly. To operate the tool, a sheet of BORSIC®/Alu mi.

num tape was placed on the cuttin g surfaces of the tool. A sheet of reinforced cork . appro xi- V

mately one—half inch thick was then placed on top of ’ th e tape. This “s~ind wich ’—tool , BORSJC®/
• Aluminum , and cork was then passed through a set of rubber rollers. The pressure applied

by the rollers was transmitt ed throu gil the cork , thereb y pressing the composite sheet against —

the templates which punched out t h e  t ’Iv shapes.

In this progra m , approximately 50 sets of plies could he produced before another skim Cut
was needed to sharpen the tool.

‘U,

4 similar tool was used in Miase II of the .4dismeed (~;,nposifr Enjne !~ ;g?um, .4fr Mn-ce (Jon tract F~3.?o l.~-ñ ’) - (~ 165!
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7.2.2 Root Blocks ( Sequence No. 3)

Two titanium root blocks, shown in Figure 7. I - i . are used in each blade . Each of the
blocks has one contoured surface with compound curvature ; the rem a in ing surfaces are flat.
The contoured surface was machined in a Numeric Ke ller , and a~rfoi l-sect ion charts were

-
~ used to prepare the numerical control tape. To maintain the dimensional tolerance of ’

±0.002 in. required for this surface , special procedures had to he developed and implemented.

V 
These were:

• Parts were machined one at a time to assure optimum control , even though the
- 

V Numeric Keller used is a three-spindle machine.

• A special tapered-shank cutting tool was designed which provided precise tool
location.

• The cuttin g-tool head , shown in Figure 7.2-5 . was made non-spherical iri order to
provide a more uniform cutting rate as the tool moved up or down the shoulders
of the contoured surface of the block.

Tapped holes were provided in the surface of the blocks opposite the contoured surface to
allow bolting to the Numeric Keller mounting plate. During final machining of the blade
root these holes were eliminated.

7.2.3 Wedge (Sequence No. 4)

Each blade requires an aluminum (606 1 aluminum alloy) wedge to splay the fibers in the
blade root . To fabricate this wedge , a full ring having the require d cross section was turned
on a lathe. The ring was then cut into three sections, each of which was sufficiently long to
form a single wedge. Figure 7 .2-6 shows one of these sections. Because the tip of the

V wedge was designed to be as close as possible to a knife edge, it had to be supported by a
back-up tool when the final cut was made.

7.2.4 Preforming and Spot Welding Plies (Sequence No. 5)

To facilitate loading the plies into the formi ng die , a preforming tool was designed and
fabricated in order to assemble the 44 plies required for each blade . Figure 7.2-7 shows the
plies required to fabricate a blade. The tool , shown in Figu re 7.2-8 was contoured to
du plicat e the airfoil tw ist an d camber. The tool was used to assemble the 44 plies into
three separate packages. The assembly opera. ~~~ t i consisted of manually pressing the
individual plies against the contoured surface of the tool and then spot welding them to a
five mil 606 1 aluminum alloy f oi l sheet and/or to each other in non-critical areas. To
facilitate the welding operation. shown in Figure 7.2-9 , the preform tool was made of
copper.

Figure 7.2- b shows the three packages of plies produced for each blade during the
preforming and spot welding process.

44 
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7.2.5 Diffusion Bonding (Sequence Nos. 8, 9, 10)
V 

Figures 7.2-1 1 and 7.2-8 show the blade bonding tool. This tool is a closed die consisting 
V

of a contoured upper punch and lower die , two tapered side plates, two tapered end plates,
and a retaining ring. The retaining ring both aligned and contained the internal die com-
ponents as well as acting as a susceptor (heat generating body) during the induction heating
process. The tool is referred to as a “balanced” die because the root and tip chord angles
are equal relative to the line of action of the punch.

Rectangular cavities at the root end of the punch accommodate the titanium root blocks.
Three thermocouples, which pass through the upper surface of the punch , measure root ,
midspan, and tip temperatures during the diffusion bonding process. A fourth thermo-

- 
couple measures the temperature of the susceptor ring.

Water-cooled induction heating coils , made of copper tubing, are wound around the
susceptor ring, as well as around the upper flange of the punch and the lower flange of the
die. Die stops between the punch flan ge and the end and sideplates limit the downward
travel of the punch during the pressing operation.

In operation , the die was placed in a 42-inch diameter vacuum retort which was mounted in
a 150-ton hydraulic press. A ten-inch , high-speed , vacuum diffusion pump, connected to the
retort , had the capability to reduce the retort pressure to I 0~ Torr. Supplementary controls
and load , temperature , and vacuum recording instrumentation completed the installation.
Figure 7.2-12 shows the vacuum retort/press facilities used.

Figure 7.2-13 is a chart showing the heat-up, hold , and cool-down cycle which comprised
the total diffusion bond process. The heating cycle took about five hours normally and was
performed as rapidly as possible , consistent with maintaining a vacuum of ~~~ Torr or better.
The hold , or bonding cycle, was accomplished in 1.5 hours at a temperature of 1040°F-1060°F,
a ram pressure of 5000 psi , and a vacuum of I Torr or more. Halting the induction heat-
ing initiated the cool-down cycle. The system was then allowed to cool at its natura l rate to
600°F while the vacuum of l0~~ Torr was maintained. When 600°F was reached , the retort
was opened , argon was introduced into the retort and air cooling continued. At 400°F, the
die was removed from the retort and disassembled. As Figure 7.2-13 shows, the cooling cycle
took approximately th ree hours and the total diffusion bonding cycle required between nine
and ten hours .

The die was then disassembled and the blade was visually examined. The final punch posi-
tion was determined by measuring the height of the rivets above the die stops. The die
components were then cleaned and prepared for the next bonding cycle.

A total of 168 blades were pressed in a single die with no significant die wear or distortion.
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Artificially retarded cool-down cycles were tried early in the program in an effort to reduce
blade residual stresses. The effectiveness of this approach proved inconsistent and a heat-
treat cycle, descri bed in a subsequent paragraph of this report , was far more successful.

7.2.6 Deflashing (Sequence No. 11)

Because the blades were pressed in a closed die , the aluminum h ash at the leading and
trailing edges was a “vertical” flash as shown in Figure 7.2- 14. This flash was removed by
hand fIling; no special tools were used.

7.2.7 Leading Edge Plating ( Sequence No. 13)

Electroplating of the Ni-Co leading edge was accomplished using t h e  tooling shown in
Figures 7.2-15 , -16 , and -17. The tool was shaped to control the amount of fluid available
to the leading edge regions, so that a heavy build-up of plate would occur at the edge and
a lesser thickness of plate would occur in the regions farther from the edge. This resulted
in the tapered configuration shown in Figure 4.3-4, Section 4.3. The plating fluid was
forced to circulate past the leading edge from tip to root in order to sweep away gas
bubbles which tend to cling to the leading edge and cause pitting . Forced circulation
decreased plating time as well.

A taper at the inboard (root) end of the leading edge plate was also required. This was
accomplished by using a “thief ’ wire at that location. This wire captured current normally —

available to the blade, and as a result reduced the plating thickness in the local area around 
V -

the wire.

Standard electroplating tanks and current controls were used for this process. The current
controls were constructed to handle three blades simultaneously. Table 7.2-Il outlines the
plating process sequence. V

7.2.8 Shuttling (Sequence No. (4 1

To prepare for final machining, the blades were fixed in shuttles which are short, thick-
walled tubes (usually square or hexagonal) with ends and outer surfaces machined flat.
The blades were inserted in the shuttle to a point just above the root as shown in
Figure 7.2- 18. A comparator image of an airfoil section near the root was used to proper ly
orient the blade with respect to a reference surface on the shuttle . Originally.  (‘errohend
was used to fill the shuttle cavity in order to fix the blades tirmly in place. Toward the end
of the program Cerrobend was replaced by Rigidax WINF yellow , a reinforced wax , to
position the blades. The last 50 blades (approximately ) were shuttled with the Rig idax
WINF yellow.

7.2.9 Root Machining (Sequence Nos. 15 and 16)

Due to the presence of BORSIC®/Aluminum on some of the root surfaces , the roo t shape
was produced by grinding. Conventional titanium grinding tools were used. The blade lock
slot, show n in Figure 7 .2- 19 , was produced by EDM again using conventional tools. 

V

Figure 7.2-20 shows the blade locks which were also produced by conventional means.
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TABLE 7.2-I l

V 

PROCESS FOR PLATING NICKEL /COBALT LEADING EDGE S ON
BORSIC®/ALUM INUM FAN BLADES

Sequence
No. Operation

1. Weigh blade and record
2. Tape leading edges with Mylar tape
3. Mask (five coats PMC 1 801)
4. Trim maskant
5. Vapor blast (35 to 40 psi)

6 Water rinse
7. Fixture
8. Check continuity

• 9. PS48 dip - fifteen seconds (HNO 3-I-IF)
10. Water rinse

I I .  PS3O dip - fifteen seconds (zincate)
12. Water rinse

• - 13. PS I I  dip - ten seconds (HNO 3)
- 

- 
14. Water rinse
15. PS3O dip - fifteen seconds (zincate)

16. Water rinse
17. 1 percent sulfuric dip - five to ten seconds
18. Wate r r inse
19. Nickel/cobalt plate - three hours with agitation on with current of 1 .5 amp.

nickel anode and 1.0 amp, cobalt anode
20. Water rinse

2 1. Remove from fixture
22. Visually inspect - if acceptable , remove maskant - if not acceptable, strip with

50 percent HNO3, and replate
23. Weigh blade and record weigh t
24. Bake at 300° to 350° F, two hours*
25. Polish

26. Cut one-half inch off tip for hardness check and analysis (as necessa ry )

*The 350°F bake improved the bond between the plate and the substrate and would also
reveal a poor bond by causing blisters . The 50 percent cobalt. 50 percent nickel solution
provided a plate hardness greater th an that of 6-4 titanium alloy . -:

a - 
V
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— 7.2.10 Tip Machining (Sequence No. 17)

Using the finished root as a position reference, the blade tip was rough machined by EDM,
and finish ground. Conventional tooling was used.

7.2.11 Heat Treating (Sequence No. 18)

Blades were heat treated at 800°F by suspending them from a slotted rack shown in
Figure 7.2-2 1 and heating them in the electric oven shown in Figure 7.2-22. This heat-
treat was successful in relieving the residual stresses induced during the diffusion bonding
cycle . These residual stresses had caused premature spin-pit proof testing failures in early
blades (Section 10.3.3 , Spin-Pit Burst Testing).

7.2. 12 Dimensional Inspection (Sequence No. 21)

Blade root form was inspected in process using a lox shadowgraph. Airfoil contour was
inspected by use of a New England Plotter which produced a permanent lOX plot of any
desired airfoil station.

Sequences 12 , 22 , 23, 24 and 25 refer to non-destructive inspection, which is covered in
Section 8.0.

48 

— —

- -
- ----

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~a,——-— - - - - - - —  —- — . - —-..----~~~~

- - -
V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



________  ‘--a --— -~~~~~ 
— .- 

~~~~ —~ -- -~I - - ‘- — -
~
—-

~~~~
--- 

—~~ .—~~- --‘---“.- —
~~
---‘—.----- -

~~~
.-,,- ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

r 
- - V — - - - -- ~~~~~~~~~~~~~~~~~~~~~~~~

II.
- - 

PRATT & WHITNEY AIRCRAFT GROUP

7.2.13 Disk

Figure 7.2-23 shows the third-stage disk which was produced by conventional means with
the exception of the blade slots. Because the slots had to be deeper than normal, they

I - were broached with two sets of broach cutters, one producing the upper portion of the slot,
- 

V and the other the lower portion (Figure 7.2-24). The two-cut approach was taken to
- 

V 

eliminate the expense of a new broach.

A full set of process operation sheets, describing the various operations in detail , accom-
panied each blade through its manufacturing cycle. At the completion of the cycle, these

- 

~ 
sheets were filed for future reference. Critical data items were recorded on the sheets as
well. These items are listed in Table 7.2-Ill.

TABLE 7.2-Ill

PROCESSIN G INFORM ATION RECO RDED
ON BLADE OPERATION SHEETS

4 .  1. BORSIC®/Aluminum tape lot number(s)

1 - 2. Total weight of ply package , including:
3 

V 1. • Titanium root blocks
• Aluminum wedge
• BORSIC®/Aluminum plies
• Aluminum foils

- 
• Shim

3. Weight of bonded blade

• 4. Root block shim thickness

* 5. Bonding tempera t ure

6. Vacu um level during bonding

- 
*7 Height of aluminum rivets above stops

1 *8. Height of aluminum rivets above die flange surface

1’’ 9. Die used

These measurements indicate the position of the punch after the load has been applied.

S.
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MIDCHORD SECTION
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Fiqu re 7.1-1 Titanium Root Blocks Used in Fa b?ication of the BORSIC®f Alumiuunl Fd n
Blades
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44 PLY SHAPES

Figure 7.2- 1 Roll-Cutting Te~np la tes f o r  TF3O-P- 9 7iiir t1-St ~ge BORSIC®L4lun, inum
Fan Blad e

CO R K  S H E E T  BO R SI C ®TAPE CUTTIN G TE MPLATES RACKING PLATE

1i ~U rc’ 7.2-2 Roll-Cu tti;,~’ Sa ndu ’icl, f~~r iF ?O-P- 9 1i: ir d-Sta ~’e BO RS1C ®/ V t lu, ni , , um ~~~

Bla de
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Fi~’urc 7.2-4 BORSI C ®/ .4luminu,n Plies .-l f t e r  Roll-C:~ t t i l l~7

CONVENTIONAL TOOL MODIFIED TOOL
ST R A I GHT SH A N K ~~~~~~~~ J L..

~
L

TAPE RED S H AN K

I MODIFIED
NON-SPHERICAL

— 
H E A D

CONVENTIONAL
V SP H E R I CAL

CUTTING HEAD
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Figure 7.2-1 1 Cross-Section View of the Blade Diffusion Bonding Tool
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Figu re 7.2-17 Nickel-Cobalt Pla ting Tan k
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Figure 7.2- 18 Schematic I Ie ’Ie of Shuttle ( ‘set! To Posi tion Blades f o r  Final Machin ing
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Figu re 7.2—20 The Blade Lock ~‘as Produced By Co;, i ’e, :tio,, tj l ~I at - l:i ~iiu g \letlmotis
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Figure 7.2-2 1 Slotted Rack Used to Hold Blades Du ring Heat Treat
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Figu re 7.2-23 TF3O-P-9 Third-Stage Fan Disk Ad~~ted fo r  Use With BORSIC®IAluminum

Blades

Figure 7.2-24 Tu ’o Cuts Were Require d to Broach the Blade Slots of the Third-Stage Disk

66

~~~~~~~~~~~~~~~~~~~~~~~~~~~ --. J ~~-~~~~~:~~ 
- -_ _ _



— ‘-.- —~~~~~

V PRATT & WHITNEY AIRCRAFT GROUP

8.0 NONDESTRUCTIVE TESTING AND INSPECTION

Because of the nonhomogeneous, anisot ropic nature of BORSIC®/Aluminum composites.
the inspection techniques and procedures existing at the start of this program would not pro-
vide valid, dependable results. Consequently. a comprehensive nondestructive inspection
(NDI) development and evaluation effoct was included in the progra m which was directed
toward establishing reliable quality control techniques and procedure s for the production of
advanced composite fan blades. In addition to establishing the methods to detect defects.
the program included developing nondestructive method s for determining both the elastic
properties and composi tion of the materials as well. The latter two quality control para-
meters we~-’~ investigated because nonhomogeneous composites are composed of structural
elements which can vary in amount, qualit y, and in this program , in fiber orientation. These
variations can result in substantial changes in the physical properties of the composite.

8.1 METhODOLOG Y OF DEVELOPMENT

The program as ori~~nal 1y structured consisted of a literature search and thre e independent
development activities:

• Methods to detect defects

• Radiographic methods of inspection

• Methods to determine elas tic properties

Radiography was the subject of independent study because experience indicated that it re-
presented the greatest potential for fiber distress detection. As the program progressed . ac-
coustic emission methods of detecting defects evolved into a fourth independent develop-
ment activity, whereas it was ori~~na lly included under the genera l methods to detect defects
category .

To evaluate the methods being developed to detect defects and material elastic properties .
composi te test panels and blades were used. Those methods which appeared to be most re-
liable were further evaluated by applyin g them to the engine test blades produced in the
program.

8.1.1 Def ect Detection

Advanced methods of defect detection generated at other facil ities, as well as those developed
at Pratt & Whitne y Aircraft. were evaluated under this program. To evaluate the methods
developed outside P&WA. blades with programmed defects were provided to the outside faci-
lities. The reports of findings were submitted to P&WA and compared to the actual defe cts:
the specifi c defect detection system was also evaluated.

~~~~~~ V .V I  
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8.1.2 Radiographic Detection of Defec~

This activity was conducted similarly to that described in paragraph 8.1. 1. However, with the
radiographic methods the basic X-ray exposure and film reading were conducted at P&WA
facilities. Film enhancement and eva luation were usuall y conducted at a vendor ’s site using
his commercial equipment.  Duplicate radiographs of a blade defect were provided to each
radiographic equipment manufacturer for enhancement.  For methods of radiographic defect
detection which did not produce a permanent record . P&WA personnel visited the vendor ’s
site in order to evaluate the methods used. Each method of detection was evaluated on the
reports received.

8.1.3 Acoustic Emission Detection of Defect

The acoustic emission developm ent program included both smooth and notched tensile ~pCci-
mens as well as correlat ing blade emissions with combined stress fatigue. Spectru m response

— and pulse heigh t analysis were evaluated. However , the total energy emitted proved to be
— the most effective parameter and was the one used in these studies.

8.1.4 Elastic Property Determination

The aim~unt . quality and tib er orientation ot the components in a composite material can
adversely a ffect its physical properties: defect detection alone is not a sufficient criterion for
determining the suitabili t y of a batch of composite mater ial for structural purposes. Con-
sequent ly . a program was conducted to develop the most reliable method for determining
material modulus and analyzin g material composition.

8.1.5 Test Specimens

Two production configu ration blades were produced wi th  programmed defects. These det~cts
represented conditions that might occur durin g fa bric ation and included varying degrees of cut
fibers. unbonds , wrinkled plies and areas cut from plies. The defects were located in various
parts of the blades to study the e ffect of location on detectabili ty.

Four 4—in. x 6—in , panels we re fabricated with defects simulatin g vary ing amounts of porosit y -

Panels were 20 layers thick with one—quarter inch and one—hal f inch diameter defects. Some
de fects were created by removing areas of tape , while others were created by removing j ust
the foil backing from the tape. Each panel had defects with material removed from one ply
and from two plies . To ensure porosity would occur , two panels were pressed at a reduced
pressure and temperature ot’ 3500 psi and 970°F for 1.5 hours. The other two panels were
pressed at 1050°F and 5000 psi for 1.5 hours in accordance with th e fabrication spec ification.

Thirteen 4-in x (-in panels representing various fi ber contents . number of plies and tibet
ori entat ion schemes were obtain ed for elastic propert y studies . Fib er cont ent s  ot ~t ) . 4() and
50 percent volume; ply counts of 10 . 20 and 40: and five different pl~ on e n l . i t , on  ~Jicmc~
were included among the panels.

All samples fabricated for this progr am were nude tr oin t ~e m l !  H’ I ‘
~ m nti im -  .n~

uti l izing 4.2 mu din ,  fiber. 
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8.2 DEFECT DETECTION

8.2.1 Ultrasonics

The use of ultrasonics proved to be the most effective inspection techni que to detect unbond
or delamination defects. The characteristic straight-line transmission of energy with the lack

• of diffusion and the high impedance represented by an unbond area all favor this method as an
inspection technique. Because of the many reflective surfaces in a composite structure , a
pulse echo ultrasonic method can be difficult. However , through -transmission methods are
not hampered by extraneous reflections. Because of the almost total inability to transmit
across an unbond area , we can look for large losses in the tra nsmitt ed signal to indicate de-
fective areas. The effectiveness of this method was proven during this progra m and four
separate procedure s utilizing ultrasonic through-transmission have been applied.

8.2.1.1 Procedure One

The first procedure utilizes two-wheel search units slightly spring loaded against each other.
The spring load assists in ultrasonic coupling and maintains the blade in the correct orienta-
tion for the ultrasonic transmission. Additional coupling is obtained by wetting the surface
of the wheels. The particular syste m used in this program had a 0.75-in, diameter transmitte r
and 0.25-in, diameter receiver operating at 1 MHz. The frequency was low because the unit
was also used for graphite/epoxy blades which have an excessively high attenuation at higher
frequencies. Delaminations approaching the size of the receiver have been detected with
this system. Advantages of the system are that It is easy to set up, requires on ly a small area ,
and provides a very fast inspection method. However , because of the size of the wheels, it is
not effective at the airfoil edges or within the root platform radius. Figure 8.2- 1 shows this
method.

8.2.1.2 Procedure Two

A second procedure was developed to inspect the areas which the wheel search units missed.
Two 0.25-in, diameter transducers fitted with radiused plastic adaptors were mounted to
allow a contact through-transmission inspection of the airfoil. Althou gh not as fast , a rapid
inspection of the area missed by the wheel units can be made with a greater sensitivity to
smaller defects. Figure 8.2-2 shows this method.

8.2.1.3 Procedure Three

A third procedure was developed to obtain an inspection less susceptible to human error
and one with an increased sensitivity to porosity as well as delaminations or unbonds. With
a dummy blade and follower system to act as a positioning device , a “C” scan recording is
made of the airfoil. The setup, shown in Figure 8.2-3, uses a 0.50-in, diameter SIL trans-
mitte r on a 0. 1870-in, diameter SIL receiver operating at 2.25 MHz. U provides a complete
inspection of the blade airfoil and produces a permanent record. The method has excellent
resolution with a capability of varying sensitivity by recording different levels of transmittal
signal.
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8~2. l.4 Procedure Four

The fourth procedure was applied to inspecting the root attachment area. In fabricating the
root , the two titanium alloy blocks and the aluminum wedge are attached to the composite
structure by diffusion bonding. The blocks are later machined to obtain the proper blade
root configuration. To ensure a bond has been achieved, an ultrasonic through-transmission
“C” scan of the root is made before the roots are machined. Using a 0.5-inch diameter SIL
transmitter and a 0.62 in. diameter SIL receiver operating at 5 MHZ , broken fibers at the
wedge tip as well as unbond areas have been detected. Figure 8.2-4 shows a root section being
inspected.

8.2.2 Advanced Ultrasonic Methods of Defect Detection

Two advanced methods of ultrasonic through-transmission imaging were evaluated at ven-
dor’s sites. Acoustic holography by Flolosonics. Inc., Richland, Was hington, and Acoustic
Optical by TRW , Redondo Beach, California, were applied to the defect samples. Both
methods present real time images of ultrasonic signals~ however , neither appears to have the
resolution of present scanning methods. They are much more complicated and require a
combination of optical and ultrasonic systems as well as being affected by blade curvature .
Because of this it was decide d to continue with standard scanning methods rather than to
pursue either of the imaging systems.

8.2.3 Miscellaneous Methods of Defect Detection

Fluorescent penetrant and eddy current methods were evaluated for crack detection. Both
methods proved effective but were not thought to be production inspection procedures.
They appear to be more applicable as fatigue detection methods during service.

Several methods were evaluated which proved ineffective or otherwise unacceptable. Ther-
nial methods (infrared) were unsuccessful because the high thermal conductivity of the blade
diffused the heat and destroyed resolution. Holographic methods proved excellent for shallow
defects but were unable to effectively detect defects at any significant depth. This method
might have application for bonded leading edge protection schemes or for thin composites.
Application of Krypton exposure methods by Industrial Nucleonics utilizing radioactive Kryp-
ton 85 gas was unacceptable because the inherent porosity of the composite made the blade
extreme ly difficult to degas.

8.3 RAD I OGRAPHIC INSPECTION

Although it is ineffective in detecting bond and delamination defects , X-ray radiography is
the most effective method of detecting other composite blade defects. Not only does this
method provide the widest type of defect detection range but it has also proved useful for

• determining ply orientation. Ply orientation is clearly distinguishable with high quality
radiographs.
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As examples of the effectiveness of X-ray radiography for defect detection, the following de-
fects were detecte d using standard production equipment (Norelco OEG-50):

• Single fiber skewed 100

• Single ply of cut fibers in a ten-ply layup

• 0.375 in. diameter hole in one ply of 30 plies

• Five broken plies in the root section

These sensitivities were obtained by using low KV outputs (20-35), a target-to-film distance
of 36 inches, and a beryllium window tube with a small focal spot size (1.5mm target). With
a I 500 MAS exposure and Eastman Kodak M film, blade radiographs had sufficient resolution
and contrast to permit inspection with 20X magnification.

Further improvements in the resolution and sensitivity were achieved by using a Picker Mini-
shot system with a 0.5mm focal spot and by placing a single emulsion, extra fine grain film
in direct contact with the subject. Eliminating the film holder allowed the film to be placed

• closer to the subject in areas where geometry was a problem. The Minishot proved to be ideal
for this application as it is a self-contained cabinet unit which requires no special facilities.
With this unit, adequate contrast and resolution were obtained on single-ply composites to
allow identification of the tungsten filament, the BORSIC® fiber, and the aluminum matrix
at magnifications of 30X.

The most difficult fiber discontinuity to detect was a small number of broken plies in the
root area. The thickness of the root , the uneven cross section, and the subject-to-film distance
created resolution problems. However, by using 0.005 inch lead screens, five broken plies at
the root wedge tip were detectable. Although using lead screens at these low KV’s (~ 35)
is unusual, in this case they were effective in reducing scatter and were needed to produce
the required image sharpness.

8.3.1 Film En’iancement

In an attempt to improve defect detectability on radiographs, nine methods of film enhance-
ment were evaluated.. None of the nine improved defect detectability any more than the de-

• tectability provided by a 20x magnification of the original radiograph. However, three of
the nine methods, the Philco Ford color derivation, the Dupont film contrast method, and
printing on lithographic film in the P&WA photographic laboratory, made defects more obvi-
ous. These methods were expensive and time consuming; therefore , it was decided to use
relatively high magnification only for radiographic image enhancement when inspecting the
flight evaluation fan blades.
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8.4 A€~OUSTIC E MISSION DEFECT DETECTION

Unlike homogeneous materials , boron/aluminum composites generate a large number of emis-
sions when stressed . Many of these emissions are sufficiently large to be heard without elec-
tronic amplification. The emissions occur at stress levels well below the yield stress and even
may occur while the material is cooling or aging. An attempt was made in this program to
measure the emission output and correlate it with mechanical test results.

8.4.1 Tensile Test Specimens

The initial attempt to determine the effectiveness of acoustic emissions as a defect detection
tool was to monitor the emissions from ~ioth center-notched and smooth specimens during
tensile test.

The center-notched specimens exhibited a drastic change in emission rate just prior to failure.
• This phenomenon was used to time the triggering of high-speed cameras in an attempt to

• photograph the specimen at the instant of failure. Using a film speed of 2,500 to 5000 frames
per second, a maximum of eight seconds of film was available to conduct the photography.
By monitoring the emission rates, an accurate warning of impending failure was received and
the camera was triggered successfully. However , despite the high frame speed, the failure was
so rapid that the event occurred between frames.

Investigations conducted in monitoring the acoustic emissions of smooth tensile specimens
showed that by loading them to less than 50 percent of the failure load, the specimen could
be used to predict the ability of the specimen to meet specifications. At a load of 50,000
psi an acceptable specimen had a total emission energy of 1.6, whereas a specimen with an
unacceptable ultimate tensile strength of less than 140,000 psi had a total emission energy of
70 at the same loading.

8.4.2 Blades

The blades manufactured during this program were subjecteu to a 200 mu tip deflection while
acoustic emissions were monitored. Figure 8.4- 1 shows the blade deflection rig and acoustic
emission monitoring equipment used. A wide range of emissiDn levels was noted. Three of
these blades were tested in combined stress fatigue at 450° F. The blade with the lowest
amount of acoustic emission (7.4) failed at 54,000 cycles with severe fabrication damage
noted. The blade with the highest acoustic emission (130) failed at 5 ,240,000 cycles and had
no apparent fabrication damage. The third blade had acoustic emission energy of 72 and
failed at 1,540,000 cycles with evidence of minor fabrication damage. The correlation with
cycle life and acoustic emission is the reverse of what would be expected at first glance. How-
ever, these blades were given a controlled deflection rather than applying a controlled load.
and the emission level may be a function of the relative stress created. A blade with fabrica-
tion damage would deflect more easily, have less stress generated, and, consequently, exhibit
a smaller emission output.
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8.4.3 Monitoring Equipment Used

I - The equipment used for these studies was a Nortec Acoustic Emission Monitor NDT-200

• with a Krohn-Hit~ fliter model 3 2( 12 and a Mosdy 7 lOUD str Ip chart recordir. I Ii~ PILkUP

• used was a Nortec I .5 MHz longitudinal wave 0.75 in. diameter lithium-sullate transducer.
The correlations described above were made by measuring total energy Output . Addrtional
efforts to relate spectru m and pulse he ight analysis pro~~d unsuccesslul.

• 8.5 ELASTIC PROPERTIES

The elastic properties of a component made ot advanced composite mater ial depend largely
on the procedures use d to fabricate the component. Consequent ly, quality assurance pro—

• cedures are unique in that they must not only detect “normal” de fects with a high degree of
confidence but also m ust provide information relative to the adequacy of the components
physical properties as well as th~ correctness of the fabrication proce dures used. If adequate
elastic properties can be continued by m easureme n t , t h en it is possible to ensure that the

• fabrication procedures were cor rect .
- 

In this program, two elastic properties,uatural frequency ~iitl modulus . wem~’ measure d as
potential parameters by w hich to characterize the BORSIC® Aluminium blades designed and
fabricated under this contract. The natural trequency measum~iitents proved to be sensitive
only to gross changes however , and, as a result, this characte rization technique was not ag-
gressively pursued.

• 

- 8.5.1 Modulus Determination

Three separate methods of modulus determination were evaluated on specimens to establish
— correlations. Ult rasonic velocity measurements , elastomat dynaniic modulus mt’asuremnents ,

and strain gage data from tensile specimens were compare d Spec imens with various ply
orientation, fiber volume percent and specimen thickness were used for the comparison.

• Results indicated that , in every case . the experimentally determined data was lower than ana-
lytically determined values. This dift~.’rence increased as the percent fiber increased. Table
8.5— I lists the data for the 00 orientation samples w ith various iTher volume percent. .

~~ mean
value and a standard deviation value is included for the experimental results. It is evident

I from this data that the experimental methods for determining iirndulus give fairly consistent
- values.

8.5. 1 .1 Ultrasonic Velocity Measurements

To apply ultrasonic velocity measurement tec hniques requires that the measurement be made
from a surface parallel to t he direction of measurement. The fixture shown in Figure 8. 5— I

I — was designed and fabricated to accomplish th ms . Flie fixture positions a sending transducer
- 

and two accurate ly spaced receiving transduce rs on t he surface of composite panels. Dv
• rotating the fixture, velocity measurements can be made in a m y  direction relative to the ply

layups. The results obtained on 00 ply direct ion panels with this fixture are included in Fable
8.5— I discussed above and were part of t he good correlation exhibited. Two additional lix-

— tures were made to fit the blade airfoil near the tip and n ear the root. They were designed
to measure velocity in only one direction along the length of the blade. They have been
swcessfully used to measure acoustic velocities on production blades.

I.. ____________ _____________ ___ L
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I~ e l ) q~o~’ of delerniinimig blade modulus with ultrasonic ~t’Iocitv mneasumxint ’nfs wa~ to i i i -

sure correct tTher modulus, fiber content amid correct ply lay ups . I Io~s ~ ~
. m. lIme nuotlulus only

varied from approximate ly 30 x I 0b pSi in the 00 ply direction to appro~mmnatt ’ Iy It) x I 0~
imi t he t )Ø° direction. (‘onsequent ly, only large ply lavup discrepalh-ics are detectable . Ph
layup can be veritied better on x—na y radiographs. Fiber mnotiulus is spot inspected with lemi-
silt’ te~.ts before the airfoil is mnaek’ to ensure Iahricj tro,m eff orts .iw not wasted. Fiber comi-
tent can be ~ktcrmnined within .1 wit h an eddy current method th at is presented mu the next
sect ion. For these reasons, it was inimprac lica l to expect ultrasonic ‘~ clo~ity Ineasurememits to
produce any new or use ful int’ormatiomi and the method was discont inued . Although it has
little ~aIue for BORS1C®/Aluminum composites. it may h ave inure use for other systems
where substitute inspection mnethods are not as successful.

1mm conpunctiom m with elastic propert~ uwasurements , three miwthods for dt’termininmg volunie
percent fihe rs were evaluated. FhL’y inc luded eddy current conductiv ity nicasurenrent, b~ I a
bac kscatte r , and radiation gaging. Using conduct ivity values measu red w i Iii a Magnatlux FM
100 conductivity meter, it was possible to predict the percent fiber content within 3 percemif.
Beta hac kscat lt ’r iu~thods ut ilizing pronletllluni amid thallium probes could not match the ac—
curac~ att ained with conductivity mnt’asurenments. Ot her attempts to utilize radiation gaging

• were unsuccessful. Fst ’m l using mneasurenwnts made with three dit’fn.’rCItt energy sources , h i t ’
absorption of a lummumu and boron could not be separated The tungsten represents too
small a volume percent to m ake acetirate iimeasurt’niiemi ts. l’hii’ sources useti were americium
24 1 (~0 Le~ 

) , catlmiumui l0~
) ( 12.2 key I and cobalt ~ 7 (I 22 key) .
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The h igh-frequency fatigue failure criterion was either visible delamination or a ten percent
drop in first-bending natural frequency. Since no significant frequency drop occurred
during tests of the unidirectional configuration, t he condition of th is material was estimated
by observation of V isible delaminat ion. (‘ross ply 11FF life was determined by a ten-percent
drop in natural frequency with rio evid~mce of delamination. Specimens of the component
con figuration exhibited frequency drops within 5 x l0~ cyc les; however , vis ible delamirma-
lion did occur later ill the test amid was used as the criterion for failure.

9.2 SPEC iMEN DAMAG E PROCEDURES

Test specimens tmsed to evaluate the various potem itial types of damage were straight-sided
0.8 x 5.0-imich sections taken from 20-layer composite panels. When local damage was
inflicted (such as erosion or ballistic impact) . the damaged area was located 2.0 inches
from the specimem i end. This location corresponds to the region adjacent to the grip edge
during 1-IFF testing (approximate point of maximum stress). Figure 9.2- 1 depicts the speci-
men described , as we ll as the tensile specimen which was subsequently machined (torn the
damaged samp le. As illustrated , t he most severely damaged area of each test specimen was
located within the tensile specimen gage length.

/ SHADEDA R EA HELD
IN HFF GRIP

LOCATION OF BALLIST IC
IMPACT AND EROSION
DAMAGE

Figure 9.2-1 composite Specimen C’onfigura ion S/mowing Location of Erosion and Ballistic
Impac t Damage

The erosion of test samples was accomplished using an SS White Airbrasive Unit set at an
abrasive flow rate of 0.14 gm/sec for a sufficient time to expose two layers of fiber in
unidir ectional material. The abrasive consisted of 27 micron alumina impinging the sample
surface at an angle of 20 degrees. Typical eroded samples are shown in Figure 9.2-2.

Ballistic impact damage was achieved with a 0.67 gm pellet fired from arm air pistol at a
velocity of 500 ft/sec. The resulting damage is shown in Figures 9.2-3 and 9.2-4. To assess
the exten t of damage produced by impactimig, ultrasonic C-scan inspection was performed,
as illustrated by Figure 9.2-5.

Thermal fatigue exposure consisted of cycling Borsical® specimens l’or 2000 to 3000
cyc les in fluidized sand beds. Each cycle consisted of one minute at 500°F followed by
one mintmte at -65 °F.

One hundred hours of ’ exposure to a humid salt spray at 90°F was performed on Borsical®
samples subjected to l880~.z i l l_ / in, surface strain throtmgh the use of bend fixtures as shown
in Figure 9. 2-o. Typical exposed specimens are shown in Figtmre 9.2-7 .
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r 9.3 TEST PROC EL)URE S

l’wcn tv — lavo ’r tensile spcciIncImS with a 0.4-inch wide gago’ se ct io mm were test ed w ith either

I 
.. miio’kel— p lateol or epox~- -bomided aluminumu doubte rs at the grip ends . depending on the

ospe cted fai lure load. t hese 4 .0— m nu’lm long specimens were tnotmu t r ,’d in clamp— h pe grips
usin g a micrometer iligmiiiio’ii( t ixt t m re. llmr ,’ gi’ips had serrated faces to provit le adequate

I 
‘ gripping with ininimtmnm clampimig t o r r ,- r,’ ~3() j im — t b ) .  Flie speci m en—grip assenm hlv wa s themi

inslalled iii an Ins tr o m i tensile machine using pin connections. Single—ball— pivot universal
j oints were located at both upper and lower grips to eiisti~ ’ nmin imnumml load—tra in induced
bending. t’hr,’ load was applied to fa ilure at 0.05() in. m ti m i l  o’ross— head speed A plot of load
versus r,’ross-head displacenmemit s~ as obtained on the tensile tnachmnu ’ r’ ’corder chart l’or a

modulus dete rm imi m iati o mi ot selected Specimens. Also, bac k—to—back strain gago’s wer e used to

detect aii~ specilneil bend j ug dim rmng tim e t ensile test .

O High frequency fatigue testing was coimr ,ltict eol III 1110dm t i r , r,t k ro t iso ’ FIgS . sf t øwt i  in Ftgure ~~~~~~ — I

— 
at Cr0 c~ des per second. Fievateol temperatu res wr ,’ro’ obtaim med by placing a i-esistanr,’e—wound

I furnace around the speci m ens , as shown in Figure t )~~~~~~2 
- lho’rmoeouples were located on the

• ~i~” 
men stirt ,mce miear t he miia \ i iflU rim st n i  mm location - l it ge mir ,’ rat , dim p1 mo’a Ic spo’o’ m mii0iis Wo’ re

run simullaneonslv wi th  im m dm s jdual smi rta ce stra m mis measured 1w strain gages located near the

I 
grip ~otgo ’ i~~~o’ti ~~ ~

‘ ~ I IW1~ strain location . Periodic specinme mi inspectiomis ~~~~~ r,’ r,~~ —

- olucted during fatigue testing to determine any natural f r et t imo -no ’v c hange amid to observe am mv
visible material degradation such .ts r,lelamniiiat ion. llieso’ ImlSpe~’(IOnS were acconmph ishmed

1 without Ienmoving t ime specimuemis front the test lie.

[ ,
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9.4 UNDAMAGEI) SPE(’IMENS (Base-iine f

The following eonelusioims were o tr awt m trout the results of’ t he testing ot’ undamaged spe d—
inc mis :

• tIFF exposure at 450°F had no significant effect on the 70°F tensile strength of
cross— p ly or compone mit laminates. U ii id ireet iom iaI Ia ininat es retained their strengi Ii

• after 70°F HFF exposure but appeared to lose about 25 percent of their strength
after 450 1’ 11FF exposure.

— - • Maximum strain tIFF run-out (I 0’
~ cyc les) levels were 2800 p mm m . . -mn. at 70” F for

unidirectional mimaterial and 2100 . 1500 and 700 ~.imn. - in for unidireet io m mal , com-
ponent. and cross-ply mater ia l , respect ively, at 450°F.

• The immode of UFF damage for unidirectiomial specimens consisted of’ the formuat ion
of ’ muat nix cracks wit It dela minat ion a rid fiber dantago’ observed after exposure to
high strains. Fiber sp l itti ng was observeti in cross—ply ~mmate ria 1. l’he splitting orien-
tat ion was parall el to t he specimen surfa ce for corn pommen t km m mm i ima I es a rid normal

& to t he surface for all cross—ply material.

— 9.4.1 Tensile
-- 

Bast~line tensile properties were determined for undamaged 50-percent Borsical~ spec imm ici ms
wit h and with ou t tIFF exposure. Results showii in Table 9 . 4—I and Figure 9,4— 1 revea led no

— 
effe ct of ~0”F tIFF exposure on unidirectional material, or of 450°F 11FF Cxj x )Siiro ’ on 1-1 5°
materia l, 11FF exposure at 450” F lowered time strength of component material slightly, and

• - unmolireet ional mat enta l about 25 percent. Neith er t lie tIFF strain range nor time nunmher of

- 
cycles over t he range tested appeared to ii mt ’luence tensile strength except for component
immater ial wher~’ a trend of higher strr,-ngtt i wit Ii lower strain range was observed (set’ Table

- 9.4-li .
- 
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‘rA BL I 9,4-I

u,•~st~t l~’~i~ ~0
” F ii~NI1 I: RFSUI TS lOR UNI)AMAGF I) 20—I \YI R

~~ t ’FR(’FNt’ - VO1L FMF IIORSI(’ .kI ® Spl :(’tMI :NS

Prior tIFF I:xpostire
Specimen Ply Lo ’nip Strain (‘vo’les t o ) total  t F1S Modulus
Nnnmber (‘om mtlg. (°F1 (~tin. in.) Failure (‘yc ies ( t O ~ psi) Q(

~ ~~

1513 - i m - F 1 0° None l~~ .5 35 .5
lS 1~ u- 1’3 0° Nomme 149 .0 32.8
1St ) mm-i ’ 4 00 None 153.0 30.7
158 om -r s 00 None 127 .5 31. 8
l5}:,u~l t  00 None 155.3 ~4 O
lSF 1 u-12 00 None 155 .1 33.8

II,’ mm-1 13 ~ 0 70 3 380 3x ) 0 6 io~ 130.7
l(’ u- lit 00 70 32 15 5x1 0 6 IO~ 153.0
21) u- ll2 00 70 2°)25 DNF~ 106 157 .1
21 - ti-113 0° 70 2900 DNF 10Cr 157 .5
I A ul II 0° 70 2830 DN F l0~ 16°) . 1
It : im- 112 0° 70 2000 DNI: to~

(r i’ ii-112 00 450 2330 2x 106 .h )Ø6 Io,~~SI) u-lI 4 0° 450 2200 SxlO t’ 5~ I0Cr 138.0
61’ u-iL) 0° 450 2170 SxIO 6 4x10 1’ 0 ) 1 7

41) ti-1I4 0° 450 2030 l)N1: SxIO Cr 9 3 5
21 tm-Ill 0° 450 (500 DNF io~ l38. ( )

4,: 8 - I l  ~4S00°~~45 ° None 12 7 2
4F B- I 2 445 0 00) 4 45 ° None I 25.0 2$ ,()
41: 8- 13 +45 ° Ø~~+45 ° None 118.0 26.8
4L U 14 ±4 5 0.Oo ,~~45 0 None IOl.(1 26,8

Si 8-113 ~4 S° ’ Ø0 t 4 S 0 450 1 701,) 3xI0~’ 3~ l0~’ 93,6
~): B-Il I +4S 0 0°’ +460~ 4c0 Ib0) S ~x 106 )

\ 106 90)

MI 11-114 ~4S °,0°.±45° 450 1630 Sx lO Cr SxIO 6 1 1 1. 5
,Sl) 8-114 ±45°,t)°, ±45° 450 162(1 I)Nt: 4x 106 110.0
S( ’~B-II3 ±45 °.O°,±45° 451) 1 540 DNF SxlO Cr 113. 2

51 : ( - I I  ~4S~ None 2 l . t ~ 16.0
si u- I’) ±45 0 Nomm c 218 12,6
SI (-14 ±45° None 22.3 14.’)

51: (‘-114 ±45 0 450 975 DNF 3x106 22.6
SI) (‘-i l l +4 50 45() 9)() 1)NF I0~’ 21.’)
SI) ( ‘ -113 ±450 450 870 DNI: 5~ l06 21.7
58 (‘-113 ±4~° 450 760 I)NF 4~ iø

6 24.5

•l)Nl: I)id miot tail
90
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9.4.2 High Frequency Fatigue
S .

• High frequency fatigue testing of damaged specimens was perfo rmed to establ ish base l ine
levels for assessing the eff ects of damage on fatigue strength. tab le 9.4-Il contains the 11FF

— data for unidirectiona l specimens at room temperature and t’or all three ply configtmrat ions
at 450°F. The strain versus cycles-to-failure curves plotted iii Figure 9.4-2 were determined
using a least-square s analysis of the data imi Table ‘1.4-Il , The results indicate a t O 7 run-out

• — strain of 2800 ~in ./i n. for the unidir ectiom ma l materia l or approximately 81 ,000 psi based on
interpo lation from tensile stress—st rain curves. Simi larly , the run-out strain levels for t he uni-

• 5 directional and the ±45 ° mater ial at 450°F are 2100 ~iin.J in. (68,500 psi) and 700 lA in — in ,

• . (6500 psi ), respect ively. The component materia l run-out st rain of 1 500 pin./in. corresponds
to a shell surface stress of 8700 psi and a maximum stress of’ 31 .500 psi which occurs in the

• core at the core-shell interface, This latter stress level was determined b~ estimat ing the
— strain at the core—shell interface , located appmximately 0.3 inch from the neutral as is , and

us ing tensile st ress-strain curves to estimate the stress.
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TABLE 9. 4-I l

iiI (; lI FRFQUF~~~Y F-Vl’li;u}~ 1-SI RFSFI I’S FOR ~~~~~~~~~~~~
20- I A’i’FR 50 PFR(’ l ’~ I - V () l VMI . BORSI(.~A l ® Sl’F(iMI-~~S

Specimen Pl~- Temp Strain (v~les to tota l Failure
Number (‘onti~ ~0~}:) (pmm l . in)  Failure 5 (

~~ Ics Mode

I l ~ ti-112 0° 70 2000 DNI~**
IL-u-Ill 0° 70 2320 l)Ni: 10 ’
IC ,u-t 12 0° 70 2450 l)NF IO~
I A  u-Ill 0° 70 2830 DNl~ 10
21) u-113 0° 70 2900 l)NF l0~’
IA u—I 12 0° 70 292() I 0~ I O~ Detain m a t  ion
21) u-112 0° 70 2Q25 DNF 106

IA u—11 4 00 70 300() Crx lO~ Crs l ØCr I)~.’tamm mi nai mo n
II) om-113 0° 70 3000 5s106 IO~ Delamination
2 1- u-112 00 70 3100 DNF 2s lO~
21:J im_ 113 00 70 3100 l)NF 2slO~

’
11) u-Ill 0° 70 3100 3~ I0h 3\1 06 l)elaminalion
II) u-I 14 00 70 3100 3 s1 06 3s 106 l)elanminatio n
I F m—1l 3 0° 70 3 tOO 5s 10 6 5~ 106 1)etaminat ion
1 F ‘u—114 0° 70 3100 4x I0~’ Sx i0~’ Delamination
I ( ‘j u—l l  1 00 70 32 15 ~ 0~ 10 l)elanminat ion
1 C u-i 13 00 70 3380 3x 10~’ I o~ l)eLmni inatio im F

t Hu - I l l  00 450 1400 l)NF I0~
2E- ’u-lI I 00 450 1500 DNF IO~
3!)  u-1I4 0° 450 2030 l)NF 5sl 0~’
1B- ’u- 112 0° 450 2100 DN1:
3F, tm-ill 0° 450 2105 4s 10Cr 5x 10Cr Delamination
3D u-113 00 450 2105 l)NF 5\l06

3F/u-H4 00 450 2130 5~ 106 5s I ~6 l)elaminat ion
1 l l ~ - tm—114 00 450 215 1 ,) 106 10 6 Delamination
6E tm- u S 0° 450 21 ‘() 3x1  0~’ 4~ l0~’ l)elaniination
11 F u—Ill 00 450 2180 10Cr 106 I)ela nm immal ion
21) u-114 00 450 2200 5~ IO~’ 5’~ 10~’ E)elammmination
61: u—11 2 00 450 2200 2s 106 4x iø~’ l)e lamn in ati o mm
Il l : u~ I l  00 450 222 0 5~ l0~ 2s 106 Delamination
111 : ti-11 3 00 450 2220 5~ 10

5 2s I ~~ Delanminat ion
6F -u- I I t  00 450 2280 2s I 0(1 3x I 0~’ Dela nmi mmatiomm
6F,’u—112 0° 450 2330 2x 106 Ss 10Cr l)elamination
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TABLE p4 -Il (Cont ’d)

Specimen Pl~ tem p. Strain (‘ycles to l’otal Failure
Number Contig. (°F) (p in .  in.) Failure 5 

- 
(‘yc k’s Mode

j , 71:/B _L I I ±45°,0°.±45 ° 4 50 l300 io~ tO 7 l)elaminatiorm
SC/B-US ±450.00 ± 45 ° 450 1540 DNI: 5\ I0~’

T - 7E/B - U2 ±450 ,00,±45 0 450 1600 4s 106 4s 106 t)elamination
j  4C - 13-114 ±45 °,0°.±45° 450 1600 l0~ ~~ Delamination

8F !B_ 1-13 ±45°.0°,±45° 450 1610 S~ I 0~’ ~~ I0~ l )ela n m inatiomm
— - Ml) B-li I ±450.00.±450 450 16 15 1)NF 4s I ~6

• - 81) 8-114 ±45° .O°.±45 ° 450 t62() DNI: 4s 106
S(’ B-112 ±45° .0°.±45 ° 4 50 1630 DNI” 5x 106

— - 81: 13414 ±45°.0°,±45 ° 450 1630 5~ 10 6 SsI  06 Delanmination
SI: ‘ B—Ill ±45° .0°,±45 ° 4 50 1695 2x 10 6 2s IO 6 t)ela nmimm atio n
SF - 13-113 ±45° .0°,±45 ° 450 1700 3x 10Cr 3s I0~’ I)elaminatiomi
SF ‘B-l I2 ±45 °.0°,±45 ° 450 1725 10(1 3x l0~’ L)ela m im mati o m m
4C, 13-113 ±45°,0°,±45° 450 1750 3s 106 ~~ 106 l)elaminatiomi
7F/ B-1I4 ±45°.0°.±45° 450 1755 2~ l0~ 2x 106 Delamination

- 4C/B-112 ±45°,0°,±45° 450 1Q50 5x l0~’ io~ l)elamination
4D B-il I ±45°,0°.±45° 450 3560 Failed

omi
loading

* SB/( ’ -114 ±45° 450 30 Ms 106 4s 106 I0” t’~, I)ror
SC (‘ -114 ±45 0 450 740 11510 Cr 55106 lO’ - t’~ Drop
SB/C-US ±45° 450 760 85106 45106 (0 1- 

~n 
Drop

• SC/C-ItS ±45 0 450 770 1 l x 106 5~ lO~’ lO’1 t’n Drop
SD/C4’IS ±450 450 870 65106 55 106 lO’l- f11 Drop

• SD/C-H4 ±450 450 870 65106 5x1 0 6 101 t’ml I)rop91) ‘(‘-H 2 ±45” 450 900 4\ I ~6 I ~6 0~’ f~ Drop
Sfl (’-Hl ±45

0 450 °flO 4\ l 0 6 106 IO’l’ fn DI’OP
• SI)- (’ -H2 ±450 450 935 Sx iø~’ 5x10 6 l O’1- f 1~ Drop

91)’(’-114 ±45” 450 ~6O 5~ iO6 3x 106 tO” I t)rop
5F,’C-114 ±4 5° 450 975 Sx lO t” 3 \ l 0 6 I0’1- t’~ Drop
l2C/C-113 ±450 450 1000 4xIO Cr I0 7 lO’7 1n l)rop
I 2D/C-114 ±45 0 450 1265 2\ I0~’ IO~ 10’1- f

~ 
l)rop

12l ) - ( ’-112 ±45 0 450 1 280 35 106 8x 106 tO~
l f n Th0P

- 12F— (’-Hl ±45° 450 1325 2x1 0 6 I0~ l0~1 t’ml Drop

- 
I 21) ,- - ’C-IlS ±45 0 450 1505 2x 106 2x 106 10’1 t’,~ Drop

- 

* Number of cycles to failure for ±45 0 specimens determined from a plot of natural
• — frequency drop versus cycles ammd . in some eases . estrapolated to the ten percent

frequency drop.
~ l)NF = Did not fail.
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- - 1 11 1 13500 UNIDIRECTIONAL

~~~~
70°F I I I f  

_ _ _Z 3000 — — — — _______

2500 — — —  _
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— - _____

4 2000 — — - UNIDIRECTIONAL
4500F~~~)

1500 — — 
~~~~~~~ NENTs

_ _  II~ t!L ’
~~~~ 2 3 4 5 6 8 ~~ 
2

— CYCLES TO FAILURE

Figure 9.4—2 Hi gh I ’re ( 1t fe l t ( ’y l at:gzu ’ ‘l’est Results f o r  I ‘,,~!a,, :a t~’d 5 (1 I oluume-P e r~- etmt 20-
LiAver Borsica l® Spe ci~n ens

9.4.3 Metallograp hy

Room temperature HFF tests of unidirectional specimens resulted in microstructures of
several distinct types. When run at low strain levels (<2400 pin /in.), no fatigue cracks or
de lamim iations were observed. Between 2400 and approximately 3000 pin /in, strain , the
unidirectional specimens that were tested to iü~ cyc les developed internal fatigue cracks
of the type shown in Figure 9.4-3 with no visible specimen delamination or appreciable
frequency drop. Note that the cracks are no t assoc ia t ed with the fiber-matrix and the ply-
to-ply interfaces , indicating good bonding during panel fabricatiom i. Specimens cycled at
approx inmate ly 3 100 pin./ifl. and imigher for up to 5 x 106 cyc les revealed that surface
delamination occ urre d at about 3 x 10 6 cycles with severe matrix and fiber damage near
the specimen sur face , as shown in Figure 9.4-4. Delamination with ver y few fatigue cracks
and no significant natura l frequency dro p was detected in specimens tested at high strains
(greater than 3400 pi n . fi n .)  for short times. An additional type of deterioration observed
after testing at 3 100 pin ./ in. consisted of internal delamination between the ninth and
ten th layers of the 20-layer composite , as shown in Figure 9.4-5 . No fiber sp litting was
observe d in any unidirectional specimens exam nined afte r room temperature HFF tests.
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PRATT & WHIThEY AIRCRAFT GROUP

At 4S0°F the liF t : failures of ’ unidirectional specimens diet not d i f f e r  gre at ly tro mn those
tested at rooimm tcmmmpe rature . At this higher test temperature , lower strain levels w~’ i ’  used,
hut the basic failure m odes were’ unclmamigt’d. Failures consisted m ostly ot ’ st:m (a ce ’ delalmlina-
tion (Figure 9,4-o) with some internal delamination between middle layers , and a few cracks
(Figure 9,4_7 ). Differences between nticrostructures for the various 11FF life tra e’ t iom ms were

not found, a mm d all u m m id iree ti onal specimens had similar internal defects regardless of ’ test
temperature or percent of ’ life exhausted.

Time umidamuaged component cont’iguratiomm specimens which were I 1FF tested at 450°F
exhibited a veiv d ist in ct ive failure mode in addition to surface delam m~ination. Splitting of
cross—ply fibers parallel to the plane of the sp ec’ii mmem m was detected in e’ver\ component
specimen tested (see Figure 9,4—8). Fatigue cracks and delaminatiot,s were noted in some’
hut not all samples. l’he splitting is believed to ~om~tribute’ to the’ inmnwdiate natural
frequency drop etefecteel t’or all commiponent speeimuens tested at approximately 1600 pin. ’ uI.
strain or greater . None of ’ the unidirectional fibers iim the core were split and no matrix
deterioration was observed around the core fibers. As in the unidire’ctiona) imm ater ial , no
real microstremcture differences were’ noted betwee n specimens t ested to 20 pc’ rcen I Ve ’ ist is
tOO percent of their expectt ’d I 1FF Iut ’e.

(‘ross—p ly samples tha t were 11FF tested at 450°F cont~incd numerous t’a t i8ue crack s wh ich
appear ed to originate at split fibers (see Figure 9.4 — tfl , l’he orientation of the splitting which
occurred mu the fib ers of t he’ cross-ply laminate was normal to the plane of the spec’iuuens
ra t lmer than parallel as found in the coni~’omment spec’ilmmem is. Stress analysis of c’ross-p ly
sa,iipks during 11FF testing indicated t ha t t he te’cisi le ’ str ess es in Ilk’ ()IatU’ of ’ t ime saumiples
could result in (Ther splitting due t o the low t ransvers e’ strength of I3orsk ® t’itamue ’nt , t)ut -ing
fatigue testing. a ten pe’rc’e mm t drop in natural lre’que’m me ’y occurred prior to clelami imat ion. and
appar entl y time f iber splitting, as well as the growtlm of’ fatigue cracks in the’ matrix , Pro—
elisceel that t ’retlue’ncv drop. The orientation of ’ fiber splitting directed flit’ fatigue t racks uufl ~
the sp ’c inmen . preventing visual delamination.
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9.5 EROSION 1)AMAG E

Tests conducted on erosion damaged specimens lead to the t’o l low ing conclusions:

• In order to reduc e the 450° F HFF capability of unidirectional or cross-ply laminates,
erosion damage must be severe enough to break the fibers.

• Erosion damage to break as many as four layers of ’ cross-ply f ibers does not reduce
* the 70°F tens ile strength or 450° F 11FF life of ’ com ponent material.

• Erosion damaged specimens subjected to 1-IFF testing suffer a stren gth redu ction
* - equiva lent to that for base-line undamaged specimens.

9.5.1 Tensi le

Room temperature tensile properties of all thre e of ’ t he piy configurations were not significantly
influenced by erosion exposure as illustrated in Figure 9.5-I and Table 9.5-1. Eroded sped-
mens which were 11FF tested had tensile strengths comparable to undamaged 11FF-tested

4 - samp les.

9.5.2 High Frequency Fatigue

Erosion damage did not significantly reduc e t h e 11FF capa bility of ’ any of the three ply con-
figurations (Table 9.5-ID. However , w hen severe erosion damage was inflicted to the extent
of brea king fibers , both the unidirectiona l and the cross-ply configura tions suffered reductions
in HFF life similar to those of ballistically impacted samples (described below). On the other

hand , t he 11FF life of the com ponent confi guration material was not reduced by severe erosion
(again similar to the behavior of ’ impacted samples ). It is apparent that eros ion of component
mate rial would have to damage the unid irectiona l fiber ~ort ion of t he materia l to influence the
11FF life. -
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TA BLE 9.5-1

70° F TENSILE TEST RESULTS FOR EROSION DAMAGED
20-LA YER 50 PERCENT - VOLUME BORS I CAL ® SPECIMENS

- Prior 11FF ExpoSureType of ______________________________
Specimen Ply Prior Temp. Strain Cycles to Total UTS Modulus
Number Contig. Erosion (°F) (~ in.fin.) Failure (‘ycles (l0~ psi) (106 psi)

2A!u-H3 0° I None 123.4

2A/u-H4 00 I None 148.2
2A u-Fl l 00 I None 127.0 35.3

2C u-1II 00 I 70 3400 l0~ 4x l06 129 ,2
lCi u-t12 00 1 70 3400 2x l0 6 4x l 0 6 146,2 —

2A t m-112 00 I 70 3350 3x 10b l0~ 151.4 —

B u-IIl 00 1 70 3345 3x10 6 
~~ 13 1 .5

2C u-H3 0° 1 450 2295 2~ l06 55 10 6 1 26.0
3F u-114 0° I 450 21 75 4x l 06 5x 10 6 lOO .5

3F-u-l 13 0° Il 450 2100 106 5x 106 89 .2

7A/S-H4 ±45°.O°.±45° I None 10 1 .2
7d B-H I +450 00 +450 1 None 125 .2 —

4B/B-H 2 ±4S0,00,±4S0 I 450 1550 55 10 6 5x l0 6 100.5
7AIB-H l ±45°.0°,±45° I 450 1530 DNF ** 55 106 87.4

4D/B-114 ±450,00,±4S0 II 450 1710 5s1 0~ 5x10 6 113 . 7

9CIC-I-12 ±45° I None 2O.~ —

9B/C-H4 ±45° 1 None 25.0

9A/C-H2 ±450 1 450 970 5x 10 6 5~ iO6 23.8
5E/C-H2 ±45° I 450 875 5x 10 6 Sx lO 6 2 2 8
9F/C H3 ±450 1 450 860 DNF 45106 22. 9 -

SE/C-H I ±450 11 450 980 2x l0 6 Sx lO 6 22.4 —

• Type Lsu ft ’icient erosion to expose two layers of fib ers without fiber breakage.
Type Ii: sufficient eros ion to break fibers .

~ DNF = Did not fail.
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TABLE 9.5-Il

HIGH FREQUENCY FATIGUE TEST RESULTS FOR EROSION
DAMAGED 20-LAYER 50 PERCENT - VOLUME BORSICAL® SPECIMENS

Specimen Type of Ply Temp. Strain Cycles to Total Failure
Number Erosion * Config . (°F) (~iin,/in. ) Failure Cycles Mode

2B/u-H l 1 00 70 3345 3x 10 6 io~ Delamination
2A/t m-H2 I 00 70 3350 3x 10 6 1O~ Delaminat ion

2C L m - } I l  1 00 70 3400 106 4x 106 Delamination
2C/u-H2 I 00 70 3400 2xl06 4x 106 Delamination
2B/u-H4 I Q0 70 3450 5x 106 8x 106 Delamination

2C/u-114 I 0° 450 2160 4x l06 5x106 Delamination
3E/u-H4 I 00 450 2175 4x I06 5x l06 Delamination
2(’ u-l13 1 0~ 450 2295 2x l0~’ 5x1 0 6 Delamination
3E/&m-H3 II 0° 450 2100 io6 5x l 0 6 Delamination

7A/B-H l I ±45°,0°,±45° 450 1530 DNF** 5xl06 —
4BIB-F12 I ±45°.0°±45° 450 1550 5x 10 6 5x l 0 6 Delamination
7A/B-H2 I ±45°,0°.±45° 450 1575 5x l0 6 5x 106 Delamination
7B B-H2 I ±45°,0°.±45° 450 1580 DNF 4x 10 6 —
7AIB -U3 I ±45° ,0°,±45° 450 1600 DNF 4x 106
4D/B-114 11 ±45°.0°.±45° 450 1710 5x 10 6 5x 106 Delamination

9F/C-H3 I ±45° 450 860 5x l0 6
~ 4x 10 6 10% f~ drop

SF /C-UI I ±45° 450 875 5x 10 6 Sx lO 6 lO% f 1.1 drop
OF!(’-Hl I ±45° 450 920 s~ io6+ 4x 10 6 10% f ’

~ 
drop

9B/C -H1 I ±450 450 950 5x I 0 6 5x I 0 6 I0% fn dro p
9A/C-112 I ±45° 450 970 5x 10 6 5x 10 6 10% f 1~ drop
SF/C-Ill II ±45° 450 980 2xl0~~ 5x 106 10% fn drop

* Type I: sufficient erosion to expose two layers of fibers without fiber breaka ge.
Ty pe II . sufficient erosion to break fibers.

•~ DNF = Did not fail.
+ Estimated failure.
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9.5.3 Metallography

The microstructure of eroded (exposed fibers) 70°F HFF-tested unidirectional specimens was
simi lar to that for undamaged specimens. As shown in Figure 9.5-2, failure takes place by
surface delamination with no internal fatigue cracks. Eroded unidirectional specimens HFF-
tested at 450°F also looked identica l to the undamaged specimens. The delamination did not
occur preferentially at the eroded region even when cycled to 100 percent of life expectancy
at either room temperature or 450°F. A deeply eroded sample with broken fibers was HFF
tested at 450°F and did delaminate from the damaged area as shown in Figure 9.5-3. Erosion
damage also did not alter the failure mode for component specimens. As with undamaged
specimens, the 450°F HFF test resulted in splitting of the cross-ply layers and surface delamina-
tion as shown in Figure 9.5-4. It should be noted that, again, delamination did not originate in
the eroded area of exposed fibers. A deeply eroded component specimen (fibers broken during
erosion) behaved in a 450° F HFF test as though there were no broken fibers, and specimen
delamination did not begin at the eroded area, as shown in Figure 9.5-5.
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9.6 BALLISTIC IMPACT DAMAGE

Specimens subjected to ballis t ic impac t ~Iainage were tested and the following conclusions
were drawn:

• Bors ical ® composites which sustain ballistic impact damage have their strength
reduced proportionally to the cross—section area that was physically damaged dur—

-
- 

- ing impact.

• The cross—ply structure t-xhibited the least strength reduction due to ballistic m i -
pact: however , all three conf igurations had about the same percentage reduction
after subsequent 450°F 11FF testing.

— • 11FF life t’or t he unidirectional cross—ply specimens is reduced by ballistic impact
damage : however. lIFE life of component specimens is not atiected by impact
damage ot’ the level evaluated.

9.6. 1 Tensile

The impact evaluated in this program was sulilcient to break fibers in all the ph- configurations
teste d as evidenced by the reduced strength levels shown in Figure 0.6— I and Table 9.6-i - Al-
t hough all specimens had lower strengths at ’ter damage , the percent decrease in ul t imat e  tensile
strengt h varied t rom one ply configuration to another I’he strength loss due to im pact was

- - 43.5, 42 and 18. 7 percent I’or t he unidirectional, component and cross-pl~-’ cont igurat ions .
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respect ively. The loss in strength due to ballistic impact followed by 450°F 11FF testing was
— similar for all three configurations and was 53,8. 47 ,5 and 48 ,4 percent for unidirectional.

component and cross-ply configurations, respectively.

- - 9.6.2 High Frequency Fatigue

Ballistic impact damage drastically lowered the HFF life of the unidirectional and cross-ply
configurations as shown in Table 9.6-Il. However , impact damage did not significantly reduce
the HFF life of the component material specimens. C-scan results, shown in Figures 9.6-2 and
9.6-3, show that delamination failures in the unidirectional specimens are initiated at the im-

-- - 
pact area while the delamination failures in the component specimens extend from the grip edge
(similar to undamaged specimens) up through the impacted region. This would indicate that
the failures do not emanate from the impact area in the component specimens. Cross-ply
laminates suffer a drop in natural frequency due to impact damage but no delamination occurs .
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TABLE 9.6-I

70° F TENSILE TEST RE SULTS FOR BALLISTIC IMPACT DAMAGED
20-LAYER 50 PER CENT - VOLUM E BORS1CAL® SPECIMENS

Prior HFF Exposure
Specimen Ply Temp. Strain Cycles to Total UTS
Number Config. (°F) (pin./in.) Failure Cycles (l0~ psi)

3A/u-H1 0° None - 75.6
3A/u-H4 00 None 78.3
3Bfu-H3 00 None 88.5
3E/u-H l 00 None 90.5

3B/u-H2 00 70 3100 5x 105 io6 95.8
6E/u-H 1 00 70 3100 5x105 2x 106 63.4
3C/u-H4 0° 70 3100 10~ 3x l06 47.3
3C/u-H 1 0° 70 3100 l0~ 4x 106 45.9
3B/u-H4 00 70 3500 5x105 5x106 85.2
3E/u-H2 00 70 3550 5x105 5x106 81.4

3B/u-Hl 00 450 2100 5x105 2x 106 52.7
6C/u-H2 00 450 2100 io6 3x106 75.7
6D/u-H2 00 450 2100 3x106 4x 106 87.0
SD/u-I 14 0° 450 2100 4x106 5x106 78.5

7D/B-H3 ±45°,0°,±45° None 65.1
7D/B-H4 ±45°,0°,±45° None 71.7

4E/B-H1 ±45°,0°,±45° 450 1 700 io6 io6 69.3
4E/B-H3 ±450,00,±450 450 1700 2x 106 2x 106 64. 1
7D/B-Hl ±45°,0°,±45° 450 1700 3x106 3x106 60.7
7C/B-H3 ±45°,0°,±45° 450 1700 4x106 4x 106 69.8
7B/B-H3 ±45°,0°,±45° 450 1700 3x106 5x 106 47.4

9A/C-H1 ±45° 450 None 17.7
9A/C-H3 ±45° None 17.9

9C/C-H3 ±45° 450 900 io6 i~6 11.4
9E/C-H2 ±45° 450 900 2x 106 2x106 11.6
9C/C-Hl ±45° 450 900 3x106 3x 106 10.8
9B/C-H2 ±45° 450 750 DNF* 4x106 13.5
9E/C-H3 ±45° 450 900 iø6 5x 106 9.3

* DNF = Did not fail.
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TABLE 9.6-11

HIGH FREQUENCY FATIGUE TEST RESULTS FO R BALL I STIC IMPACT
DAMAGED 20-LAYER 50 PE RCENT - VOLUME BORS I CAL ® SPE CI MENS

Specimen Ply Temp. Strain Cycles to Total Failure
Number Config. (°F) (~tin./in.) Failure Cycles Mode

3B/u-H2 0° 70 3100 5x10 5 Delamination
• - 3D/u-HI 0° 70 3100 SxlO 5 2xl06 Delamination

6E/u-H1 00 70 3100 5x105 2x1 06 Delam ination
3C/u-H3 70 3100 l0~ 3x l06 Delamination
3C/u-H4 0 70 3100 l0~ 3xl06 Delamination

j 3C/u-H I 00 70 3100 10~ 4x106 Delamination
• 3C/u-H2 00 70 3100 10~ 4x 106 De lamination

3A/u-H3 00 70 3350 106 55106 Delamin ation
3A/u-H2 00 70 3480 3xl06 io~ Delamination
3B/u-H4 00 70 3500 5x l0 5 5xl0~ Delamination
3E/u-H2 00 70 3550 5x 10 5 5x l0 6 Delaminatio n

6C/u-H3 00 450 2 1 00 10 6 10 6 Delamination
3B/u-H 1 00 450 2100 5x 10 5 2xlO~ Delamination
3Dfu-H2 00 450 2 100 5x 10 5 25106 Delamination
6C/u-H 1 0° 450 2100 106 35106 Delamination
6C/u-H2 0° 450 2 100 106 3x106 Delamination
6C/u-H4 00 450 2100 35106 4x l06 Delamination
6D/u-H2 00 450 2100 3x 106 4x 106 Delamination
6D/u-H3 00 450 2100 3x I o6 Sx I ~6 Delamination
6D/u-H4 00 450 2100 4x l06 5x 106 Delamination

4E/B-H1 ±45°.0°,±45° 450 1 700 106 l06 Delamination
4E/B-l-12 ±45?,0°,±45° 450 1 700 l0~’ 10 6 Delamination
4E/B-1-13 ±45°,0°,±45° 450 1700 25 106 25106 Delamination
4E/~~H4 ±450.00,±450 450 1700 2x l 0 6 2x1 0 6 Delamination
7DJB-H 1 ±45°,0°,±45° 450 1 700 3x l0 6 3x 106 Iklaniination
7D/B-H2 ±450,00,±450 450 1700 3510 6 35106 Delamination

• 7C/B-H3 ±45°,0°,±45° 450 1 700 4x 106 45 106 Delamination
7C/B-H4 ±45°,0°,±45° 450 1700 4x)06 45106 Delamni,~ation
78/B-H3 ±450,00,±450 450 1700 3x I 0 ~ 5s1 06 Delamination
7B/B-f-14 ±45°,0°,±45° 450 1 700 3s l () 5x1 0 6 Delamination
98/C-H2 ±450 450 750 6x 106: ~~ ~~ I (Y7 f~ l)rop
9B/C-H3 ±450 450 750 6x 10 6 4x lob b r ;  f. Drop
9C/ C-H3 ±45° 450 900 to e’ 106 10 t

11 Drop

-5- 5~~~~~~~~~~~~ 5~~~~~~5~~~ 5~~~55~ 
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TABLE 9.6-11

HIGH FREQUENCY FAT iGUE TEST RESULTS FOR BALLISTIC IMPACT
- - DAMAGED 20-LAYER 50 PERCENT - VOLUME BORS ICAL ® SPECIMENS

Specimen Ply Temp. Strain Cycles to Total Failure
Number Config. (°F) (pin./ in.) Failure Cycles Mode

3B/u-H2 00 70 3100 5x I0 5 106 Delamination
3D/u-HI 0° 70 3100 5x 10 5 2x 106 Delamination
6E/u-H1 0° 70 3100 5x10 5 2x 106 Delamination
3C/u-H3 70 3100 10~ 3x l0 6 Delamination
3C/u-H4 0 70 3100 l0~ 3x 106 Delamination
3CJu-FII 00 70 3100 l0~ 4x106 Delamination

a 3C/u-H2 00 70 3100 1O 5 4xl 06 Delamination
3A/u-F13 0° 70 3350 106 5xl06 Delamination
3A/u-H2 00 70 3480 3x 106 IO 7 Delaminat ion
3B/u-H4 0° 70 3500 5x 10 5 5x106 Delamination
3E/u-H2 00 70 3550 5x 10 5 5x10 6 Delamination

6C/u-H3 00 450 2100 j~ 6 io6 Delamination
3B/u-H 1 0° 450 2100 5x10 5 2x l06 Delamination

- 3D/u-H2 00 450 2100 5x105 2x 106 Delamination
- 

6C/u-FI 1 00 450 2100 1O~ 3x 106 Delamination
6C/u-H2 00 450 2100 106 3x106 Delamination

- 6C/u-F14 00 450 2100 3xl0 6 4x 106 Delamination
6D/u-H2 00 450 2100 3x106 4x 106 Delamination

• 6D/u-H3 00 450 2100 35106 5xl06 Delamination
- 6D/u-H4 00 450 2100 4x 106 5x106 Delamination

- 4E/B-Hl ±45°,0°,±45° 450 1700 10 6 106 Delamination
. - 4E/B-H2 ±45~,0°,±45° 450 1700 106 106 Delamination

4E/B-H 3 ±45°,0°,±45° 450 1 700 2x I0 6 2x 106 Delamination
- - . 4E/B-H4 ±45°,0°,±45° 450 1700 2x 106 2x 106 Delamination

- 
7D/B-Hl ±45°,0°,±45° 450 1700 3x106 3xl06 Del~mination

- 
- 7D/B-H2 ±45°,0°,±45° 450 1700 3x106 3x106 Delamination

- 7C/B-H3 ±450,00,±450 450 1700 4x 106 4x 106 Delamination
7C/B-H4 ±45°,0°,±45° 450 1700 4x106 4x 106 Delamination
7B/B-H 3 ±45°,0°,±45° 450 1700 3xl0~ 5x 10 6 Delamination
78/B-H 4 ±45°,0°,±45° 450 1700 3x 10 5x 10 6 Delamination
9B/C-H2 ±45° 450 750 6x1o6: 4x106 lO% f~ Drop
9B/C-H3 ±45° 450 750 6x106 4x l 06 10

~~~n Drop
9C/C H3 ±45° 450 900 106 106 l0~ i~ Drop

• *Fract~Jre surface indicated defective specimens.
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TABLE 9.6-11 (Cont ’d)

Specimen Ply Temp. Strain Cycles to Total Failure
Numbe r Config. (°F) ~pin ./in.) Failure Cycles Mode

9E/C-Hl ±45° 450 900 106 106 10% f~ Drop
9E/C-H2 ±45° 450 900 2x106 2xl06 10

~~~n Drop
9F/C-112 ±45° 450 900 2xl06 2xl06 10% f~ Drop
9C/C-H l ±45° 450 900 3xl06 3x 106 10% f~ Drop
9A/C-H4 ±45° 450 900 3x106 35106 10% fn Drop
9E/C-H3 ±45° 450 900 i06 Sx lO6 10% fn Drop
9E/C-H4 ±45° 450 900 i06 ~ 10

6 10% f11 Drop
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J (3 4 / u - H 2)  Befo re and . 4f t e r  ~~~ f re q uency F atigue Testing Slzou ’iug Delamina-
— tion That Occurre d During Fati gue Testing .
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FIgure 9.6-3 Ultrasonic C-Scan Test Results fo r  Ballisticall y Impac ted Compo nent Sp ecimen
(7B/ B-H4 ) Before and After Hig h Fre quency Fati gue Testing Showing Delamina-
tion that Occurred During Fatigue Testing
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* 9.6.3 Metallography

A large amount of matrix cracking was found in the unidirectional specimens after impact, plus
70°F or 450° F HFF testing, as shown in Figure 9.6-4. In contrast , the component specimens
which were impacted and HFF tested at 450° F did not contain as much matrix damage as the

f unidirectional specimens, as shown in Figure 9.6-5. Note that although the cross-ply layers
suffered extensiv e fiber breakage, the unidirectional core fibers remained intact and little
matrix cracking occurred. At locations away from the immediate impact area , fiber splitting
and surface delamination took place in these component specimens similar to the undamaged
specimen behavior, as shown in Figure 9.6-6. Impact plus 450° F HFF damage of cross-ply
material is illustrated in Figure 9.6-7. The excessive fiber and matrix damage shown are prob-
ably the cause of the early frequency drop observed .
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9.7 THERMAL FATIGUE DAMAGE

The following conclusions were drawn from the results of the thermal fatigue damage testing:

• Tensile sirength of Borsical® composite unidirectional specimens is apparently
lowered by thermal cycling.

• HFF damage at 4S0°F in addition to thermal cycling lowers the 70°F tensile stre ngth
of the component Speciniens beyond that of undamaged 11FF specimens hut does
not affect the cross—ply composite strength.

• (‘oniponent specimens did not suf f er  reduction in the ir 11FF ca pability as a result
of therm al fat igtw exposure.

9.7.1 Tensile

The 70°F tensile strength (Figure 9.7—I and lahie 9.7-I) of cross—ply and component specimens
was not signiticantly influenced by ther m al cycling ( ~i5 to 500° F). Subsequent 11FF testi ng
at 450°F reduced the strength ot component specim ens wit h no significant effect observed
for cross— ply SpecilileIlS. Fhc strength of unidirectional material decreased as a result of (hernial
cycling followed by 70°F 11FF exposure~ howeve r , considerab le sc atter was observed. lIFI-
exposure at 450°F apparen fly lowered the tensile st rength of immudirectional mmmatc r ~al however ,
t he anomalous behavior of (hernial cycled specimens with no subsequent I 1FF exposure pre-
vented a clear analysis.

9.7.2 High Frequency Fafiguc

Unidirectional and cross—ply composite 11FF capability W~IS reduced by t hctmal fatigue cycling
(Table 9.7—Il). The component specimens did not stif ler loss in tIFF life after thermal latigIlt’.
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TABLE 9.7-I

70°F TENSILE TEST RESULTS FOR THERMAL FATIGUE
DAMAGED 20-LAYER 50 PERCENT - VOLUME BORSICAL ® SPECIMENS

Prior 11FF Exposure
Specimen Ply Temp. Strain Cycles to Total UTS Modulus

- Number Config. (°F) (pin./in.) Failure Cycles (l0~ psi) (106 psi)

- l lA f u-Hl 00 None 739 —

2FJu-H3 0° None 60.7 —

2FJu-H4 00 None 74.2
IIB/u-H l 0° None 5 5 3

- 
I1A/ u-H4 00 70 3140 10~ 5x 106 116.0

• - IIF/u-H3 0° 70 3060 2x106 
~~ 72.7

• I 1B/u-H2 00 70 2900 DNF* 4x 106 138.0
- 2F/u-H2 0° 70 2540 DNF 121. 7

2F/u-H 1 0° 70 2540 DNF io~ 101 .5

- IIB/u-H3 00 450 2150 4x 106 4x106 75.7 —

- ilD/u -H l 00 450 2090 2x106 5x106 65.7 —

llD/u-H3 0° 450 2080 2x1 06 3x106 77.7 —

8AIB-H 1 ±45°.0°,±45° None 106.8 26.7

j - 

8A/B-H3 ±45°,O°,±45° None 100.8 28.5
- 

8C/B-H1 ±45°,0°,±45° 450 1770 3x106 3x 106 37 .3 —

- 8D/B-H2 ±45°,0°,±45° 450 1655 3x l0 6 4x 10 6 4 1.2 —

1 - 8B/B-H3 ±45°,0°,±45° 450 1565 3x 106 5x 106 55 .8

- 12A/C-H4 ±45° None 25. 9
• - 12B/C-Hl ±45° None 24.7

- - 1 2C/(-H 1 ±45° 450 915 5x 10 5 3x 10 6 25.8I - 12B/C-H3 ±45° 450 970 3x 10 5 4x 106 2 1.0
l 2A/C-HI ±45° 450 885 5x 10 5 5x 10 6 26.8

* DNF Did not fail.

- 
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TABLE 9.7-li

HIGH FREQUENCY FATIGUE TEST RESULTS FOR THERMAL FATiGUE
DAMAGED 20-LAYER SO PERCENT - VOLUME BORSICAL ® SPECiMENS

Specimen Ply Temp. Strain Cycles to Total Failure
Number Cont ig. (°F) (pin./in,) Failure Cycles Mode

2F/u-H1 00 70 2540 3x 10 6 ~Ø7 Delamination
2F/u-H2 00 70 2540 6x106 1O 7 Delamination
ILB/u-H2 00 70 2900 DNF* 4xl06

IIA/u-H3 00 70 3025 DNF 5x 106 -

llDfu -H 3 0° 70 3060 2x106 io~ Delamination
I lAJu-H2 00 70 3100 3x106 4xl06 Delamination
I IA/u-H4 0° 70 3140 IO~ 5x106 Delamination
11 F/u-H3 0° 70 3060 2x j~ 6 io~ Delamination
2F/u-H2 00 70 2540 DNF l0~
IID/u-114 0° 450 2065 2xl06 3x10 6 Delamination
I ID/u-H3 00 450 2080 2 x l 0 6 3x106 Delamination
liD/u-Hi 00 450 2090 2x 106 5x 106 Delamination
IIB/u-H4 0° 450 2115 DNF 4x 106 -

I I B/ u-H3 00 450 2150 4x106 4x 10 6 Delamination
I lD/u-112 00 450 2220 3x106 5x 106 l)thmination

8B/B-H3 ±45 °,0°,±45 ° 450 1565 3xl06 5x106 Delaminat ion
8D/B-H2 ±45°,0°,t45° 450 1655 3x 106 4xl0 6 Delamination
8CIB-H4 ±45°,0°,±45° 450 1680 3x 106 5x1 06 Delamination
8B/B-H4 ±45°,0°,±45° 450 1 705 3x 10 6 3x 10 6 Delaminatio n

8E/B-H1 ±45° ,0°,±45° 450 17 15 3x 106 4x 106 Delamination
8C/B-H l ±45° ,O°,±45° 450 1770 3x 106 3x 106 Delamination

1 2A/C-H l ±45° 450 885 5x 10 5 
* 

5x 106 10% 
~ 

drop
1 2C/C-H1 ±45° 450 915 5x l0 5

~ 3x 10 6 l0” - f ~ drop
l 2A/C-H2 ±45° 450 920 5x 10 5 Sx 10 6 10% (

~ 
drop

12B/C-H3 ±45° 450 970 3x 10 5 4x 106 10% f1~d~op

12B/C-H4 ±450 450 980 3x 10 5 4x L 0 6 10% t~ drop

* DNF = Did not fail.
** Estimated Failure
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I
9.7.3 Metallurgy

I The unidirectional specimens which were thermaf yc led and IIFI’ tested at room tempe rature
- and approximately 3100 pin./in. contained nuimmerous fatigue cracks as shown in Figure 9.7- 2.

l’lmesc f~m tigue cracks , which w ere not found to any significant amount in undamaged specimens

1 tested at similar stra ins (shown in Figure 9.4-4~. apparently resulted from a combination of
- 

- thermal cycling and 11FF testing. No latIguc cracks were detected in as-thennal-fatigue sped -
— 

niens. Microstructure variations at ’tcr various amounts of Ill-F ~LIIiIagC were undetectable.

L When Ill- F tested at 45Ø
0 f ..~ t Ime unidirectiona l spec im ens ex hibi fed sev ere internal delamination

• extending inward from the specimen surface and edge, as shown in (Figure 9.7-3).

I 
-

The microstructure of thermal fatigue component spccilllens looked no different from (In—
- damaged specimens af ’ter  a 450°F 11FF test. I-ailurt- s were eharack-riied 1w splitting of ti me

cross-ply fibers and surface delamination (Figure 9.7-4) with interconnected fatigue cracks.

I - Cross—p ly samples also appeared similar to undamaged specim ens with tibet splitting norma l
to t he specimen surface.

I-

I
0

Ii

I .
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I.
• 9.8 SALT STRESS-cORROSiON l)AMA I

The results from the salt stress~ orrosion damaged specimen testing lead to the following

— 
conclusions :

I • Salt stress corrosion had no affect on the 70°F strength of cross-ply or component
Borsical® composites .

• • HFF damage in addition to the corrosion did not reduce conlposite tensile strentuh
in the crossply and component specimens.

• component specimens retain their 450°F 11FF capability even af ter  100 hours of
salt stress corrosion: however , crossptv and unidirectional Iayups do suffer a loss

- in 11FF life at 450°F.

9.8.1 Tensile
—-5-

Salt stress corrosion, with or w ithout 11FF test ing, t h u  not a ffect ‘0~I tensile strength of the
cross—p ly or the component specimens , as indicated in Figure 9.8- 1 and lable ‘4.8— I. Uni-

I directional specimens ex hibited an apparent decrease in strength due t o sal t stress corrosion
followed by 11FF exposure to 70 or 450° I-~ however the anomalous behavior of ’ expose d
spe cimens with no subsequent 11FF prevented a clear analysis.

-
‘ 9 8.2 Hi gh Fiequency Fatigue

a

— 
11FF tests on unidirectional and cross—ply specimens at 450°F indicated a slight reduction in

- 11FF capability due to salt stress corrosion, as shown in Table ‘4 .8-Il At the same time. uni-
• directional specimens 11FF tested at 70°F and component specimens tested at 4500 F were

not intluenced by the cocrosion exposure. l’lie lowering of the 11FF life for the cross-ply

I specimens may he due to the fact that the exposure strain ot I 880 pin - in was more than
* dou ble the 11FF test strain which resulted in matrix yielding. m-esulting in a permanent bend

— 
to the specimens.

I i .

• —

1-I.
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TABLE 9.8-I
C -

. 70°F  T E N S I L E  TEST RESULTS FOR SALT STRESS - CORROSiON
- —~ DAMAGED 20-LAYER 50 PERCENT - VOLUME BORS I CAL ® SPECIMENS

Prior 11FF Exposure
Specimen Ply Temp. Strain Cycles to Total UTS Modulus

T Number Config. (°F) (pin./in.) Failure cycles (l0~ psi) (106 psi)

- 
- 6A/u-Hl 00 None 83.2

- F 6A/u-H2 0° None 100.8 -
3F/u-H2 00 None 103.5 - -

3Ffu-H3 00 None 104.5 -

1’-5 bA/u-H3 00 None 1 00.2 -

- 
6A/u-1-14 0° None 89.2

•_  6B/u-Hl 00 70 3400 106 5x106 129.0 - -

6B/u-H4 00 70 3400 5x 10 6 5x 10 6 129 .5 —

- - 6D/u-1-11 0° 450 2170 3x 106 4xl06 81.9
6F/u-H4 00 450 2100 3x l 0 6 3x 10 6 78. 1

8A/B-H2 ±45° ,0°.±45° None 103 .8 28.8
8A/B-H4 ±45°.0°,±45~ None 111.2 28.0

4 .

8E/B-H2 ±45°,0°.±45° 450 1445 DNF* 5x 106 110.0
• 8B/B-H l ±45°,Q°.±45° 450 l4SO DNF 5x 106 103.1
• . 7FIB-1-13 ±45°,0°,±45° 450 1730 DNF 3x l0 6 98.0

- 12A/C-H3 ±45° None 25.2
12B/C-H2 ±45° None 24.8 —

9F/C-H4 ±45° 450 995 3x106 3x 10 6 22.4
12E/c-H 1 ±45

0 450 920 2x106 5x106 23. 1 —

9C/C-1-14 ±450 450 860 3x 10 6 4x 106 20.6

! t  ~:
e n

I. . DNF Did not fail.
•

JLL~~~~~~~~~~~~~~~~~~~~~~
_  
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TABLE 9.8.11

HI G H FREQUENCY FATIGUE TEST RESULTS FOR SALT - CORROSION
DAMAGED 20-LAYER 50 PER CENT - VOLUME BORSICAL® SPECIMENS

Specimen Ply Temp. Strain Cycles to Total Failure
Number Config. (°F) (p in./ in .) Failu re Cycles Mode

6B/u-113 0° 70 3400 3x 106 5x106 Delamination
6B/u-H4 0° 70 3400 5x 106 5x106 Delamination
6B/u-Hl 00 70 3400 106 5x 106 Delamination
6B/u-l-12 0° 70 3400 3x106 5x106 Delamination

6E/u-H4 00 450 2055 4x106 4x 106 Delamination
I IF/u-H2 00 450 2100 3xI0 6 3x106 Delamination
6FJu-H4 00 450 2100 3x 106 3x106 Delamination
II F/u -H4 00 450 2135 2x 106 5x l0 6 Delamination
llE/u-1-12 0° 450 2150 2x106 5x106 Delamination
6D/u-Hl 00 450 2170 3x 106 4x 106 Delamination

8B/B-H2 ±45°,0°.±45° 450 1445 DNF* 5x 106 —

8B/B-Hl ±45°,0°.±45° 450 1450 DNF 5x106 --

8F/B-H4 ±45°,0°,±45° 450 1615 DNF 4x 106
8E/B-H2 ±45°,0°,±45° 450 1625 DNF 4x 106 —

8D/B-H3 ±45°,0°,±45° 450 1675 DNF 3x 106 —

7F/B-H3 ±45°,0°,t45° 450 1730 DNF 3x106 —

9C/C-H4 ±45° 450 860 3x106 4x 106 10% fn drop
l2C/C-H4 ±45° 450 900 2x106 5xl0 6 10% f,1 drop
l2E/C-l-I1 ±45° 450 920 2x 106 5x106 10% f~ drop
12F/C-H3 ±45° 450 925 3x I06 4x106 10% f~ drop
12E/C-H3 ±45° 450 985 3xl0~ 3x1 0 6 10% f~ drop
9F/C-H4 ±45° 450 995 3x10 3x106 10% f~ drop

~ DNF = Did not fail.
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9.8.3 Metallography

In general, salt stress corrosion had no apparent effect on the HFF failure mode of the three
ply configurations that were tested. Unidirectional material had surface delamination and
matrix cracking, Figure 9.8-2, and component specimens exhibited surface delamination and
fiber splitting parallel to the specimen surface, as previously shown in Figure 9.4-8. Cross-ply
material had surface delamination in addition to matrix cracking and fiber splitting, as shown
in Figure 9.8-3. This surface delamination is apparently a result of the very high surface strain
during the salt exposure .

9.9 Discussion of Results -

None of the four types of damage evaluated in this program appear to result in rapid deteriora-
tion of component properties. A summary of the results, presented in Tables 9.9-1 and 9.9-11,
reveals no exposure effect on HFF life of component specimens with only ballistic impact and
thermal fatigue showing any effect on tensile properties of this material. The effect of ballistic
impact is directly proportional to the cross-sectional area physically damaged from impact - -

w hich can be estimated from visual inspection. Erosion damage will apparently have an effect
only when it penetrates into the blade core which, from actual component testing, is not
anticipated.

Results of actual component testing, consisting of exposure to these four types of damage
followed by 450°F HFF testin g have been in agreement with the above results. Component
testing consisting of thermal cycling followed by spin pit testing has shown that the decrease
in tensile strength due to thermal cycling is insufficient to cause prematur e blade failure.

a .
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Figure 9.8-3 Microst r ucture of Salt Stress-Corrosion Damaged Cross-Ply Sp ecimen (I 2 D I C -H 1)

After  45 0°F Hig h Frequency Fati gue Testing
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TABLE ~ 9-l

SUMMARY OF J)AMA(;E EFFECTS ON 70”F TENsI1 l- TFs’r
PROPERTIES OF 20-I AYF R So PFR(’FNT - VOLUME B RSI(’A1~~ SPF(’IMENS

l)aniage Ply (‘onf igurat~ m

- 

- F ~postin’ Ll thlirecti~~ il ( ‘otuponent ( i  oss-l’Iv

70°F lIFE None

450°F I ILL About 2 5 ’ - lower \-‘eiy slightly Iowei- None

Erosion Nil* None None

Erosion +70°F 11FF Nil

Erosion +450°F lIFE None Nil None

Ballisti c Impact I ower (43. 5’’-) Lower (42-:-) Slightl~ I ower (IS. ? :

7001:1 1FF 54” - I ower

RI + 450°F 11FF 53. Se: I ower 4 7 5 -  1 ower 4 S 4 -  I OW t ~I

Thermal Fatigue 1 ower Nil None

‘Ii 4 70°F lIFE Slig h tl y I ower

‘lF + 450°F I 1FF I ower lower None

Salt St tess— ( ‘urrosion 1 ower Nil No ii~’

SS(’ f 70°F I lE l ’  Slightly L ower

SS( + 450°F lIFE tower Nil Not~e

• Nil Slightly lower properties but within material s~-att er band.

l3(~
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U TABLE 9.9-I l

SUMMARY OF DAM AGE EFFECTS ON HIGH FREQUENCY FATIGUE
-, PROPERTIES OF 20-LAYER 50 PERCENT - VOLUME BORSICAL® SPECIMENS

Ply Configuration 
-

Damage Unidirectional Component Cross-Ply
Exposure (70°F HFF) (450°F 11FF) (450°F 11FF) (450°F HFF )

Erosion (1)* None None None None

Erosion (~ )* - Lower None Lower
I

Ballistic Impact Much Lowe r Lower None Lower

Thermal Fatigue Lower Slightly Lower None Much Lower

Salt Stress-Corrosion None Slightly Lower None Lower
4 .

U .

4 .

1~~~~

9 -

~

-‘ ‘Type I; sufficient erosion to expose two layers of fibers without fiber breakage.
‘Type II; sufficient erosion to break fibers.

• _

U —

1~~~

I.
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9.10 REPAIR TECHNOLOGY

In addition to establishing the service capability of Borsica l® fan b lades ,a companion pro-
gram was conducted to develop and evaluate schemes for the repair of damaged components .
Specimens, rather than actual blades, were utilized to permit close control of test parameters
and to facilitate a less ambiguous interpretation of test results. Techniques invest igated for
repair of surface damage included aluminum brazing, aluminum/silicone resin, zinc/aluminum
solderin g, poly imide resin filler , and resin filler with additives such as graphite or powdered
aluminum. Tensile and high frequency fatigue tests were conducted at room temperature
and at 450°F on both as-damaged and repaired specimens to evaluate the effectiveness of
these schemes. Of the repair methods investigated , t he most promisin g were the aluminum !
silicone resin and the polyimide plus graphite filler. The procedures for repairing Borsical®
test specimens using these repair schemes are described below. The other materials proved
unsatisfactory because of poor bonding, undesirable thermal expansion coefficients , or , in
the case of the aluminum braze , the high processing temperature (900°F) warped the specimen.

9.10.1 Repair Procedui~s

Twenty-layer unidirectional (0° ) and component configuration (±45 °, 0°, ±45 °’) specimens
were impacted with a 0.67 gram pellet fired from an air pistol at a velocity of 500 feet per
second. Both tensile and high frequency fatigue specimens were damaged in th is manner
(Figure 9.10-1). Repairs were m ade on specimens in both the as-damaged condition and
after removal of damaged material (Figure 9.10-2).

Repair of ’ specimens with aluminum/silicone resin was achieved by direct application of the
resin to the damaged area . The aluminum/silicone resin was allowed to set in air at room
temperature for approximately four hours and then sanded smooth. Multiple applications
were require d in some cases where the damaged material was removed prior to repair. To
ensure that the aluminum/silicone resin repair would be usable at 450° F, a repaired test piece
was exposed for 100 hours at 500°F and only slight discoloration resulted (Figure 9.10-3’).

Polyimide/graphite repair was accomplished using a mixture ( 1 :6) of chopped graphite tow
(Morganite II~ 1/ 16 - to 1 /4-inch long and polyimide powder (P1 3N). Preformed slugs of
polyimide/graphite approximately 0 .28-inch diameter by 0.2-inch thick were pressed at 550° F
and 1 SO psi for 10 minutes . After removing the damaged area by drilling, specimens were
repaired with these slugs by pressing the slug into the cleaned out hole at 550 °F and 200 psi
for 30 minutes. A 450°F cure for four hours completed the repair procedure (Figure 9.10-4).

9.1 0.2 Tensile Test Results

Room temperature and 450°F tensile tests were conducted on both unidirectional and corn-
ponent configuration specimens in the as-impacted and repaired condition with the results
shown in Table 9.10-I. Some of the low strength values resulted from the off-center location
of damage and repair on some test specimens. This condition causes non -uniaxia l loading
and excessive bendin g during test.
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I.
A summary of the effect of each kind of repair on tensile strength for the Borisical® compos-

I ites is shown in Figure 9.10-5. The strength of impacted unidirectional specimens was lowered
- slightly at 450°F when samples were leached prior to either an aluminum/silicone resin or a

graphitefpolyimide repair . This five to ten percent strength reduction probably is due to the
removal of matrix during leaching rather than an interaction between the composite and the
filler material. The specific amount of matri x removed by leaching varied fro m specimen to
specime n, and is belived to account for some low strength values for the component config-

f uration specimens.

Based on the data in Table 9.10-1 and Figure 9,10-5 , both the graphite/poly imide and the
aluminum /si licone resin repairs would not signifi cantly reduce the as-damaged composite
stren gt h. However , leachin g away damaged material followed by repair is not recommended
for maintaining maximum strength.

I

1~
L i~
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TABLE 9.10-1

TENSiLE TEST RESULTS FOR 20-LAYER 50 PERCENT VOLUME
BORS1CAL® SPECIMENS BEFORE AND AFTER REPAIR

Specimen Ply 
- - 

Test Temp. Tensile Strength
Number Config. Condition ( F) (1000 psi)

3 A/U-HI 0° As impacted 70 7 5 6

3A /U-H4 0° As impacted 70 78 .3

3 B/U-H3 0° As impacted 70 88.5

3 E/U-H l 0° As impacted 70 90.5

15 A/U-TI 0° As impacted 70 89.9

15 A/U-T2 0° As impacted 70 95.3

iS A/U-T3 0° As impacted 70 94.7

IS D/U.14 0° Leached-Al/Silicone Resin 70 77.0
Repaired

15 A/U-T4 00 As impacted 450 99.7

I S A/U-IS 0° As impacted 450 76.0

15 AIU-T6 0
0 As impacted 450 91.8

15 B/U-16 0° Unleached-Al /Silicone 450 59 .0
Resin Repaired

15 D/U-T5 00 llnleached-Al /Silicone 450 82.0
Resin Repaired

IS D/ U-12 0° Leached-A I/Silicone 450 79 .7
Resin Repaired

15 E/U-T6 0° Leached-Al/Silicone 450 72.7 - 
-

Resin Repaired

15 EfU-T3 0° Leached- ~~ly inmi de/Grap hiie 450 63.9
Repaired

• Low strength result due to bending caused by impr oper incarmon ot impact (too close to specimen edQe~
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TABLE 9.1 0-I (Cont’d)

j Specimen Ply Test Temp. Tensile Strength
- Number Config. Condition ( ° F) (1000 psi)

7 D/ B-H3 ±45°,0°,±45° As impacted 70 65.1

- 7 D/B-H4 ±45°,0°,±45° As impacted 70 71.7

16 B/B-T6 ±45°,0°,±45° Unleached -Al/Sil icone 70 370

- Resin Repaired

17 A/B-T3 ±45°,0°,±45° Unleached-A l/Siicone 70 57.8
Resin Repaired

1 17 D/B-T 1 ±45°,0°,±45° Unleached-Al /Siicone 70 71.8

- 
Resin Repaired

1. 17 A/B-T2 ±45°,0°,±45° Leached-Al/Silicone 70 49.7
Resin Repaired

1 -_ 17 B/B-T3 ±45°,0°,±45° Leached-Al/Silicone 70 57.3
Resin Repaired

17 C/B-12 ±45°,0°,±45° Leached-Al/Silicone 70 38.2*
Resin Repaired

1 17 B/B-TI ±45°,0°,±45° Leached-Polyimide/ 70 67.1
Graphite Repaired

17 B/B-T2 ±45°,0°,±45° Leached-Polyimidef 70 55.6
Graphite Repaired

17 C/B-T3 ±45°,0°,±45° Leached-Polyim ide/ 70 67.2
- Graphite Repaired

1 16 A/B-T4 ±45°,0°,±45° As impacted 450 73.4

— 
16 B/B-TI ±45°,0°,±45° As impacted 450 63,8

16 B/B-T2 ±45°,0°,±45° As impacted 450 26.6

— 
16 B/B-IS ±45°,O°,±45° As impacted 450 7•4*

16 B/B-T3 ±45°,0°,±45° Unleached-AlfSiicone 450 51.4
- , Resin Repaired

1*IE P

143

H~L 
______________  

-~ -5-- -~~~~~~~~~ — 
- 

— —

~~~~~_-- ~~~~~~~~~~~~~~~~ ..~~~- ~~~~~~~~~~~~~~~~ - -



5— 

~~~TSTII.TI T —”-~~- ~~~~~
:.

PRATT & WHITNEY AIRCRAFT GROUP - -

TABLE 9.10-I (Cont ’d)

Specimen Ply Test Temp. Tensile Strength
Number Config. Condition - 

( °F) (1000 psi)

16 C/B-T5 ±45°,0°,±45° Unleached-Al/Siicone 450 72.2
Resin Repaired

16 C/B-T6 ±45°,0°,±45° Unleached-Al/Silicone 450 63.1
Resin Repaired

16 A/B-Ti ±45°,0°,±45° Leached-Al/Silicone 450 67.8
Resin Repaired

16 A/B-T2 ±45°,0°,±45° 
- 

Leached-Al/Silicone 450 68.3
Resin Repaired

16 A/B-T3 ±45°,0°,±45° Leached-Al/Silicone 450 63.0
Resin Repaired

16 A/B-IS ±45°,0°,±45° Leached-Poly imide/ 450 67.1
Graphite Repaired

16 A/B-T6 ±45°,0°,±45° Leached-Polys~nide/ 450 66.7
Graphite Repaired

16 B/B-T4 ±45°,0°,±45° Leached-Polyimide/ 450 20.1 *
Graphite Repaired

-

- 
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UNIDIRECTIONAL SPECIMENS COMPONENT CONFIGURATION SPECIMENS

Figure 9.10-5 Summary of t h e  Effect of Various Rep air Techniques on the 70 and 450°F
Tensile Strength of Ballistic-Impact Damaged 50 Volume Percent Borsical®
Sp ecimens

9.10.3 HFF Test Results

Results of high frequency fatigue (HFF) testing of impacted and repaired specimens are
shown in Table 9J0-11. The as-impacted test resuits are from the service capabilit y portion
of this program. The criterion for failure of the unidirectional and component configura-
tion specimens was delamination or cracking.

As shown in Figure 9.10-6, the leaching or drilling of specimens prior to repair resulted in
generally shorter HFF lives than for the as-impacted condition. The only exception was the
component configuration specimens HFF tested at 450°F which suffered no decrease in HFF
capability when repaired with aluminum/silicone resin. As with the tensile specimens de-
scribed previously , leaching prior to repair removes excess matrix aluminum and can result —

in accelerated delamination even after specimen repair. The drilling out of damaged matrix
• and fibers also caused rapid specimen delamination durin g HFF testing.

4 -
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TABLE 9.10-Il ~ 
I

HFF TEST RESULTS FOR 20-LAYER 50 PERCENT VOLUME
RORS 1CAL~ SPECIMENS BEFORE AND AFTER REPAIR

Test
Specimen Ply Temp. Strain Cycles to
Number Conuig. Condition ( °F) (p - in/in) Failure

3 D/U-H2 0° As impacted 70 3100 5x105

3D/U-HI 0° As impacted 70 3100 5x105

6E/U-Hl 0° As impacted 70 3100 5xl05

3C/U-H3 0° As impacted 70 3100 10~

3C/U-H4 0° As impacted 70 3100 l0~

3C/U•H1 0° As impacted 70 3100 l0~
- 

, 3C/U-H2 0° As impacted 70 3100 10~

23 A/U-H4 0° Leached-MI 70 3100 10~
Silicone Resin

- Repaired

23 A/U-H6 0° Leached-All 70 3100 I0~
Silicone Resin
Repaired

6C/U.H3 0° As impacted 450 2100 106

— 3 B/U-HI 0° As impacted 450 2100 Sx lO 5

3 D/U-H2 0° As impacted 450 2100 5x 105

6C/U-Hl 0° As impacted 450 2100 106

6C/U-H2 0
0 As impacted 450 2100 106 k

6C/U-H4 0° As impacted 450 2100 3x106

6D/U-H2 0° As impacted 450 2100 3x 106

6 D/U-H3 0° As impacted 450 2100 3x 106
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- L
TABLE 9.10-Il (Cont ’d)

I, Test
Specimen Ply Temp. Strain Cycles to

— — Number ConfIg. Condition ( °F) (p-in/in) Failure
I

6 DfU-H4 0 As impacted 450 2100 4x10
— 

23 AJU-H1 0° Leached-Alt 450 2100 5xl05
Silicone Resin
Repaired

23 AIU-H3 0° Leached Al/  450 2100 5x105
Silicone Resin
Repaired

23 A/U-H5 0° Leached Al/ 450 2100 Sx lO5
Silicone Resin 

- 
-

Repaired

J 17 A/B-H3 ±4S°,0°,±45° As impacted 70 2700 IO~

17 A/B-H4 ±45°,0°,±45° As im pacted 70 2700 IO~
1~~~~

- 17 DfB-H2 ±45°,0°.±45° Leached-Al / 70 2700 2x105
Silicone Resin
Repaired

17 D/B-H5 ±45°,0°,±45° Leached-Al l 70 2700 2xl05
- - Silicone Resin

- 
Repaired

1 17 Ef13-H3 ±45°,0°,±45° Leached-Al / 70 2700 Sx105
I Silicone Resin

Repaired

P7 B/ 8-H2 ±45°.0°.±45° Drilled-Poly i- 70 2700 5x10 5
mide/Graphite
Repaired

17 C/B-H4 ±45°,0°,±45° Drilled Polyi- 70 2700 5x 105

- — 
mnidef Graphite
Repaired

4 l~/B-HI ±45°,O°,±45° As impacted 450 1700 i06

I. 4 E/B-H2 ±45°,O°,±45° As impacted 450 1~ 00 IO 6
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TABLE 9.10-Il (Cont ’d)

- 
I Test

Specimen Ply Temp. Strain Cycles in
Number Coutig. Condit ion CF) (JA—im1/in) Failure

4 F/B-113 ±450
0

G ±450 As impacted 450 P 7(X) 2x I

4 E/B-H4 *45’,0°,i45° As impacted 450 I 700 2~ I0~’

7 D/R-HI 145°,0~’. t45 ” As impacted 4S() 1700 3x I

7 D/B-1I2 ±45°,O°,t4~*” As impacted 45() 1700 3xl0”

7C /B-113 t45”500, ±45~’ As imnpaUed 450 1700 -~x l 0~’

7 C/ K-lW ~ 45~~ .(I
”
,±45~~ As mmpacfrd 450 1 70( 1 4~ I ~~

7 B/B-1l3 t45~
’.0”.±45° As impacted 450 1 700 .~~~ i o~’

7 B/R.114 k4 5 ” .0” . t4 5 ” As impacted 450 1 700 3x l0~’

I? A/B-Ill I45 ” O° ±45’~ As impacted 450 1700 4xl06

$ 17 A/R.H2 ±45 *~,0~. p45 ” As impacted 450 1700 4x I

17 1)/B-Ill j 45
Q

,Q
0 t4 5 ” t inkaclmcd-A I / 45() 1 700 3x I (~

Silicone Resin
Repaired

17 L)/ B-H3 ‘45 ” ,0°,±45° Inkached-A I / 450 17(X) 4x I
Silicone Resin
Repaimed

17 F/B.Il5 t45 ” ,Ø~’,±45° t Immlcaclmed .A I! 450 1 7(X) 3’. I
Silicone Resin
Repai red

1)/11-114 t4s ’ ’.0~’. # 4 5 ’ 1 eac hed~A I / 450 1 700 .~~~ 10”

Silicone Resin
Repamm ed

I~~’ I ~ •4 ’~
’ 3)” , ‘ .IS I eaeiicd- A l / 450 17(X) I0t

~
Si~m c * ’ mme Restim —

Ri paiii ’d
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TABLE 9.10-Il (Cont ’d)

Test
Specimen Ply 

. .  
Temp. Strain Cycles to

Number Conf~g~ Condition ( F) (p.m /rn) Failure

1~~ 17 E/ B-H2 ±45°,0°,±45° Leached-All 450 1700 2x l06

Silicone Resin
Repared

5
17 B/B-H I ±45°,0°,±45° Drilled-Polyimide/ 450 1700 Sxl O

Graphite Repaired

17 C/B-lB ±45°,0°,±45° Drifled-Polyimide/ 450 1700 5xl05

r 
Graphite Repaired

1~

I

1_
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UNIDIRECTIONAL SPECIMENS COMPONENT CONFIGURATION SC’ECIMENS

Figure 9.10-6 Summary of the Effect of Various Repair Techniques on the 70 and 450°F
High-Fre quency Fati gue cap ability of Ballistic-imp act Damaged 50 Volume Per-
cent Borsica l® Specimens

9.10.4 Metallography

The fracture surfaces of post-tensile test as-damaged spec imens versus dama ged and aluminum!
silicone resin repaired specimens are shown in Figures 9. 10-7 through 9. 10-Il. Examination
of these fractures revealed that complete tilling with aluminum/silicone is more difficult when
the damaged material is leached away. Also note that the failures of the leached and repaired
samples resulted in extensive pull-out of the aluminum/silicone filler compared with the
samples repaired in the as-damaged condition. Based on ease of repair and retention of the
aluminum/silicone filler , no leaching should be done prior to repair.
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I
Figure 9. 10-8 Typica l Unidirectio na l (0°)  20-Layer Borsica l® Test Specimen as Repaired

with Alumiui~r n/Sil icone (Top Lef t) ,  and Te,msile ‘l’esf rd
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: 3. ~~~~~~~~~~~~~ ~~~~~~~~

M-1855 As Repaire d Mag: 4X M- 1893 Tensile Tested Mag : 4X

I $ - 

M-1 9 10 Tensile Tested A1a~ : 9X

FIgure 9. 10-9 Typical Component Configuration (±45 °, 0°, ±45 ° I , 20-La ver Rorsica l® Test
— Sp ecimen as Repaired with Aluminum/Si l icone ’ ( t i pp e r Lef t ) ,  an d .lfte r ietisde

Test. No Leaching Pr io r to Repair
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Fig ure 9. 10-10 Typica l Unidirectional (0 °)  20-Layer Borsical® Test Specimen as Repaired
with Aluminum/Silicone and After Tensile Test. Damaged Area Removed by
Leaching with HC 1 P rior to Repa ir
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i FIgure 9. 10-I l Typical Compo nent Configuration (±45 °, 0°, ±45 °) , 20-Layer Borsica l® Test
( Specimen as Repai red with Aluminum/Silicone and After Tensile Test . Damaged

Area Removed by Leaching with HCl Prio r to Repair
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9.10.5 Summary

I 1~ b lowing tabulation summarizes the results of the damage repair evaluations.

Repair Results of Evaluation

Aluminum /silicone resi n Most acceptable repair scheme.

Polyimide resin and graphite tow Satisfactory but requires leaching or drilling
prior to repair which lowers strength and HFF
capability.

713 Aluminum brazing Brazing temperatures too high (900° F+)
caused specimens to warp.

95 Zn-S Sn solder Inadequate wetting of composite resLited in
poor bond.

95 Zn-5 Al solder Only slig ht ly better wetting than 95 Zn-S Sn
solder : required ultrasonics to achieve any bond.

Polyimide resin Thermal expansion mismatch resulted in crack-
ing and separation at bond.

Polyimide resin and aluminum fIller Thermal expansion mismatch resulted in crack-
ing and bond separation.

The repair techni que s described above we re selected for investigation primarily for ease of
repair. Improvi ng strength ove r as-impacted material was not a criterion for satisfactory re-
pairs; achieving and maintaining proper airfoil contour for aerodynamic considerations was
the primary concern.

Other repair methods such as repressing Borsical® tape int o damaged composites could also
be employed. However , these approaches would require hot pressing facilities which are not
readily available in the field and were therefore not eva luated. If service requirements make
it necessary to recoup the strength loss due to impact damage . then careful examination of
repressing-type repairs would need to be made.

158

— —~~~~~~~~ 
—5.— ~— ~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~ — —~~~



- 

~~~~~~~~~~~~~~~~~ iijF~~’~ ~iuj ------ 
~~

--—-
~~~~~~~~ ~~~

----

~~~~~~
--

- I
PRATT & WHITNEY AIRCRAFT GROUP

• 10.0 BLADE BENCH TESTING

Before beginning engine environmental testing, approximately 142 BORSIC®/alum inum
- TF3O-P-9 third-stage fan blades fabricated under this program were evaluated in a series of

bench tests . In the test program, individual blades were subjected to various environmental
and stress loading conditions typical of those which would be encountered in operating

* - service.

I 

- 

The externally applied environmental conditions to which the blades were subjected were:
— .

• Salt corrosion
• Thermal shock
• Erosion
• Foreign object damage from small , hard objects such as grave l and rivets
• Foreign object damage from massive objects such as birds and ice.

The foreign object damage (FOD) tests were categorized into small and massive in order to
properly evaluate third-stage fan blade performance under conditions which they probably

- 
would encounter, i.e. small object ingestion and those conditions which would not be cx-
pected to occur, i.e. massive object ingestion.

1 In the stress tests , the blades were subjected to the several types of internal static and dy-
namic stresses which would be encountered under typical engine operating conditions.

- Stress tests included:

• Blade untwist
- - • Stress survey
4 • Spit-pit burst tests
1 • Bending fatigue

- • Combined stress fatigue

- The object of the stress tests was to generate data which, when combined with stress data
generated in the engine environment test progr am, can be used to help predict blade sur-
viva] under engine operating conditions.

10.1 SUMMARY OF BLADE BENCH TEST RESULTS

• - Results of the bench test program indicated that the BORSIC®/aluminum third-stage fan
blades fabricated under this program would survive in an engine operating environment but
blade life could not be precisely determined. This aspect of blade performance will he ad-
dressed in Engine Environment Testing, Section Ii, of this document.

- 10.1.1 Environmental Testing

The results of the series of environmental tests indicated that BORSIC®/ aluminum blades
- are entirely adequate for a third-stage fan environment but would not meet f irst-stage FOD

I requirements where the blades migh t encounter the ingestion of massive fo reign objects.
*
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In general, neither salt corrosion nor a -65°F to +500°F thermal shock adversely affected
the BORS1C®/aluminum blades. Erosion resistance, with the nickel-cobalt leading edge
FOD protection, was slightly superior to titanium blades, although small object FOD was
slightly inferior. Resistance to massive FOD was significantly inferior to that exhibited by
titanium blades.

10.1.2 Stress Testing

Figure 10.1-1 is a Goodman-type diagram constructed from data generated during bench stress
testing. it is so called because, unlike a true Goodman diagram, it incorporates variable
criteria of failure. Diagrams of this type, together with stress data generated in engine en-
vironmental tests would be used to predict the probability of blade survival in an engine en-
vironment.

On the diagram, point B reflects the combined stress-fatigue test data,white Point C reflects
the steady stress test data. Both stress modes specify separation of the airfoil from the root
as the criterion of failure . Point A, vibratory test data, takes an arbitrary five percent fre-
quency loss in 10~ cycles as the failure criterion. Establishing an arbitrary failure criterion
was necessary because no blades could be failed by separation in pure fatigue tests , while on
the other hand, blade frequency degradation could not be tracked in the combined fatigue
stress tests because of the configuration of the test blades. Burst testing induced no fre-
quency loss prior to separation.

Goodman type diagrams were generated for blades tested at both room temperature and
450° F. The 450° F temperature is the maximum temperature the blade root area will reach
at operating conditions of Mach No. (Mn) 2.2, 56,000 ft. This was confirmed during the
engine environment test program. 

-

Comparison of the generated diagrams with engine test stress surveys indicated that the blades
would survive the engine test. The only operating stresses subsequently encountered outside
the diagram were engine surge stresses, which were of short duration. r
Fatigue testing in the second bending and first torsional modes was also attempted , but in-
he rent damping in the blade structure prevented generating significant stresses in these modes,
even with our larger shake tables. Water erosion testing was not conducted because it is
not considered to be a problem with metal-matrix composites.

The results of spin.pit blade untwist testing confirmed the analytical predictions within
the limits of experimental error. A spin-pit static stress survey revealed no stresses higher
than predicted.
10.2 ENVIRONMENTAL TESTS, RESULTS, AND CONCLUSIONS

10.2.1 Salt Corrosion Testing

Three blades (S-16 , S-36, and S-43) having unfinished root attachments and incorporating
nickel-cobalt leading edge (LE) protection electroplated directly to the airfoils were sub-
jected to salt corrosion in a stressed condition for 100-hour periods. Post test NDI revealed
no significant degradation of any of the three blades and indicated that BORSIC®.606 I
aluminum alloy blades are not subject to salt-stress corrosion either at elevated temperature
or humid conditions-
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1.
10.2.1.1 Elevated Temperature Testing

Blade S-I6 was mechanically prestressed to 60,000 psi and then soaked at 500°F for 100
hours with a salt solution applied directly to the blade surfaces. Figure 10.2-1 shows the
post-test condition of the blade. Nondestructive inspection and visual examination showed
no evidence of significant salt corrosion. High frequency fatigue testing was not feasible for
this blade because the bending stress! temperature/time cycle produced a permanent/set in
the blade.

10.2.1.2 Humid Environment Testing

Blade S-36 was prestressed to 60,000 psi maximum by deflecting the tip 0.78 inch in a
bend fixture. The blade was then exposed to a humid salt spray at 90°F for 100 hours.
Figure 10.2-2 depicts the post-test condition of the blade. Blade S-43 was similarly tested ,
except that it was prestressed to 15,000 psi by deflecting the tip 0.2 inch. Following the
corrosion testing, both blades were examined visually and non-destructively. No significant
degradation was discernible.

The effects of the tests on blade natural frequency are presented in Table 10.2-1. The minor
variations in pre-and post-test natural frequencies in the first bending and first torsional
modes are considere d to be within the limits of errors due to accuracy of measurement. The
frequency losses in the second bending mode, although apparently real, are of insignificant
magnitude.

TABLE 10.2-I

EFFECT OF 100-HOUR HUMID SALT CORROSION ON NATURAL FREQUENCIES OF
BORS1C®IALUM1NUM BLADES S-36 AND S-43

Pre- Test Natussi Post-test Natussl
Blade Mode Fre quency (liz) Frequency (Hz) % Loss

S-36 lst Bendm g 131 131 - - -
2nd Bending 426 420 1.4
1st Torsion 884 895 - - -

S-43 1st Bending 130 128 1.5
2nd Bending 425 418 1.6 LI
1st Torsion 868 864 0.5

Both blades were then high frequency fatigue (HFF) tested in the first bending mode at a
temperature of 450°F and stressed to ±15,000 psi. After IO~ cycles, blade S-36 exhibited
a first bending frequency loss of 3.5 pereent and 2.0 percent when measured at room tern-
perature and 450° F, respectively. Blade S-43 exhibited similar frequency losses of 3.2 and
2.7 percent when measured at the same temperatures. These slight frequency losses compa~
well to frequency losses suffered by pomposite blades not subjected to salt corrosion tests.
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10.2.2 Thermal Shock

Five blades (S- 3, S- 20, E-24, S-40 , and S-46) were subjected to thermal shock and then
fatigue tested to determine the effect , if any , on the blades. The three main areas of con-
cern were the BORSICAL® composite material, the nickel-cobalt leading edge bond, and
the titanium root pad bond.

The thermal shock was administered by immersing the blade in a -65°F fluidized bed for
two minutes. removing it and immediately immersing it in a +500°F tluidized bed for two
minutes. This cycle was repeated 2000 times on four of the bla,~es and 2450 times on the
rern.~ining one. To test the leading edge bond and the BORSIC~ mater ial the airfoil section
of the blade was immersed. To test the titanium root bond, the root area was immersed.
Figure 10.2-3 shows the Iluidized beds used.

Results of the tests indicated that, although there was a slight decrease in natural frequency,
composite blade structural integrity was not degraded.

10.2.2.1 Composite Material/Leading Edge Testing

The airfoil section of three blades.S-3, S-20 , and S-40, were subjected to 2000 cycles each of
-65°F to +500°F thermal shock. The results indicated that :

• No delamination or change in the composite material density was observed.

• No degradation ot the bond between the elcctroplated nickel-cobalt LE and the
composite material airfoil occurred.

• Some cracking of the nickel-cobalt LE occurred. This, however , was associated
with LE pits which were subsequently eliminated, or with the root end of the
LE plate w here thin areas of plating existed. The LE pits are shown in Figure
10.2-4 .

• Subsequent HFF testing at 450° F indicated that the thermal fatigue testing had
no effect on the rate of decay of the blade natural frequency in l0~ cyc les.

10.2.2.2 Titanium Root Bond Testing

The root of blade E-24 was subjected to 2540 cycles of -65°F thermal shock. Nondestruc-
t ive inspection and density checks showed that the blade suffered no degradation.

After the thermal shock, blade E-24 was subjected to five proof spin cycles to 12,150 rpm.
It was then deliberately run to destruction and burst at 13,886 rpm. This burs t speed is
comparable to that of blades which weren’t thermal cycled and indicates that thermal cycling
does not significantly affect BORSIC® composite tensile strength or root bond shear
strength.

Blade S-46 was subjected to 2000 cycles of-65°F to +500°F and showed no~signs of deg-
iadation. It was then 11FF tested . The pre-test and post-test results of 11FF testing are
presented in Table 10.2-Il. The slight frequency degradation noted is well within design
limits.
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TABLE 10.2-Il

EFFECT OF 2000 THERMAL CYCLES (-6 5°F to 5000°F) ON NATURAL FREQUENCY
DEGRADATION OF BORSIC®/ALUMINUM BLADE S-46

Pre-UFF Natural . Post-HFF Natural
Mode Frequency (Hz) Fre quency (Hz) % Loss

1st Bending 132 131 0.8
2nd Bending 432 419 3.0
1st Torsion 885 854 3.5

5. - 10.2.3 Erosion Testing

Six blades (S-14 , S-28, S-SI. S-60, D-I7, D-20), all incorporating nickel-cobalt leading edge
protection, were exposed to sand erosion tests. Static tests were performed at both room
temperatures and 450° F. The sand used for all tests conformed to MIL-E-5007C specifica-
tion. Control blades of bill of material (B/M) titanium alloy were tested with the BORSICAL®

blades to provide baseline data.

• - Results of the tests indicated that:

• No effects detrimental to the basic structural integrity of the blades were observed

• Surface matrix material on the unprotected portion of the airfoil eroded rapidly
but as the fibers became exposed, the erosion rate diminished rapidly

• A precise weight loss split between the nickel cobalt leading edge and the rest of
the blade was virtually impossible to determine. Consequently, total blade loss
only was measured

• None of the tests achieved the desired impingement pattern. Figure 10.2-5 shows
the condition of blade D-1 7 after the dynamic erosion test. The anticipated ser-
vice-induced pattern would correspond closely to the shape of the leading edge
sheath on the pressure side of the blade

• Aithotigh results were somewhat obscured by the unexpected sand impingement
patterns achieved, it is evident that the harder nickel-cobal t provided excellent
sand erosion protection and can be interpreted as being superior to that provided
by titanium alloys.

• It would be desirable to perform an erosion test with the nickel-cobalt leading
• edge protection in an engine environment in order to achieve more realistic erosion

patterns.
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10.2.3.1 Room Temperature Static Testing

The test rig shown in Figure 10.2-6 was used for static testing. In this rig, the test blade was
mou nted in the test chamber at the desired angle of attack. Pressu rized ai r picked up erosive
mater ial which impinged against the blade.

The initial tests were performed on blades S-l4 and S-28, as we ll as base line tests on titanium
B/M blades in each case . Blade S-14 and its base line blade were eroded with 100 pounds of
sand at a rate of 3 lb/mm . The blades experienced similar weight losses. Blade S-28 and its
base line blades were eroded with 360 pounds ofsand at a rate of I lb/mm . in this test , the
weight loss of the t i tanium blade was 70 percent higher than that of the composite blade.
Figure 10.2-7 shows both composite blades after test.

Blade S- l4 was then subjected to UFF testing. The results indicated that the erosion damage
had no signiticant effect on the rate of decay of t h e  blade natural frequency in the first bend-
ing mode.

Analysis of blade S-28 indicated that more than 90 percent of its weight loss was from the
composite mater ial, not the nickel-cobal t leading edge. As a result, the leading edge protec-

~on was redesigned to cove r a greater portion of the composite surface as shown in Figure
10. 2-8. This new configuration extended back to one-third chord at the tip, and conforms
to erosion patte rns experienced on service blades.

10.2.3.2 Elevated Temperature Static Testing

Two blades, S- Si and S-60, were subjected to sand erosion at 450° F in the static test rig. To
provide the elevated temperatures , the entering air is mixed with fuel and ignited before
picking up t he sand. Gas velocity as high as Mach No. I .0 is attainable upstream of the test
chamber. Both blades had the original Leading edge configuration, and were subjected to
100 pounds of sand at a feed rate of 0.1 lb/miii. Total weight loss of the composite blade
was less than I percent ~1.8 gm) but was greater than that of the base line titanium blade.
The post-test condition of one set of blades is shown in Figure 10.2-9 .

10. 2.3.3 Dynamic Erosion Testing

Dynamic sand erosion of two composite blades, 0-I 7 and 0-20, an d one base line titan ium
blade was performed in a spin pit at room temperature. The three blades were individually
brought up to 10,360 rpm and impacted with 75 gmms of sand. The weight loss of the
composite blades was twice that of the titanium blade ; but , most of the eroded mater ial was

t he aluminum matrix. The visual appearance of the nickel<obait leading edge was excellent.
The composite blades incorporated the redesigned leading edge.

10.2.4 Foreign Objec t Damage (Small Objects)

Although the third-stage fan blade of the TF3O-P-9 engine is not anticipated to encounter
massive foreign objects such as ice or birds, small hard objects such as gravel or rivets can be
expected to penetrate to the third stage .
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In order to evaluat e the resist ince of the TF3() third-sta ge composite tart blades to th is type
of FOD, both static and dynamic testing was performed using 30—calibe r bullets , 0.25 inch
gravel , and 0.5 gram steel rivets as the foreign objects.

Results ot the tests indicated tha t :

• The damage caused by small , hard objects impacting at high velocity will cause
local damage ranging Itofli moderate to severe , bUt will not degrade the basic
structura l integr ity of the blade.

• The nickel-cobalt leading edge is effective in minimi zing small object FOL) damage .

*

• The nicke l-cobalt leading edge is extremely tough and adherent and exhibits no
tendency to crack or peel off the composite airfoil.

• Further improvem ent is required in the composite blade sinicture to make it equal
to t i tanium blades in FO L) resistance to massive objects .

• The composite blades fabricated under this program rind having nickel-cobalt
Leading edge protecti on will survive a fligh t evaluation program without undue
risk ot catastrophic failure due to FOD.

10.2.4 . I Static Ballistic Impact rests

lire test rig , shown in Figure 10.2- 10 was used to impact live blades with 30-caliber, 110
grain steel project iles traveling at 1300 - 1500 ft /sec. Figure 10 .2 - I l  shows the five blades
tested and the results. Blade cont igur at ions included:

Unprotected BORSIC®/ aluminum blade ,
HORSl(~®/ alum iuuut  blade with hard ni ckel leading edge protection .
BORSIC®/ alum inunr  blade with nicke l—cobalt leading edge protect ion ,
Bil l of Material  t i t an ium blade
BORSlC~~/ al r i iu inuni  blade with boron-carbide leading edge protection at the tip only .

Fach blade was impacted at incidence angles of l’ip 0°, Midspan I 5° , Root 40° .

l)amage was severe in all cases , but apparently completely localized. There was no tendency
ot the leading edge to peel off. Post-test X-ray and ultrasonic inspection continued that only
localized damage was sustained.

Two of these blades, S-I and 5-4 , were subsequently subjected to tO 7 tIFF c ck’s with a tota l
tip amplitude of 0.4 inch at 4500 1:. Blade S— I h a d  a nickel—plated I F  and blade 5—4 had no
I F  protection. The fatigue testing indicated that the leading edge damage had no adverse
effect on the decay rate of the blade natural trequency in firs t bending. 

-
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10.2.4 .2 E)ynami c Tests

iwo seri es of FOL) tests were performed in a spiil pit facility , one using 0 .25 inch gravel and
the other 0.5 gra m steel rivets. Figure 10.2- 12 shows the test facility. These tests duplicated
the rotating speed ( l0 ,3~ O rpm ) and blade st iffening effects that  occur in an engine environ-
ment. Blade tip speed in all of these tests was approximate ly I 500 ft/ sec. In all cases . B/M
t i tanium alloy blades were tested one- for—one with the composite blades to provide baseline
data . Videotape was used for all tests to record and verify adequate impact events and to ob-
serve blade reaction.

The ti rs t series of tests used 0.25 inch quartz gravel as the impacting med ium. Two composite
blades with nickel—cobalt leading edges, and two HIM t i tanium alloy blades , rotating at the
speed of l0,3~ 0 rpm , were each impacted with 66 pieces ot gravel. As shown in Figure s
10 .2-13 and 10.2- 14 , the composite blades and the ti tanium blades suffe red moderate

leading—edge damage. Although the total amount ot material damaged on the composite
blades was approximately 25 percent greater than that on the t i tanium blades , flO flC of the
ilicks exceeded blend limits.

Figures 10. 2- 1 3 and -14 show that the unprotected portion of the composite blade leadin g
edge near the root suffe red severe damage in these tests , even though the impact velocity is
re latively low in ti n s region. This emphasizes the efficiency and the necessity of the nickel-
cobalt leading edge. in an engine env ironn ne nt ,however , foreign objects tend to be forced
radially toward the blade tips. This fact t ends t o reduce the importance of the root area
damage sustained when evaluating resi~1 ts.

No tendency of the leading edge to peel off the blade was observed in these test s.

The second series of tests was identical to tire first , except that 0.5 gram steel rivet s replaced
the gravel as the impacting medium.

Tirese rivets are representative of the type of engine hardware which might be encountere d
in future service applications.

Facir blade was subjected to approximately 23 rivet strikes at 10 ,360 rpnr . The results are
sirown in Figures 10.2- I S and 10.2- I 6. Leading edge damage was severe for both the com-
posite and tire t itanium blades with the amount of damage d or lost material in the composite
blade estinr ated to be twice that of the titanium blades. Blend limits were exceeded iii the
conr posit e blades , hut again there was no tendency for the leading edge to peel o t t .

102.5 Foreign Object Damage (Massive Objects)

Dynamic testing was conducted on TF3O-P-9 third-stage advanced composite fan blades to
evaluate t lreir FO!) performance in an engine first-stage environment. These tests were con-
ducted in the spin pit test facility shown in Figure 10. 2 -12 .  The tests consisted of impelling
one-inch ice halls , three ounce bird s, or six ounce gelatin “birds ” against the fan blades . 11w
fan blades were rotating at 10 ,360 rpm with an equivalent blade tip speed of approximately
I 500 ft /sec. The impingement angle of the impacting objects W8S similar to that which
exists in an engine enviro nnretr t .
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Test results indicated that :

• While the nickel-cobalt leading edge did not prevent dama ge to the blades , neither
did it exh ibi t  the undesirable characteristic of breaking up or peeling off and

I th ereby beconning a source of secondary damage .

• No root damage was observed.

• in ord er to t e rfornn well in a fi rs t -stage FOD environment , the impact resistance
of tire composite structure must he increased. Possible met lnods of achievin g this
incr ease are by using improved fiber , mat ri x material , and /or re orient ing tine fibers.

10.2.5.1 ice Ball Tests

[ Two connposite blades, F-2 I t and E-227, and two B/ M t i tanium blades were innpacted with
one-inch diameter , tempered ice halls. The ice bails were tempered by freezing tlnenl at sub-

I . zero temperatures , then holding them at 30° F for several Irours .

Blade U -2 l 6  was ifllpacted with a single ice ball and sustained the fracture damage shown in

I - Figure 10.2-17. Tire fracture boundary followed tire ±45° orientation of the surface fIbers.

Blade F-I 27 was sin n ila r ly tested but absorbe d three impacts before sustaining tire damage

I 
shown in Figure 10.2-18. Both of th ese blades had a leadirng edge max imum radius of .013
inch, which was the design requirement. Tire effect of tire leading edge thickness on FOE)
resistance can be seem in Figure 10.2-19. The blade on the ri gh t had a leading edge radius
of .025 inch and sustained six one-inch ice ball impacts with no damage ot iner than a slight
dent in the leading edge .

The two t i tanium alloy blades, similarly tested to obtain base line data, exhibited only slight

I dents in the leading edge after sustaining impacts from five ice balls.

10.2.5.1 Starling Tests

I - 
Two composite blades. F-44 and E-228, were impacted with 3.25 ounce starlings. High-
speed movies were taken of these tests which were conducted using the test rig shown in

‘ 
Figure 10.2-20. The movies showed tlnat the birds had insufficient acceleration to penetrate
far enough into the blade path so that “bites” of appreciable size could be taken. (‘onseq-

- uently many small bites were taken from each bird and no blade damage resulted. To ach-

I ieve valid results the acce leration of the bird s would have to he increased.

10.2.5.3 “Jelly ” Bird Tests

in the final, massive FOD test, a spherical gelatine hail, approxim ately three inches in dia-
meter was impelled against blade E-243. The bal l weighed six ounces and had a density of
1. 12 gm/cc. Two impacts occurred and removed 1.5 ounces from the hail . A piece of the[ blade leadin g edge was broken out. Figure 10.2- l i  shows the damage sustained . The ti t-
aniumn blade tested under tire same condition s sustained a sligh t dent on th e leading edge .
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10.3 STRESS TESTING, RESULTS , AND CONCLUSIONS

10.3. 1 Untwist

Because the TF3O-P-9 third-stage BORS1C®/aluminum fan blades designed and fabricated
utrder this program had no part-span shrouds, they would exhibit a greater untwist at high
rotating speeds than the titanium alloy B/M blades. The addr’d untwist was calculated to he
approximately one degree at tile design speed. The analysis indicated that the total untwist
of the blade would be 2.14 degrees at 450° F. The total untwist consists of two conr ponents ,
elastic untwist and plastic untwist (primary creep). Because the angle of attack of the blade
leading edge significantly affects the blade aerodynamic performance, theoretical blade twist
had to be verified empirically. Deviation from the predicted value, upon which the aero-
dynam ic performance was calculated, can then be compensated for by altering the broach
angle of the disk slots if mrecessary .

10.3.1.1 Untwist Test

The spin-pit test rig shown in Figure 10.3- I was used to conduct the tests to determine blade
untwist at engine operating conditions. To determine the untwist , two proximity probes
were mounted just out board of the blade tip. One probe was mounted directly opposite the
tip leading edge and the other directly opposite the tip trailing edge as shown in Figure 10.3-2.

In operation , as the blade rotates past the probes , each probe transmits a signal to an oscil-
loscope-camera read-out system. The time gap between the signals is calibrated in milli-
seconds and varies with the rpm and blade angle of attack (a). As the speed increases, the
blade untwists thereby increasing a and decreasing the time gap. Knowing the blade chord,
speed, and origin al a, tile difference in the time gaps at two different speeds permits corn-
put ing the cha1~ge in a. Readings were taken during both acceleration and decele ration at
room temperature and 450° F.

The first two blades developed unde r this program , D- I and D-2, were selected for this test.
In the i r fabricat ion,both blades underwent a faulty processing procedure which was sub-
sequently corrected during the development program. Blade D-l failed during the 450°F
test because of the processing procedure. Blade D-2, however , successfully comple ted the
test.

For the test , blade D-2 was instrumented at the root , midspan , and tip with thermocouples.
The blade was run through the speed range and incremental readings were taken at 4000,
6000, 8000, 9000, and 10,360 rpm. Readings were taken both during acceleration and de-
celeration and at room temperature and 450° F.

A minimum of four photographs was taken at each test point to minimize system inaccura-
cies.

The resu lts of the test , shown in Figure 10.3-3, indicate a total untwist at 450° F of two
degrees ±0.5 degree. The experimental accuracy of these results is considered to be ±0.5
degrees.
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Because the test results agree closely with analy tical design predictions,the disk slots were
broached at the original design angle of 17 ° 30’.

10.3.2 Static Stress Survey

Maximun n static stresses occur in the airfoil at its junction with the platform , and are made
up of centrifu gal ,~P/A), restrained warping, amid gas bending stresses. Their predicted magni-
tude at peak stress locations in the most severe fligh t conditions is presented in Table 10.3-I.

• in order to confirm these stress Levels , and their chordwise distr ibution , a static stress survey
was performed on two blades in a vacuum spin pit at rotating speeds up to 12, 150 rpm. He-

- cause of the vacuum envi ronment of the spin pit, gas bending stresses were not present. Tilt
st resses were also eliminated by compensating for ai rfoil tilt in the disk slot. Thus, only the
P/A and restrained warping stresses which compose at least 84 percent of the major stress
peaks were induced.

TABLE 10.3-I

MAXIMUM AIRFOI L STATI C STRESS (psi)
- 

Condit ions: Ma ch No. 1.2 , Sea Level, Max Aftertmrner, Fan Speed 10 ,355 rpm

Core (0° fiber orientat ion Sheø (±4 5° fiber orientation
% Chord (CV) Leading Edge

- 

P/A 32,170 18 ,000
- Restrai ned Warp ing 21 ,000 24,500

- 
Tilt and Gas Bending 2 .406 1 ,410

- Total 55 ,576 43,910

Conditions : M m .  Gas Load . Fan Speed = 10,350 rpm
% Chord (CV) Leading Edge

- P/A 32 ,170 18 ,000
Restrained Warping 21 ,000 19 .450
Tilt and Gas Bending 7.070 6,920

I - Total 60,240 44,370

Hslanced Stre5ses

The data compiled during tire stress survey indicates that tire BORSIC®/a lunninum blade
design develope d in this program has ample capabilit y to withstand P /A and restrained war p-

- ing stresses up to 10,350 rpm and that the predicted stresses were on the conservative (high ) side.

10.3.2. 1 Static Str ess Surve y — Test One
- 

The firs t test was conduct ed on blade F-23 , which was instrumented with fourteen 0.1 2 5
inch grid static strai n gages. Die gages were radially aligned and positioned at tire locations

- 
shown in Figure 10.3-4. All gages were located on the airfoil directl y adjacent to the platform .

. . . .
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Room temnrpe r ature strai n levels were recorded both during accelerat ion and decelerat ion at
speeds of 1000. 4000, ~00O. 8000, 10 ,000. i i  .0(K) and 12. 1 50 rpm. The d a t a indicate d
excellem rt strain gage l imre ar ity t irrou g ir 1 0,00() rpm. hut  above this speed the gage out l )u t  w.is
mno nlu r ea r.  the m n o mnl i m n ea r i ty was pre sumnied due to plastic deto r ma t iomn (Blad e 1 -23 was not
stress relicved In- t ir e 80001: m eat treat during fahr i ca tiom r , which mig h t account for t h e  tie’—
fo r nn r a t i omr . l  All gages except otr e p er t o rmnr ed sati st~mct oril y during the test .

1:igure 10.3-5 is a plot of tire reduced data tot tire 10,000 rp mrr data poin t as well as the am a—
l~ tic ally pre dicted P - A and restrained warping stresses for the sante rpm. u ris coUipa flsOtl
shows that  the actual leading edge stress peak did not develop as analyt ical ly pre dicted.

10.3 .2 .2 Static Stress Survey Test Two

lire secomrd stress survey test was conducted using blade F-’)2 . Itt this test the blade was in-

~tr ummne n te t l  wi th  I S s t raim r gages adjac ent to tire pl at to rm plus six gages ~imn th e p la t to nu arezi .
the gages were 0.0t~2 5 inch gri d and locateti as sh owmr in Figures I 0.31 and ~~ ‘ . Figure I0.3-S
sirows tire blade amrd disk con n h ina ti om r wit ln ins tr r im r wn t ati oi n completed .

the te st pro~ethm r e was id emr tic al to t inat used for blade F— 23 in ti r e lirst test. All 18 airfoil
gages slrowed excellem rt limnearity throughout t ine speed range . However. tI r e ti pla tt or mi r gages
performed mnonl ine ar ly .  Consequently, tineir data is suspect and not lmrc lud ed u n  t h is document .

l igure 10.3- ’) presents the reduced data fronr the airfoil gages at 10 .000 rp mn n as well as tire
am n a ly t ica l pre diction for the satire speed for connpari son . These data aix’ u n  close agr een n emr t
w i th  tire data obtained on Blade L -23, (Figure 10,3-5) . In both survey s. tine severe k-ad ing
edge stress pea k predict ed did trot develop. Alt ir ough tIre peak stresses wemx ’ t ower t inan pre-
d ieled , t h e  average stress was very close to the analytical va lue.

10.3. 3 Spin-Pi t Burst Testing

,\ lth orm gh st~it n —) ~rOOt-test ifl~ tO 1 1 5  percent desig mn speed (I  2. 1 50 rpnn ) was included as a re-
t iui r ement in lt enn Sc. Phase I of tine contract work sta te m ent , blade burst testing was not a
specific contract stipulation. 1 I owever , since several early blade s failed at speeds below the
re quired 1 15  percent proof capabilit y, burst speed margin became ot great concern. Comnse’-
que ’n t lv. once tine blad e residual stress pr ob lemni was resolved (see below) , several deliberate
burst tests were per formnne d (wi t in no change to tine contract ) to tirmly establish blade burst
margin.

Blade R- t o , an early developnren t blade , was spu r tested to the scireduk presen ted in
Table 10.3-Il .

TABLE 10.3-li
BLADE R- l0 SPIN TEST

Ty pe of Speed Tennpera ture
Te~it (rpm) (°F) Time

Fudur anee’ ‘) ,000 460 ~0 lt~urs
I~nd uramt ~c l0.3t~0 37 5 tO hOUis
1 ow (‘ycte Fatigue 4 .OOO-~.000 450 1000 evete ~
I 0 (‘i. de t :~it ~gtmt ’ ~ ,(XX)- I O,3t () 2tXXl ~~~ L’l~

II ,40() 351) I S secouds

-

~ 

~~~

. 
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I
As sinowmn in Figure 10.3-10 , the blade survived this engine oriented test in excellent condi-

- , 
non. It was considered to he fully acceptable from a static stress stand point to t engine
testing. It was also concluded that the fabrication processes were satisfactory and capable
of producing high quality blades.

Subsequently , h owever , nnore than 27 percent of the ear ly “F ” ser ies (engine test blades)
- sp in proof-tested failed. One failure was at a speed ot 10 ,782 rpm . Figure 10.3-1 1 shows

- t he t~ülure m ode exhibited. The fai lures were traced to residual stresses induced in theI fibers duri ng tire diffusion bonding process. These str esses were relieved and tir e problem
solved by introducing an 800°F three-hour heat treat cycle in the fabrication process (see

I 
para. ~ .2.  1 I ) .  No further blade failures occurred during spin proof-testing to 11, 1 50 rpmnr .

- A further direct result of these failures was ini t iating spin-pit burs t tests into the test prt~
- 

gram. In these tests , ti ne r ot ational speed is gradually increased until the test blade fails.
In addition to conduct ing burs t tests at rt~~m temperatur e , a burst test at 450° and a low

• — c)ck fat igue burst test at room temperature were also conducted.

10.3.3.1 Roorni Temperature Burst Test
I .

Spin-p it burst testing of 3 I blades that were stress relieved by heat treating resu lted I II
burst speeds raingiing from 13,772 rpm to speeds in excess of 15, 553 rpm. Because of the
heat treat tire nn ininnum burst speed was increased from 10,782 rpm to 13 ,772 rpm or 28
per eem nt. Table 10.3-Ill summarizes tire results of these tests .
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TABLE 10.3-111
BURST PERFORMANCE OF STRESS REUEVEL ) BLADES

AT ROOM TEMPERATURE

Heat Treat Burst Speed Heat Tr eat Bwst Speed
B’ade Cycle (rpm) Blade Cycle (rpm)

B-S No Burst t~-t2 4 8-0 IS.5 63
~ 15 .5(X)

F-76 B-S 15,448 E -~l B-(~ 15.550+

t . 7 l  Ho 15,338 F-h52 B~ l5. 52~+

8-3 15,270 F -$4 B-o IS , 1l’J

F- ~ 7 3-S 15 .230 l~- 142 8-6 15.014

B-3 15 .210 E - t l 2  H-o 14 .Q35

E-100 H-cs 15. 137 E-° 7 B-o 14 ,o4 2

- - E - 135 B-h 15 , 1 01) F -lO S B-o 14 ,611

E -70 8-3 14 .883 E- 122 B-o 14,54 1

E -173 B-~ 14,850 F -1 th  B-tb 14 .4S3

F - 117 4 S .’R Cydes 14 .740 F - l51 B-o 14 . 181

8-3 14,t ~8O F-l50~~ 8-6 14 ,177

E-oS 8-3 14 ,650 E-88 B-tb I4 , r4

E- 104 H-h 14 .560 E -l02 B-h I3. 7~ 7

E-153 B-b 14.270

E.83 8-6 14 .260 E - l I 8  B-t 13 .7 7 2

• Blade F- 100 had no platfomi
• Blades F-1 52 and F-ISO had no lea~Bmng edge ectIo~r

Heat Treat Cycle Key
0-3 SIngle 800°F stress relief cyck - oven
8-5 800°F oven stress relief cycle phe 800° dIe stress relief cycle
8-6 Double 800 F stress relief cycle , oven
0-6 Stress relief cyc le was app lied to all blades used In the
flight evaluation program (Appendix )
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I
Figure 10.3-12 shows the results of the firs t 24 spu n-pit burst tests.
The burst blades are arr amrge d u n  order of descen ding burst speed from left to right with the
blade kadi ing edge toward tine camera. The blades exhibiting the highest bnrst speeds had
a more random fai lure ti nan those wiric in lu lled at lower speeds. l’he fai lure f . the “lower—
speed” blades occurred at the .iur r ct i om n of the root and airfoil , the high stress plane. This
indi cates t h at the~’ reta uned a greater level of residual stresses even after (he 800°F heat
tre a t stress re lief cycle than the blades having a random failur e pat t ern .

Figure 10.3-l I is a side v iew of a burs t blad e with tir e leading edge at the left . Both Figure
10 .3-li and -12 show that , in general , the leadi in g edge fractures are closer to the platfo rm
fillet thar n are the trailing edge fractures. Tin s indicates that failure init iat ed at the leading
edge , because the leading edge fracture coincides more closely with the plane of highest
stress. No comntr ad ictory evidence indic ating a dif fe rent point of failure initiation could he
found. Examination j. the fracture surfaces indicated that the composite structure was
well oriented and well compacted , although there were some local areas of fabrication-
induced broken tIhers .

An iiu~ m n pt WaS j i~ id~’ to ~orretafe bla de bur s t speed with parameters such as tape strength.
composite panel strength , blade acoustic ennr ssiomr . blade serial nunnher (to est~hlish
chronology ) and blade density . Of these , only blade density showed a cotrsistent tr end.
This correlation is shown in Figure 10.3-13.

10.3.3.2 E levated Temperature Burst Test

Thiec blades , E-% , E-1 47 , aind E- 186, were spin pit burst tested at 450°F to prov ide data
to establiSh a 450°F Goodman type diagram. Fable I 0.3-tV presents the results of these
tests.

TABLE l0.3-lV
BURST PERFORMANCE OF STRE SS RELIEVED

BLADES AT 4SO°F

Blade Number Burst Speed

12 .900 rpm
E- l47 12.360 ’r pn r
F-185 12 ,270 rpm

‘rhe nr ininruni burst speed, 12 .270 rpm , correspomrds to nn aximu n i predict ed shell stre ss of
- . 63,000 psi. This value was used to establish the steady stress point on t he 450°F Goodman

diagram.

This minimum burst speed is nearly ~0 per eemit of that establishe d fur the blade at room
temperature ( 13 .7 72 rpm) and connpares very well with the pre dicted strength loss of the
BORSIC®/ aluminum composite blade when its temperature is increased fron 70°F to
450° F.
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10.3.3.3 Room lemnnper a tur e  L.CF Burst l est

Blade F-Q2 was low ~ ck- fatigue tested at room t empera ture . In u ris test. the blade was
accelerated tr ot nn 40(X) rpm ~engtmn e idle speed) to 12. 1 50 rpm ( I I  5 percent design speed )
and m ainta ined at th e high speed for one mmm nut e . The blade survived 54*) such c~ des
before bursting. This one test , however .rs an imtsu t t  ret emn t stat is ti ca l samp liing upon win ch to
base .n valid conclusion.

10.3.3.4 Post-Engine Operatiomn Burst tests

Following the 3~ 4—l rr . engine sea-level test p r og r amrn (Section I I .  11 . a total ot 12 blades cx-
hihi ted 1 1  cracks above tire p lat for un . Following the ground engine tests and prior to t ine
fl ight evaluation program , three of the blades with Li cracks wer e spin-pit burst tested at
room temperatur e to assess the effect on’ burst speed of the 364-hour engine test . aind the
presen ce of the cracks. The test results are pr esented below

Blade No. Burs t Speed ( R P M )

F-LOS

l3. ’)80

13.oS?

(‘omnpa r ing these resu lts with Fable 10.3- i l l , it earn be seen that the ir iin innum burs t spe~*l of
the engine-teste d blades decreased from I 3, ’’ 2 rpm for new blades to 1 2 .Qtn h rpi rn. or ap-
i roxinna t el~’ o~ . but still ret ained a 22. 5 ’  margin of sat etv over r ed—l in e speed (10 .550 rpm).

10.3.4 High Frequency Fatigu e Testing

thr rt~ blades were bench fatigue tested tin tire fi rs t bending mode during this test series.
T ests were conducted at both ro *mn t emnn pe r at ure ainti 450°F ~tn ekctrodv nann ic exciter
s~ stem ~sha ke t able ) r a ted at 2000 pounds was used to drive tire blades at their natur a l
trequenc\ inn the tIrst hendi ing mode . I ’lnv stea l clr ar a et er ist ies of the test s\ st etnn l inn it *’d
acceleration of the blade to 33 g’s. Ftgure 10 .3-14 shows the sy stem in operation.

Ihe 33 g—loa d applied to the blades resulted tin a mnra x m n um r n total tip det lectuon (double
amplitu de) of 0.8 inch. This detlection corresponds to a ma xinnu in blade shell str e ss of
± 2 2 ,000 psi , win ch occurs at t ire Leadin g edge . ‘tine comparatively low tip deflections attained
with this blade are the result of the higi n level ot’ intern al dainiping which results troni the
composi te material and the fibe r orientations used iii the blade.

Four generations of blad es went’ used in the fati gue testing pr ogr am. They were desigtnated
“R ” , “D” , ‘‘S” and “ F ” . Tine R- . D- . and S- blades went’ developmental con figurati omrs
wh ile the F-blad es went’ the final comn fi gu r a t n o mn used tot engine testing. Tire R- . I)— . and
S—blades had similar air foils hut, while tin e R- . amrd 1)-blades had tinished titanium roots . the
S—blade was designed for airfoil t esting only and had air uinfimni shed alunninrum root. The
F-b lade differed in that  the dovetail root att a chnr *’mr t was slightl~’ shorter fore and aft and
the airfoil t’d~’es were soinewhut t thinner.

The blades differed significantly in qual ity as ~v Ll . l~in*’ F-blades were ot ’ un ifornn h igh
qual it y wh ile the quality tnt the developmental blades was inconsistent.

174

— — — 
—--------

~~~ — ‘— ———



-—----‘ -~~‘—- -.--- - - - ~- - .-- --.~~~~ --

~

--
~~

- --

PRATT & WHITNt~Y A 1RCRAFI GROUP

Three series of fat igue tests were conducted ;

• Undamage d blades at 4 50°F

• Deliberately dannage d blades at 450°F

• Undamaged blades at room tempera tu re

All of the tests established runout as I o~ cycles , and the failure criterion was established to
be five percent loss in first bending frequency . This is a realistic criterion becau se , should
the frequency drop approximately ten percent , potent ially dangerous resonances would
occur in the engine operating ran ge .

10.3.4.1 Testing of Undann ag~d Blades at 450°F

Thirteen blades were tested at 450° F through t O 7 cycles at v arious values of tip deflec tion
in this test. The results are presented in Table 10.3-V and plotted in Figure 10.3-IS. The
wide scatter exhibited at the ±16,500 psi level is attributed to variations in blade iua lity.
No engine-quality blades were included in this series of tests.

TA B LE 10.3-V
RESU LT S OF HIGH FREQUENCY FATIGUE TEST

UNDAMAGED BLADES AT 450°F
( l0~ Cycles)

Double Tip Max imum First Bending
Amplitude Stress Frequency Loss

Blade No. (inch) (psi) (%)

R 7  0.4 ± 11 .000 4.8
0.6 ± 16 ,500 6.8

R-8 0.4 ± 1 1 ,000 3.7
D-8 0.6 ± 16.500 2 .8
D-lO 0.6 ± 16 ,500 7.0
0-19 0.6 ± 16 ,500 1.7
S- n O 0.6 ± 16, 500 5.2
S-I l  0.2 ± 5 ,500 0
S-I1) 0.4 ±11 ,000 4.3
S-44 0.6 ± 16,500 10.5
S-49 0.6 ± 16.500 9 .6
S-58 0.6 ± 16,500 .0
S-59 0.6 ± 16,500 10.3

10.3.4 .2 Testing of Damaged Blades at 450°F ‘

~~

Ni ne blades were tested at 450°F through I 0~ cycles at a double amplitude tip deflection
of 0.4 inch. This corresponds to a stress of 11 ,000 psi. The blades were delibe rately
da maged prior to test by ballistic impact , sand erosion , salt corrosion , or thermal shock ,
as outlined in Table 10.3-VI. Frequency loss is also presented in this table and compares
very favora bly with that of undamage d blades at the same stress level. The blades used were
develop ment-type blades , consequentl y not of optimum quality ,
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TA BLE 10.3-Vt
R ESU LTS OF H IG H FREQUEN CY FATiGUE TEST

DAMAGE D BLADES AT 450° F
( l O 7 Cycles)

Double Tip Maximu m First Bending
Blade Amplitude Stress Frequency Lo~
No Type of Damage (in,) (psi) (%)

S-I 30 caliber , 11 0  grain 0.4 11 ,000 3.2
stee l bullets 1300-

S-4 1500 tl./sec.3 0.4 1 1 ,000 3.2
locations on leading edge

S- 14 Sand erosion 0,4 I I  ,000 1.7

-
, 

. 
S-IS One-inch ice balI 900 0.4 11 ,000 1.7

11./sec.
S- 16 Dry salt corrosion 0.4 11 ,000 39

500°F, 100 hrs. 60
ksi prestress

S-20 Thermal shock -65 to 0.4 11 ,000 2.8
500°F 2000 cycles

S-36 Salt corrosion 100 0.4 11 ,000 1.6
hr., hu nnid 60 ksi
prestress ‘.

S-40 Thermal shock -65 to 0.4 11 ,000 2.4
500°F 2000 cycl es

S-43 Salt corrosion 100 hr. 0.4 I I  ,000 2.6
h um id 15 ksi prestress

Blade S-b was severel y defornn ed in corrosion test.

10.3 .4.3 Testin g of Undamaged Blades at Room Temperature

Seven E-blades and one S-blade were tested at room temperature through io~ cycles at
various tip de flections. The test results are tabulated in Table I 0.3-Vll and plotted in
Figure 1a3-16. The curve presen t ed in Figure 10.3-16 was the basis for establish ing a
live percent loss criterion at ± 18 , 500 psi , the value subsequently selected as the pure
vibratory Point “A” on t he roonn te mpe rat u re Goodman type diagra m presented in
Figure 10.3-17.
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TABLE 10.3-V U
RESULTS OF HIGH FREQUENCY FATIGUE TEST

UNDAMAGED BLADES AT ROOM TEMPERATURE
( I0 ~ Cycles)

Double Tip Maximum Fhit Bending
Wade No. Amp litude Stress Frequency Loss

(Inch) (psi) (%)

5. 10 0.4 ± 1 1 ,000 1.8
0.6 ± 16 ,500 3

h-89 0.7 ± 19 ,300 7
L~-78 0.7 ± 19 ,300 6
L~-149 0.8 ± 22 ,000 9r 1 .74 0.8 ± 2 2 ,000 10
E-l 13 0.8 ± 2 2 ,000 10
F-US 0.8 ±22 ,000 8

10.3.5 In ternal Damp ing Investigat ion

The lack ot ’ response of tine ~ORSl(’~~/ a1unnj nun n TF3O-P-9 third-stage fan blade to m ccli-
anical excitation at its first bending natural t’requency indicates a lnigh level of intertnal damp-
ing, Tini s phenomenon was investigated in conjunction with the t IFF blade test program .

4 Tlne damnp ilng logarithmic de er enne mnt was experimentally determ ined for severa l blades , along• with airfoil temperature rise and blade damage.

i’o conduct t h is investigation , each blade was instrumented with accelerometers and thermo-
couples as shown in Figure 103-18. Fach blade was then excited at room temperature on a
shaker table up to 0 6-incti double t ip amplitude , and the damping 1og decr elnent and tern-

I 
- 

perature were determined.

Figure 103—19 presents a colnnp ariso n of the da lnnpi ing log decrement vs tip amplitude of
BORS IC ®/ aiurni nun n blade R- 5, with that of a t i tanium alloy TF3O-P-9 hill-o f-m aterial blade.
The damping of the composite blade is an order of magnitude greater than that of the t it ani unn
blade, This increased tb a lupi ng probably evolves from tine interaction of the BORSIC® fila-• ments, at botln 0° and t4 5° ori e ntations, with the aluminum nna tr i x. Figure 10.3-20 presents
the composite airfoil temperature as a function of tip alup litude ai1d span. These data are
typical of all blades tested.

A h isto ry ot’ 1st-bending t IFF  cycles apparently increased blade damping. This is illustr ated
in F igure 10.3-21 . The damping log decre ment of blade R-8 was deter nnined both hdl’*re and
after 11FF testing (0.4 inch double tip amplitude at 450° F for I O~ cycles). Tine physical evm-
dence of damage alter 11FF testing consiste d of fluorescent penetrant indi cations of matrix
cracks between the ±45° surfa ce filaments , in an area from the blade platform to midspan .
These cra cks incre ased in severity as the tIFF test ing pro ceeded , and were most severe at t ine
blade edges and at midchord on the ~~~~~ surface.

— This damage apparent ly increased the blade dannping log decrement by a factor of up to 2*
and is assutned to be a result of the effect of ’ the matr ix cracks on elast ic wave propagation

— through the blade structu re .
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The following conclusions were drawn from the hi~~ frequency fatigue testing:

• The room temperature bending fatigue limit of the advanced composite blades
designed and fabricated under this program has been established as ± 18,500 psi
based on a five percent natural frequency loss in first bending in io~ cycles.

• The high temperature , 450° F, bending fatigue limit of the blades nas been
established as 14,000 psi.

• Blade damage such as leading edge ballistic impact ,erosion , corrosion and thermal
fatigue has no apparent effect on blade fati gue life .

• Composite blades exhibit an internal damping characteristic that is an order of
magnitude greater than that exhibited by titanium alloy blades. This, plus an
inherent lack of notch sensitivity , greatly enhances their capability to endure a
service envi ronment.

10.3.6 Tip Rub Testing

An internal P&WA review team recommended the addition of rigfengine tip rub tests (Section

11.3. 1)  to ascertain possible detrimental blade effects due to this phenomenon. Before this

testing could be incorporated , however , a severe accidental tip rub occurred in the 200-hr.

altitude engine test program. This tip rub was discovered after 57 hours of engine test time

(following 10.5 hrs. of sea-leve l Mn 1.2), and was attributed to fan exit case deformation dur-

ing the high Mn , low alt itude testing. It caused several blades to contact the fiberglas rub-

strip, and in one are a to penetrate to a depth of .090 inch (through the rubstrip and into the

tita nium case).

As a result of this incident , seven blades exhibited cracks in the fillet area above the platform ,

and were replaced for the balance of the altitude test program. Several blades also lost ap-

proximately ‘/4 inch of material at the trailing edge tip. This damage was blended , and the

blades were rei nstalled in the engine.

One of the seven blades having most severe fillet-area cracks (Blade E- 184) was subjected to
destructive examination to determine the extent of the crack. This investigation is described
in detail in Section 11. 2 . 5 ;  it revealed that the crack was confined to the outer crossply layers ,
and did not penetrate to the radial core plies.

The conclusions drawn from this test are :

• The tip rub was probably more severe tha n would ever be encountered in normal
service.

• No i mmediate catastrophic blade failure occurred.

• Blade damage was confined to insignificant loss of material at the tip and surface
cracks in the ai rfoil root area.

_ _  
- -

~~~

- - J—-~-~~--* —~~‘---—---



--~ - -~~~~ -. ~~~ ~~~~~~~~—~~~~~~~~~~~~~~—~~~~~~~
•——-

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

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

- 
,. PRATT A WH ITNEY ArncRAFr GROUP

• 10.4 COMBINED STRESS/FAT iGUE TESTING

Thirteen BORS IC®/aluminum blades were stress /fatigue tested by sul~ecting them to a
vibratory load imposed over a steady radial load . The stead y radial load produced the P/A
and restraine d warping stresses. The total stress field is referred to as combined stress fatigue

- 

I 
- 

(CSF).

• The blades were prepared by diffu sion bonding aluminum alloy pads to the tip are a as
shown in Figure 10.4-i. A channel para llel to , and equidistant from , the blade stacking

-. line was machi ned on each surface . A plate was then inserted into each channel and ad-
hesively bonded in position. A thi rd plate , slotted at the free end to accept a cable , was
then inserted between the free ends of the two plates bonded to the pad - With the cable

— in place , steady state loads in excess of 12 ,000 pounds can be applied to the blade by means
- of a pneumatic cylinder. Figure 10.4-2 shows tine arr angement of the *est fixtu re . The de-

sired chordwis e static stress distribution pattern can be achieved by adjusting the location
of the cable in the slot. Figu re 10.4-3 is a curve whic h shows the load required to duplicate

— - 
the static stress levels which would occur at various blade rotating speeds.

• During testing, the root of the blade is gripped in a broach block shown in Figure 10.4-4 .
This fixture can be equipped with as many as six Calrod -type electrical resistance heaters ,
which are capable of heating the blade roo t to the 500°F rang e. To augment the electrical
heating, preheated air is blown over the blade root surfaces as well.

The vibratory bending stress was imposed on the blad e by vibrating the root about the blade
root centerline . This was accomplished mechanically by a 3600 RPM electric motor , acting
through a camshaft to provide the required recipr ocating motion to the broach block. Figure

F 
• 10.4-5 shows the test rig used .

Before testing, the blades were instrumente d with strain gages to measu re the stress distr ibu-
tion on the air foil. When elevated tempe rature testing was scheduled , thermocouples were
also used . Figure 10.4-6 shows the instrument locations.

17:
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Alt h ough th e t est rig allowed adjus t ing th e load and load d is t r m hu t i om n t i was di l) icult to
a t t . u n  a ‘‘balanceil ’’ stress distribution in all cases. This is coinsidered to he the pr mm nn a r y rca—
son for tine scatter  in the te st data.  Figure 10.4-7 presents tine ideal (theoretical )  chordwise
stress distr i b ution j ust  above tine blade pl att or in i . Lu tine ideal distr ibution the mm n t e g r a t ed
areas above and below the neutral ax i s should he equivalent .

A typic a l  stre ss pat t er im wh ich resulted in t I n e (‘SF i ~g is sh owmn in Figure 1 0.4—s .nm n d t epr esem nt s
time measur e d s tra im n leve ls omn blade I-  I t~~

(-
~ at room tt ’nn p er atur e . t ) cspi te th e ~~~ I l t ~~~~ of

tine pat tern , t ini s blade l~erfotn1e d well iii CSF test ung as evidenced by the test data .  Sm nn i l a r
st m ain  pat te m’ m ns weix’ developed for all blades tested , even t inoug in they were balanced as well
as possible before in i t i a t ing  tine test.

(0. 4-I Methodology and Result s

l ine b lades ~ etc divid ed into t inr ec group s.

• Group :\ consisted of tour early development blades , which were tested at 450~ 1- ,
100 percent equival ent speed , and v ib r a t o r y  stress levels of 10 ,000 or 20 ,000 psi.
Non e of these blades rain out to 10 c~ cks.

• Group 13 consisted ot four  e ingi mne -tj u ali t y blades tested at  room temperature , 100
perce nt equivalent speed, and at various level s of v ibratory stress. The resu lts were
quit e Coflsi stt ’ mn t .  Tine two lowest stressed blades ia i i  tHU to I 0’

~ cycles, the next
blade showed a sm al l crack after  10 cycles , aind tine iniginest stressed blade failed
mu t) x 10~ cyc les.

• (;roup C consisted of five blades tested at 450° 1’ , ei t h er QO or 100 p erc emnt equiva-
le m nt speed , am n d at various levels of vib r atory stress. Resu lts  sh ow ti n at  al l blades
stressed to I 00 percent e’i i um v a l em nt  speed fuile il , two at iemo cycles . Tine blades
stressed to QO p erce mnt  equivale n t  speed ran out to 10 - cyc les.

t ine results of t ine se tests are prt’sented in Table 10.4-I.

these tla t a were used to hel p establish Goodman type diagrams. Tint ’ re sult ing diagrams arc
discussed in paragraph 10.5 of this do cunne m nt

10.4.2 Rec omnn mnn endat ion

Lk’c.muse of tine di ft i cul ty in obtainin g uni fori nn blad e loading m u t in ts  ;~urel n i ecin amn c al I ypt ’
ot test r ig, it is strong ly recommended th at  fu tur e  (‘SF t esting he pL’r ormL’d in .m sl i m n— i~ t
i i i  J spu n —pit  L’nv ironmt ’m nt tine stead~ load ~vtl1 be of a centrifugal m a t u r e ,  and tine ~ibrat or ~
stresses can he ninposed by exci t ing  tine blad e ,it ,m m c s o l n a t n c t  po unt ~ ith  .ui le t s

180
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103 GoODMAN TYPE DIAG RAMS

Tine data obtained t ron~ t Ine spun—pit bur st , fa t igue. amnd combined stress/fatigue tests were
used to geiner ate moditied Goodunamn diagr atnn s for tint ’ coumposite blades at both room
tei nnp er at nrc amnd 450° 1~ conditions. The latter  coindition repr esents (he higint’st Iennper at nrc

the ~l’F30—P— ’) tlni r d— sta ge fan blade will encounter at supersonic , (nigh altitud e conditions.

Figu rt’ 10.5-1 pr esemnts the r esul tiin g ( oott iuan diagrams. The pure vibratory stress points .

plotted on tIne or d iinat t’, use a tlve pt’rce mnt knss in firs t bendin g frcqut ’mn cy as a fa i lure

cr ite rio mn ~, Refe rence Figure s 10.3—I S ,  — lb )  The oilier data point s tak e separation oh ’ the air-

foil from t ine root as tine fai lure criterion . ‘ l ’lmt ’ tl iagr anns were based omn a total of 73 blade

tests , 43 conducted at room temp erature aind 30 at 450° F.

Tine room tennpt’rature . shii’ll vibrator y stress l iin ni t was establ ished at 18 .500 psi. Tinis value
was based on data oh tai une d fr omnl eigh t fatigue tests wini cl n were previous ly discussed u n
paragraph 10.3.4 of this se cti om n. The 450°F , shell vibratory stress limit was established at

14.000 psi and was based on 22 fatigue tests , discussed u n  ti ne samnne paragrap in .

tine room temperature ~hcll steady stress li m nn it  was estab lished at 78 ,000 psi am nd based on

31 spu n pit burst tests. The 450°F shell steady stress limit was established at h3 ,00() psi

aind was based on tinr e e spu n pit tests. Tine spin—pit burs t tests were discussed in paragraph
10. 3.3 ot’ t ini s secti omn.

The room tetnnp eratur e coinn b im ne d st r ess 1 fat igue lim its were esiablisheti at 42 .500 psi steady
stress ari d 12 , 000 psi vibratory stress and were based on I’our tests. The 450° F l i m n n its  were
est ablis hed at 34 .500 psi stead y stress and 12 ,000 psi vibrat ory stress atntl were based on
five tests. these tests were discussed in paragraph 10.3.4 of this section .

i)evt-lopii ng the Goodman dia gr amn n s prior to engine cinvir onme intal testing was a requirement
of the A er ona u ti cal System s l)ivision. The dLng r amnn s were to be used to accuratel y assess
t lit’ probabilit y of the blades successfully passing tln e sim nnu knt ed sea level aind al t i tude fligh t

te sts  -

tine pre d iet ioi~ t in a t the blades would survive tine ein gimne envir onm ent tests was proved
accurate u n  tin e suhsequemnt SM—hour engine test program (Sectiotn 11.0) .

l ine two t’ngiine test data po itnt s plotte d represt’m n ( tint ’ highest conmh i ,i ati on oh vibrat ory aind

stead~ stress encountered in tine sea level engine te st program, fulI ~ described in K ep omi

PW -~-4730 , “I  00 h our Sea L evel Subsonic Fngine Test of TF3O 3rd Stage BOR Sl( ’~
Al u n ninu m n i Fan Blades ,’’ wi ti n the exception of engine surge conditions where t i nt ’ ~ihr ators

st ress went as in igh as 30,000 psi. These stresses were mn ot exceeded in tine a ltitu de t’ngmm ne
test program . where blade t emperatu r e reached 450°F. l ’inat program is described m m Sect ion

i i  0 of ’ this  report. Wi th  th e exception ot’ sinort —ti m e surge counditi ons . the inigin est blade

stresses en couu ,nt er t’d in time entire f l i ght  enve lope are contained well wit in un t i ’t ’ ( ~oot tuiiaui

t l iag r auii.

_ _ _ _  
— - 

182

— 11LI_~~~ •______ ~~~
—.—-—--

~
-
~
- — 

_ _



—~ ~~~~~~~~~~~~~~ — —~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~r .‘ -.------ ~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~

‘-

- 
PRATr A WHITNEY AIRCRAFT GROUP

20
- • ROOM ‘IEMPERATURE

4 .  •4I50~F

t 4E . 7800 N 1 RPM , DISTORTION SCREEN
- 4E , $400 N 1 RPM . CLEAN INLE T

DATA FROM INITIAL SEA LEVEL SUBSONIC
16 — 100-HOUR ENGINE TEST —

~~~~~ I2

£

1 - --  - _ ________  _________  _________  _________

RED-LINE

0 
20 80

1 SO
~ 

moo

- 
STEADY SI-IELL STRESS PSI X 1O 3

Figure 10.1-1 Goodman Diagram for Room Temperature and 450°F Conditions

‘V .

1.

183

-
~~
-

~~~~~~~~~~~~ - •-.
~~~~~~~~~ • ._~~~~~---~I~~~__. 

~~~~~~~~~~ 
- 

~~ •___I._



.-
~~~~~~~~

n.-—.----
~ :: :i i~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ - iuri ~~~

PRA11 a WHItNEY AIRCRAF t GROUP

_ I 

- 
_ _

-

i 

_ _  _ _

_  

-

B~~~~O~~ E mEMO VA L OF SALT AFTER REMOVAL OF SALT

n’ 10. ~ I ~! l,e B( ) R SI ‘
~~~ -t in mini uu Blade Shon ei! No hi ’s t ieuce of ~~~~~~~~ Salt

~~‘, ro.c,o ’z -i f~er a?i 1: l( ’t ’at ( ’ ( J l t ’mpt ’raru n .S 00° II , 100 - I l o i i  r Salt -S rre ~~ 
-

( ‘0? rOSl Oil I’est

184

_______________ 
- --

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i~~ -~~~-.



- - ... 
“ 

- —.-.. - _—,_-—, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

~~~-- - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~::: =

1.
PR.AIT & WHITNEY AIRCRAFT GROUP

—

- ~~~~~~~~~~~ 

. .

::~~~~ ;?, 
_ _

• BEFORE REMOVAL OF SALT AFTER REMOVAL OF SALT

- Fi gure 10. 2-2 I nsp ection Shou’t ’ d N o I) is -t ’rnable f) e~’r ada tion of the 13( ) RSlC®I .~l !up n inn?f l
4 — Blades Af te r a 1 00-Hour Salt -Stress-Corrosio n Test t ‘, it ler F lu~u i t l  Conditions

at 90°F

4 -

1.

11
1 .  185

~I 1-



• ,
PRATF & WHITNEY AIRCRAFT GROUP

~~ tiIL~~~~~~~~~ :~~~~-I ~~~~~~~ I~~~~~~~~~~~~~~~~~
_
~~

T-
~~~~~~~1. —

Figu re 10.2-3 Fluidized Bed Thennd Fatigue Test Rig Used for Thermal Shock Tests

- 186

I 
_ _ _

_ 
_~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- 
- - - - - - - - —-------- - - -

— - -~~~~~~~~--- ~~~~~ _ _ _ _



- - - —

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

_________
U .  

-

PRATT & WHITNEY AIRCRAFT GROUP

~ 1.

I .  

‘

~~ :

- 
Figure 10.2-4 . \ickel Cobalt Le’adi ,mn Fd ~e of  Blade’ S-20 A fter 80 ~~~~~~ 

(~vcles SImou it:~’
- Crack Caused H~’ Pit in 1_eat1in ~,’ F~ige ; .~I a ç’ ~ 7X

i .

~~~~

.

L 
1 .  11

I —
-

I
~ 

1_~ 187 

--~~~~~~~~~
---

~~~ -
- - - -- -~~~~~~~~~~~~ - A



— -~~~~~------ ‘-- -~~~~~~~~ -, -.-- ----~~~~~~~~~~ - -- -

____   ~~~ -
-‘

~~~~

PRATT & WHflNEY AIRCRAFT GROUP

Figure 10.2-5 Concave Side of Compo site Fan Blad e 1) - I - Showing Condition Afte r FOD
Spin Test. N -  10,360 rpm. T~ 70°F, FOI) li ’ith 75 grams of San d

(XPN -268 14)
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Figu re 10.2- 9 Comparison of Blades Subjected to H i~’h- ’i’ -mpe ’ratu re’ Static I ~, ‘-..ion les t :

Compo site Blade With Nickel-Cobalt Lead ing Edge ( l e ft  i i f a p i s u m n  l’F.I()

Bill_of: j~1ate n a !  Third-Stage Blade (Rig h t)
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Fi gu re 10.2-11 Post-Test Condition of Ba llistic Impa c te d F an Blades: ( A 1 Tnp r o tec ted
Compo s ite Blade ’, ( B)  Composite Blade With I-lard Nickel Le ’adi,, Edge ;
(C I Comp osite Blade With ~ icke ’l-Cobu!t Leading Edge’. I )  TF3O— P—9
Is t a n ium Blade : ( F )  Co,p ,j , osite Blade li ’j t h  Boron Carbide Leading Me ’

(CN -29585 )
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Figure 1a2-13 Comparison of Concave Sides of Bill-of-Material Titanium Fan Blade ’s and BORSIC ®
Fan Blades .4ft er 66 Strikes per Blade With ‘-i-inch Quart : Grave ’! at Room Tem~’era-
ture and at 10.360 rpm
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Figure 1(12-15 Appearance of Bill-o[Material Titanium Fan Blade After 23 Strikes With ‘~-Gra~n Steel

Rivet at Room Temperature and at 10,360 rpm.
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F igu re 10.3-2 Location of Proximity Probes Used to De termine Blade Untwist
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GAGE NO. GAGE LOCATION

1 CONVEX LE

2 CONVEX .6” (FROM L.E.)

3 CONVEX INEAR .6” GAGE)

4 CONVEX RMT

5 CONVEX (NEAR .6” GAGE)

6 CONVEX .6’ (FROM T.E.)

7 C O N V E X T .E .

8 CONCAVE L.E.

9 CONCAVE 6” (FROM L.E.)

10 CONCAVE NEA R .6”G AGE

11 CONCAVE RMT

12 CONCAVE NEAR .6” GAGE

13 CONCAVE 6” (FROM T.E .)

14 CONCAVE T.E.

Figure 103-4 Location of  Strai n Gages Used to Conduct Test One of the Static Str ess
Survey on the BORSIC®/Aluminunl Blade,s
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11.0 ENGINE ENVIRONMENTAL TESTiNG

The test vehicle used to conduct engine environmental testing of the BORS1C®/aluminum
-
~ blades designed and fabricated under this progra m was a TF3O-P-9 engine. Figure I I  .0-I

- shows the engine. A total of 564 hours engine environmental testing was conducted on two
full sets of third-stage composite fan blades . Opera tion of the blades throu ghout the enti re
fligh t envelope , i ncluding supersonic and altitude conditions, was investiga ted and the blades

- performed well at all operating conditions.

The first set of blades (Set No. I )  underwent 364 hours of testing at sea-level conditions
which included 314 hours of cyclic endurance testing. The first 100 hours of thi s test were
fuLly documented in the interim report , PWA-4730 , 100 Hours Sea-Level Subsonic Engine
Test of TF3O 3rd Stage Borsic .Aluminum® Fan Blades, dated 14 May 1973. A summary of

-- this report as well as a description of an addition al 264 hours of sea level endurance testing
is presented in Section I I  - I.

- 
The second set of blades (Set No. 2) shown in Figure 11.0-2 , was tested for 200 hours at

- - 
supersonic/altitude conditions ,including 120 hours at Mn 2 .2. 56 ,000 ft. and 10 hours at

- Mn 1.2. sea level. This testing , completed in August 1973 , is fully reported in section 11.2
below.

In September 1973 , a joint P&WA/AF review of the entire engine test progra m was held , and
as a result the blades were judged acceptable for use in a flight evaluation pro~~am in F-I 1 1

- aircraft , with the stipulation that the blades must be removed and inspected on the bench
after the initial 200 hours of operation. A summary of this review, plus the findings of a

- 

previous P&WA internal review in the 1st quarter of 1973. is presented in Section 11.3.

- 11.1 SEA LEVEL TESTING

In January . 1973 , a full set of 36 TF3O-P-9 third-stage fan blades , constructed of BORSIC®!
- 

aluminum composite material , successfully completed a 100 hour engine test at sea-level sub-
sonic conditions. No special limitations were imposed on the test parameters or the test pro-

- gram, which included stress surveys , performance calibration, distortion and stal l tolerance , - -

as well as SO hours of endurance testing. A total of 19 deliberate stalls were induced during
the program.

Maximum vibratory stress peak recorded on the blades was 7 ,900 psi at the blade root lead-
ing edge (LE)- except during surge when transient stresses as high as 33.000 psi were seen.

- 
Maximum rotor speed was 10,500 rpm and maximum recorded blade temperature was
2 14°F.

Aerodynamically , the shroudless rotor exhib i ted performance parameters equ ivalent to those

I 
of the bill-of-materials (BIM) rotor. Its stall margi n with seventh-stage bleeds closed was also

o - equivalent to that of the B/M rotor. With seventh-stage bleeds open there was possibly a
slight loss of stall margin at the higher speeds. However , it is extremely difficult to pinpoint
a stall setting with the seventh-stage bleeds open ,a t’act which must he considered when inter-

a - preting this data.
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Structurally, the type of shioudless blad e design used , shown in Figure 11.1-I , does have
resonances in the operating range-specifically 2E/first bending mode at about 5000 rpm and
3E and 4Efsecond bending mode at higher speeds. However , the stress survey revealed no
resonant stress peaks abov e 8,000 psi and no flutter , even with distortion. Surge stresses of
approximately 33,000 psi occurred , which is comparable to those seen on B/M blades.

The 50-hour endurance progra m included engine operat ion at normal , military and maximum
power, plus many snap accelerations and decelerations, including nearly 200 from idle to
maximum power.

Following the 100-hour test , the composite blades were thoroughly inspected by ND ! tech-
niques. The only effect seen was a loss of natural frequency of approximately two percent
which does not affect the capability of the blades to operate in an engine environment . No
cracking, splitting , or delamination occurred , nor were any dimensional changes seen. The
blades were jud ged to be completely acceptable for further engine operation.

It is emphasized that no special limitations were placed on the test program because of the
presence of the composite fan blades. The entire practical subsonic operating envelope of the
engine was explored , with limits imposed only by the capabilities of the test stand or of the
engine itself.

11 . 1.1 Engine Buildup

A TF3O experimental engine , No. X-433 , was assembled to the P-9 configuration for this pro-
gram although several deviations from the P-9 BIM were incorporated to accommodate the
third-stage composite blades and required instrumentation. The deviations are presented in
Table 11.1-I.

TABLE 11.1-I

DEVIATIONS TO 1F30-P-9 B/M CONFIGURATIO N

Part Name Part Number 
- 

Bill of Material

*2nd..Stage Disk 559502B 559502D
SKL5S5I 17

*2 3  Spacer 562058 562058
SKL5S 118

2-3 Air Seal 713246 562054
SKL5SI19

3rd-Stage Fan Blades (36) 713603 616503
3rd-Stage Disk 713703 569503

SKL43888
3rd-Stage Fan Blade Locks (36) 661920 NA

*Slotted to accommodate instrumentation lead s
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• Table 11.1-Il presents pertinent data.about Blade Set No. 1 including raw material used ,
physical characteristics, and NDI results. At the time of the engine build , listed as build No.
24 for this engine , the majority of the engine parts had a total of 1380 hours previous run-

- time incLud ing 969 hours of endurance. A completed TF3O-P-9 engine is shown in Figure
11.1-2.

- 

-

- 
- 11.1 .2 instrumentatio n

11.1.2.1 Stress Survey
—

- 
- In order to determine composite blade operating characteristics during engine operation and

- to evaluate the effect of the composite blades on fan stage operation , four second- and seven
-- third-stage fan blades were strain gaged for the composite blade engine test. Strain gage

- 
locations were established , as shown in Figure 11.1-3. Figure 11.1-3 also shows the circuin-
ferential location of the strain-gaged blades in the disk. This placement facilitates deter-

- - 
mining the magnitude and direction of travel of nonintegral-order engine excitations through-
out the engine operating range. Two third-stage blades were also equipped with thermocouples
to verify engine operating temperatures.

- Thirty-eight M-M WD-DY- 125 AD-350-B87 strain gages were installed with M-6 10 adhesive.
Kapton leads were soldered to the strain gage leads and routed down the airfoil using GA-60
cement . Four chromel-alu mel thermocouples were fabricated by tackwelding the junction

- and then cementing it down with 3012 silver epoxy. The five mil C/A wires were routed along
the airfoil using GA-60 cement to the splice area , where they were tackwelded to C/A duplex
wire.

11.1.2.2 Perform ance
Instrumentation was added to the build of X433 to evaluate engine performance. The
following measurements were made:

I .  Low compressor entrance total temperature
2. Low compressor entrance static and total pressures
3. Low compressor discharge total pressure
4. Low com pressor discharge total temperature
5. Fan duct en tra nce total pressure

- 6. Fan duct entrance total temperature
- 7. 1-u gh compressor discharge total pressure

8. High compressor discharge total temperature
- 9. Primary burner discharge total temperature

10. Turbine discharge total temperature
I I .  Turbine discharge/fan duct discharge mixed total pressure

- 1 2. Low rotor speed
13. High rotor speed
14 . Low compressor discharge static pressure

• - I S .  High compressor discharge static pressure

- 
16. Burner pressure
17. Primary burner fuel flow
18. Total (primary and afterburner ) fuel flow 

- 

-
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11.1 3 Test Program and Engine Run
The engine test program required a stress survey , performan ce evaluation , endurance testing,
and distortion and stall tolerance evaluation for a total test time of 100 hours . Figure 11.1-4

- shows the test program schedule. The instruction sheet used during the test program is out-I lined below :

11.1.3 .1 Stress Survey

* ~ The following tests were conducted for each tail-pipe and bleed combination:
• A stress survey for an engine start from light-off to idle thrust.

• A 30-second acceleration/30-second deceleration cycle from idle thrust to maximum
low-pressure compressor operatin g speed and back to idle. Maximum operatingr limits were not exceeded. Maximum vihrato iy stress Limits for composite fan blades
are :

S Transient condition - 1 5,000 psi (excluding surge)

• Steady state condition - 5.000 psi

- • A t ransient vibration survey.

• Repeated peak-stress points as considered desirable.

The tail-pipe /bleed/inlet combinations are tabulated below :

J -- Tail-ripe Area 7th-Stage I 2th-Stagc Inlet
Run No. (ft ); Config. Bleeds Bleeds Cont”ig.

HIM A/B Closed Closed Clean
2 3.50; Cony-Div Closed Open Clean

- — 3 3.50; (‘on v-Div Closed Closed (lean
4 3.00; Convergent Closed Open Clean
5 3.00; Convergent Closed Closed Clean

- 8 4. 10; Cony-Div Closed Open (‘lean
-: 9 4. 10; Cony-Div Closed Closed Clean

10 3.50; Cony-Div Closed Open 58 A
i i  3.50; Conv-l)iv Closed Closed 58 A

7-
• , * 58 A Distortion Screen

11. 1. 3.2 Endurance Prograin

• The engine endurance program consisted of repeated six-hour cycles as shown in Figure I l  - 1-5.
Engine shutdowns were mad e as required. l’he following req uirements were observed during
these tests:

• ~~

•

- 233
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• Recorded all engine discrepancies.

• Took an oil sample at the first idle point of each cycle except for Cycle 1.

• Kept a record of all oil samples taken and all oil added .

• Inlet temperature was ambient.

S All power settings were within the trim and power setting curve , Figure 1 of the
TF3O P-9 Test Instruction Sheet.

• Recorded all parameters included on the engine instrumentation sheet.

The six-hour endurance cycle was repeated until a total of 50 hours of endurance time had
been accumulated .

11.1.3.3 Performance Calibration

Required back-to-back for B/M and composite fan blade configurations. An engine perform-
ance calibration was conducted according to the following procedure:

a. The engine was started according to normal procedures.

b. The idle thrust was set at 710 to 720 pounds.

c. The Military power level angle was set at 65 to 68 degrees and trimmed, if necessary ,
H to the thrust trim curve .

d. Nominal suppression was set in Mid Zone 3. 
+

- 

-

— e. The idle thrust was rechecked.

f. Recorded li’li data readings at the following points. Stabilized seven minutes before
each reading. Wet and dry bulb thermometers and the barometer were recorded
each hour. A vibration survey was conducted in conjun ction with the calibration.

• Idle

• Maximum 12th-stage bleeds open

• Maximum I 2th-sta ge bleeds closed

234 
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r For the remaining nonafte rburnin g dat a points , the procedure described below

- 
~- I ~ was t’ollowed .

— S The desired thrust (data points as listed below) was set with the seventh-
• stage bleeds closed, Locked power lever angle ; recorded readings.

r S With the power lever angle locked in the seventh stage bleeds-closed
position , the seventh-stage bleed was opened and the readings recorded.

I • Closed the seventh-stage bleeds , unlocked the power lever angle , and the
next data point was set (data points as listed below)

I S 6000 pounds thrust

• 8000 pounds thrust

5 9000 pounds thrust

+ I. S 10 ,000 pounds thrust

• 11 ,000 pounds thrust

• ‘- S 12 .000 pounds thrust

F S Military trim

• Minimum Zone I

S Mi d Zone 2

S Maximum Zone 5
I —

I — g. When the above program had bee n satisfactorily completed , the engine was
brought to idle thrust , allowed to cool , and shut down .

r

t 235

-
- 

--- -4 - — - —  ~~- - _ _ _ _ 4 .  .--_-
- _- -— —- --



-~~ —~

- 
- —

~~~~~~~

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

PRATT & WHITNEY AIRCRAFT GROUP

11.1.3.4 Distortion Tolerance and Stall Testing

Required back-to-back for Bill of Materials and composite fan blade configurations.

A series of tests was conducted to evaluate the engine and/or blade tolerance of various
degrees of inlet distortio n and the stall characteristics of the engine. The following proced-
ures were oi,,~.rved d uring these tests:

Distortion Valve Part No. XLR-46 153

S Removed the Station 3 probes for the distortion testing.

S Installed the flame-out protection (FOP) system.

S Made a check run to evaluate proper functioning of the instrumentation and FOP
systems. Actuated the FOP solenoid to assure that the surge protection system
was functioning properly . Checked the engine for possible vibration shifts.

• Conducted the distortion test. Stabilized the engine for five minutes before record-
ing data .

S At every ten hours of engine operation , the screens in the distor tion valve were
inspected and replaced if cracked .

S When the seventh-stage bleeds were open, the Tt7 limit which was defined by the

performance calibration was observed.

S With the base line configuration , conducted tests at the conditions shown in the
following table.

X-433-24 Distortion Valve P~~ ram
Point A/B 7th Bleeds Conditions N 1 

,
~/ 0 

-

No Closed Stall 9500
VOS**
VOS-lO
VOS-20
Full Open

2 No Closed Stall 9000
VOS
VOS- lO
VOS-20
Full Open

236 
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3 No Closed Stall 8500
VOS
VOS- lO
VOS-20
Full Ope n

- 4 No Closed Stall 7500
VOS

+ 

VOS-l O
- 

VOS-20
Full Open

- 
5 No Open Stall 9000

VOS
VOS-ZO
VOS-20
Full Open

X-433-24 Distortion Valve Program
Point A/B 7th Bleeds Conditions N 1 ~~~1~~ 
— — ______  _______  ______

6 No Open Stall 8500
VOS

~~~
- VOS-lO

VOS-20
Full Open

J 7 No Open Stall 8000
- VOS
- VOS-lO

VOS-20
- - Full Open

8 No Open Stall 7500
VOS
VOS- lO

1 
- 

VOS-20
Full Open

- 9 Z-l * Closed VOS- lO 9500

10 Z~I * Open VOS- lO 9000

I - * Afterburner Zones
~~~~ verge of stall

-
- 
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En~ ne Run: +

The actual engine test program which was run is detailed below in chronological order: • 4 i
Composite Blade
Total Run Time

Date Event To Date (His) Remarks

9-22-72 Completed Engine Building 0 Engine Built to TF3O P-9 Confi-
guration with Deviations as Noted
in Section III.

Installed in Sea Level Test Stand
X-234

9-25-72 Baseline Blade Inspection On-stand Blade Inspection Per-
formed

All Blades OK +
- 

-

9-27-72 Initiated Strain Gage 0 Strain Gage Data Recorded
Program

9-29-72 Shutdown for Minor 1.58 2.8 Mil Max Inlet Vibration Re-
Engine Repair duced by Trim Balance to Accep-

table Level of 1.6 Mil .

Completed On-stand Blade Inspec-
tion OK

10-2-72 Restarted Strain Gage 1.58
Program

10-3-72 Shutdown for Minor 3.58 Strain Gage Leads Repaired
Engine Repair

Permanent Trim Balance Wgts.
Added to Eng ine

3rd Stage Removed From Engine

Fan Stage Reassembled

10- 1 2-72 Restarted Strain Gage 3.83 Installed Distort ion Screen 58A
Program 

-
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+ I Composite Blade
Total Run Time

Date Event To Date (His) Remarks

10-23-72 Completed Strain Gage 8.24 Remove Distortion Screen
Program

Install Performance Instrumenta-
t .  tion

1 10-26-72 Initiated Performance 8.24 Single 10th Compressor Blade
- Calibration Failed Prematurely

1 10-27-72 10 C Blade Failure 18.74 Single 10th Compressor Blade
- Failed Prematurely

- Not Composite Blade Related
4 —

Initiated Complete Teardown and
- Rebuild of Engine

1 _
Replaced Following Parts :

Name P/N Quantity
- 

I 
- I/C 616154

10th BId. 576710A 73

l0th Sta. 581950D 1

- 

. Trans. 594334 -

Duct

Heat 589642 8

I Shield

- 
Combust. SKL 56785 2

I Chamber 635790 1
63579 1

• 
SKL 56770 4

lst Turb. 66745 1 15
Vane SKL 56324

SKL 57 181
- lst Turb . 679301
- Blade SKL 52963

674301
SKL 5 1525

-+ • 674301 108

239 2nd lurb .59740l

~

. 

~ j  i~: 
Blade 569502 5
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Composite Blade - I
Total Run Time

Date Event - To Date (His) Remarks

3rd Turb. 651103 2
Blade

- :  Bench Blade Inspection OK

12-12-72 Completed Engine Rebuild 18.74 Installed X-433 Build 25 in X-
+ 234 Test Stand

12-14-72 Initiated Short Performance 18.74 Post-build Performance Check-
Calibration out OK

12-15-72 Initiated Endurance Testing 23.16

12-20-72 Completed Endurance 73.16 Installed Performance Instrumen-
Testing tation

12-20-72 Completed Compressor 79.82 Replaced Composite 3rd Rotor
Blade Portion of Back-to- with B/M 3rd Rotor
Back Full Performance

+ Calibration Performance Data Recorded in
Section V

12-28-72 Completed B/M Portion of 79.82 Removed Performance Ins trumen-
Back-to-Back Performance tation
Calibration

Installed Distortion Valve

Bench Composite Blade Inspec-
tion OK

1-4-73 Completed B/M Blade 79.82 Stall Tolerance Data Recorded
Portion of Stall Tolerance
Program

Reinstalled Composite 3rd Rotor

1-10-73 Completed Composite 94.80
Portion of Stall Tolerance
Program

I-i 1-73 Completed Steady State 100.05 Initiated Post Test Inspection
Cruise Condition (75%
Normal Rated Power)

240
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The final inspection conducted on the engine blades was performed at the completion of 100
hours of engine testing. The inspection procedure included visual ,ultrasonic , and eddy current
inspection as well as frequency checks , x-ray, and dimensional inspection. This inspection
was performed with the blades removed from the disk.

Post test visual , ultrasonic , eddy current and X-ray evaluation of the complete set of engine
blades revealed no degradation . Post test frequency results were compared to pre-test data
for th e individual blades with the following results:

- 
- Frequency Max % Frequency Drop Avg. % Frequency Drop

1st Bending 2.8 1.36

2nd Bending 4.1 2.06

1st Torsion 2.3 1.37

The individual blade data are recorded in Table 11.1-111.

It should be noted that in general the nine instrumented blades (E-l43 , -137 , -133 , -13 1 , -130 ,
-128, -139, -127 , -126) exhibit above average frequency drops in all three modes. Since pre-

4 to-post-test evaluation of these nine blades requi red an additiona l stripping operation to remove
the instrumentation adhesive, this operation may have affected the results (possible incomplete
stripping resulting in change of mass) and would tend to make the reported averages conservative.

The data recorded in Table 11.1-i l l does not include the results recorded for eigh t blades (E- l l9 .
-145, -123 , -107 , -144, -95 , -100, -79). The eight blades required epoxy coating to replace the
outer aluminum layer inadvertently removed during fabrication , thus changing their stiffness!
mass configuration and invalidatin g pre-test frequency results. All blade pre and post test
frequencies are within blueprint specification limits , including the epoxy coated blades
(Table l l . 1 - I V ) .  Post-test dimensional evaluation ol the engine blade set consisted of measure-
ment of stacking point offset and chord angl e at blade radial station i-i , located near the
blade tip .

Since blade charting was not a standard part of the blade selection process when this hlaue set
was compiled. pretest measurement data was not available for comparative analysis. The post-
test measurement results are recorded in Table I I .1-V . However , subsequent pretest data
compiled for later blades in this program show similar results , indicating negligible dimensional
deviati ons due to engine test conditions. About 20 percent of all blades fabricated under
this program were charted subsequently .

24 1
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TABLE 11.1-111

TF3O COMPOSITE BLADE SET #1

Frequency shift

Due to 100 Hr. Subsonic Engine Test

1st Bending 2nd Bending 1St Torsion
Blade Before After ~ Before After ~ Before After ~

— Test Test Freq. %A Test Test 
~~~ 

%~ Test Test !~&
105 140 138 2 1.4 441 439 2 0.4 948 940 8 0.8
109 141 140 1 0.7 452 439 13 2.8 967 956 11 1.1
120 139 138 I 0.7 453 435 18 3.9 955 943 12 1.2
143 141 139 2 1.4 456 439 17 3.7 953 940 13 13
137 137 134 3 2.1 437 428 9 2.0 953 931 22 23
162 138 138 0 0 441 434 7 1.5 945 935 10 1.0
99 143 141 2 1.3 462 443 19 4.1 983 968 15 1.5

158 140 141 0 0 444 443 1 0.2 975 958 17 1.7
133 140 136 4 2.8 444 434 10 2.0 955 937 18 1.8
111 143 142 1 0.6 460 445 14 3.0 985 971 14 1.4
121 143 141 2 1.3 462 448 14 3.0 981 967 14 1.4
131 141 139 2 1.4 444 435 9 2.0 966 952 14 1.4

130 139 136 3 2.0 442 431 11 2.4 957 942 15 1.5
160 143 140 3 2.0 443 441 2 0.4 969 949 20 2.0
98 142 141 l 0.7 458 440 18 3.9 982 968 14 1.4

128 134 132 2 1.4 431 424 8 1.8 929 919 10 1.0
156 143 141 2 1.3 443 445 0 0 961 960 4 0.4
157 140 138 2 1.4 441 440 1 0.2 952 937 15 1.5
139 137 134 3 2.1 442 431 9 2.0 931 9l9 12 1.2
127 137 134 3 2.1 434 423 11 2.5 968 952 16 1.6
126 140 136 4 2.8 443 433 10 2.0 946 934 12 1.2
80 139 138 1 0.7 451 437 14 3.1 966 953 13 1.3
81 141 138 3 2.1 449 441 8 1.7 957 945 12 1.2

103 139 137 2 1.4 455 442 13 2.8 962 950 12 1.2
106 140 138 2 1.4 453 435 17 3.7 963 950 13 1.3
161 141 141 0 0 442 439 3 0.6 969 952 17 1.7
86 142 140 2 1.4 443 436 7 1.5 965 950 IS 1.5

165 140 138 2 1.4 439 437 2 0.4 941 926 I S 1.5
Avg. 2.0 1.36 Avg. 9.54 2.06 Avg. 13.68 (.37

Blueprint Tolerance 130± 15 - 410 m m .  850 m m .

242 • 1 -
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1
TABLE I I . l - I V

TF3 O COMPOSIT E BLADE SET #1 FREQUENC Y SHIFT

• Due to 100 H r . Subsonic Engine Test

Epoxy Coated Blades Only

1st Bending 2nd Bending 1st Torsion
Blade Before After ~ Before After ~ Before After ~
No. Test Test Freq. %~ Test Test Freq. %~ Test Test Freq. %~

119 141 135 6 4.2 456 423 33 7.2 964 932 32 3.3

145 138 132 6 4.3 452 41 7 35 7.7 941 905 36 3.8

123 144 137 7 4.8 455 431 24 5.2 979 945 34 3.4
107 138 133 5 3.5 443 412 31 6.9 968 935 33 3.4
144 140 134 6 4.2 458 426 32 6.9 953 925 28 2 .9

I - 95 138 132 6 4.3 445 416 29 6.5 956 926 30 3.1

110 139 133 6 4.3 445 413 32 7.1 957 925 32 3.3
- - 79 142 136 6 4.2 457 427 30 6.5 979 949 30 3.0

Avg. 6 4.24 Avg. 30.75 6.75 Avg. 31.88 3.28

.—
1~
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TABLE 11.1-V

BLADE SET #1

POST TEST AIRFOIL DATA

Section .1-3
Stack Pt. Chord ~ Angle

Blade Offset Angle ~ Offset Minutes

135 +.44 22 0 -.08 +80

137 +.49 2 10 34~ -.03 +54

158 -.72 20° 52 ’ +.20 +12

156 +.10 21° 22’ -.42 +42

128 +.55 22° 24’ +.03 +104

98 +.63 21° 24’ +.11 +44

-f 110 +.31 18°34’ -.21 -126

95 +.67 20° 52’ +.15 +12

- 
- 162 +.37 21° 54’ - .1 5 +74

139 +.94 23° 40’ +.42 +180

120 +.66 22° 34’ +.l4 +114

81 +.62 22° +.10 +80

126 +.36 210 30? -.16 +50

105 +.75 23° 12’ +.23 +152

127 +,93 21° 24’ +.41 +54

103 +.58 22° 46’ +.06 +126

86 +.5() 20° -.02 -40

107 +.48 20° -.04 -40

144 +.59 22° 18 ’ + .07 +98
I (

109 +.80 20° 46’ +.28 +6

123 +.06 20° 46’ -.46 +6

244
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TABLE 11.1-V (Cont ’d)

Section i-i
Stack Pt. Chord ~ Angle

Blade OffseL Angle A Offset Minutes

121 +.98 21 0 14’ +.46 +34

131 +.48 21 0 52 ’ -.04 +72
- 

130 +.50 22 0 14’ -.02 +94

80 +.78 20° 40’ +.26 +0

79 +.59 20° 36’ +.07 -4

165 +.46 21° 38’ -.06 +58

- 
Ill +.49 20° 52’ -.03 + 12

16 1 +.35 20° 38’ -.17 -2 —

119 +.48 21° 24’ -.04 +44
~~~— +

- - 
99 +.70 21 ° 40’ +.18 +60

160 +.48 21 ° 40’ -.04 +60

- 145 +.60 22 ° 26’ +.08 +106 +

- 
157 +.76 22° 50’ +.24 +130

- 
99 +.83 21 ° 22 ’ +.31 +42

143 Not Charted

Avera ge Deviation .17 51

Tolera nce .45 42 ’

I 
Ave. Dev. .38 1.2 1

Tol.

Max. Dev. 1 .02 4.30
Tol.

•.
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11.1. 4  “Piggyback ” Sea-Level Testing

In the period June-August , 1973, Blade Set No. I was installed in TF3O-P-9 experimental +

engine X-467 and subjected to a total of 264 hours of piggybackt cyclic endurance testing.
The test cycles were standard P-9 six-hour endurance cycles, shown in hgurc I l  . 1-5.  For a
standard ISO-hour endurance test . 25 such cycles would he performe d. Set No. I was sub-
je~ted to one such 150—hour test. After 114 hours of the second test , t he test was terminated
due to an engine problem un re lated to the blades. 

-

At this poin t Blade Set No. I had a total of 364 hours of sea—level test tune , all but 50 being
cyclic endurance. Non-destructive inspection of the blades at this time revealed I 2 blades
to have leading edge cracks just above the platfo rm : the maximum length ot these cracks
was 3/8 inch (Table 1 1 . 1  — V I ) .  Because of ’ the presence of these small cracks, the contractor
recomnwnded that any blades involved in subsequent Ili ght programs be bench inspected
at ’ter 200 hours of flight time. Table I I  .1 — V II preseut.s the 364-hour frequency loss of ’ these
blades; all remained within design tolerances.

Before starting the p iggyback testing, one blade was deliberately damaged by impact lug it j
with ~4 inch gravel in a spin pit at tOO percent speed . The damaged area was then blended
to maximum blend limits allowed for B/M blades. After 264 hours of testing this blade ex-
hibited no distress.

TABL E l l . l - V l

X-RAY RESULTS

SET NO. 1 AFTER 364 HOURS

Fillet Area Cracks Only

Blade No. Pretest Post Teat

81 None 1/8 inch LE
105 None 1/8 inch LE
109 None 1/l6 inch LE
111 None 3/16 inch LE

1/4 above f i ll o t
126 None 3/16 inch LE
130 None 1/8 inch LE
144 None 3/8 inch LE
145 None 3/8 inch LE
156 None 1/8 inch LE
151 None 1/4 inch LE
162 None 1/8 inch LE
166 None 3/32 inch LE

~ ‘,-I , i i t~ ~~~~ fe~I (tng j~~rtortnetI as an adjunct to other engine testin g, at no
- ,- • •‘nhiii t In ihn ~ ~i’~c. the cugin t’ was being used lo investigat e improve—

- . ~~~~~ %~~ j ~~ •~ lit ! II!! l ’Sl’ 1. I ht’st’ I lL ’ I1~~S Jfl’ piv sented in paragraph
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~1.
TABLE 11.1-V U

- 

i 
NATURAL FREQUENC iES

- 

SET NO. I AFT ER 364 HOURS

1st Bendi ng 2nd BendIng ta t Torsion
Blade No. Pretest Post Test ‘

~~
- Change Pretest Post Teat % Change Pretest Post Test % Cha nge

79 142 137 3.5 457 429 6.1 979 959 2.0
80 139 139 0.0 451 436 3.3 966 962 0.4
81 141 139 1 .4 449 439 2.2 957 954 0.3

— 86 142 140 1.4 443 436 1.6 965 961 0.4
95 138 133 3.5 445 417 6.1 956 937 2.0

0

98 142 142 0.0 458 442 3.5 982 978 0.4

— - 
99 143 142 0.7 462 446 3.5 983 978 0.5

I 
103 139 138 0.7 455 441 3.1 962 960 0.2

. 105 140 139 0.7 441 440 0.2 948 952 +0.4
106 140 139 0.7 453 437 3.5 963 959 0.4
107 138 133 3.5 443 415 6.1 968 946 2.3

* 
109 141 140 0.7 452 437 3,3 967 963 0.4
110 139 134 3.5 445 416 6.5 957 937 2.0
111 143 143 0.0 460 446 3.1 985 988 +0.3
119 141 135 4.3 456 422 7.5 964 943 2.3

• 120 139 139 0.0 453 437 3.5 955 954 0.1
121 143 142 0.7 462 450 2.6 981 979 0.2
123 144 137 4.9 455 432 5. 1 979 958 2.2
126 140 137 2.1 443 434 2.0 946 946 0.0
127 137 135 1.4 434 428 1 .4 968 965 0.3

- 128 134 132 1.4 432 424 1 .9 929 929 0.0
I 130 139 137 1.4 442 436 1. 4 957 954 0.3

131 141 139 1,4 444 437 1 .5 966 964 0.2
133 140 137 2. 1 444 435 2.0 955 948 0.71 137 137 135 1. 4 437 428 2,0 953 945 0.8

• .- 139 137 135 1.4 442 433 2.0 931 929 0.2
+ 

143 141 139 1.4 456 438 3.9 953 950 0.3
144 140 135 3.5 458 429 6.5 953 936 1.8

4 . 145 138 133 3.5 452 422 6,6 941 920 2. 1
156 143 143 0.0 443 445 40. 4 964 973 +0.9

• 157 140 139 0.7 441 437 0.9 952 949 0.3
158 140 141 +0.7 444 422 5.0 957 9138 ~1. 1

• 160 143 14 1 1.4 443 444 +0. 1 969 960 0.0
161 141 140 0.1 442 43/ 1.0 961 961 0.0
162 138 140 41. 4 441 437 0.9 945 947 +0.2

165 140 139 0.7 439 439 0.0 941 939 0.2

Avg. Change 1 ,4 3.0 0.5
13/P To t . 1st Bend ing Mode 130 15 cycles/sec

2nd Bending Mode 4 10 mm cyc les/sec— . to Tors ion Mode 850 miii cycles/sec

~- 
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11.2 SUPERSONIC /ALTITUDE TEST PROGRAM

Blade Set No. 2 wa~ used for engine testing at supersonic and altitude conditions. The flight
envelope , shown in Figure I l  .2-1 , of the F-I 1 1A aircraft was explored at its three “corners”.
Mn 0.7 , 33,000 ft.; Mn 2.2 , 56,000 It; and Mn 1.2 , sea level. These represent , respectively,
t he highest blad e speed , the highest blade temperature , and the highest blade loading. All
three conditions were checked out in a stress survey, and the latter two were perform ed
under end urance conditions.

Maximum blade speed was 10,550 rpm; maximum blade tempera t ure was 467°F (tip) and
406° F (root); maximum blade vibratory stress was 6,000 psi , except for a stand-connected
nonintegraf acoustic rumble occurring at Mn 1.2 , sea-level conditions.

A total of 200 hours was imposed on this blade set , as shown in Figure 11.2-2 , which included
the following basic elements:

• Stress survey at Mn 1.2 , sea level , with and without inlet distortion.

• Stress survey at Mn 0.7 , 33,000 feet altitude , with and without distortion .~ 
31-hours
total

• Stress survey at Mn 2.2 56,000 feet alti tude , with clean inlet.

• 10-hour endurance test at Mn 1.2 , sea level .

• 120-hour endurance test at Mn 2.2 , 56,000 feet altitude.

The additional 39 hours not accounted for were require d to set altitude conditions while the
engine was operating. Testing started in February , 1973; and the 200-hour program was com-
ple ted in July, 1973.

Table I I .2-1 presents a chronological summary of the progress of this program.

248 - ‘
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I TABLE 11.2-I
- SUMMARY OF SUPERSONIC ENGINE TEST PROG RAM

I Composite Engine
- Blade Set No. 2

Total Run Time
Date Event To Date (Hours) Remarks

2-19-73 Complete engine building 0 Deliver to sea level test stand— — for installation

2-23 -73 Complete sea level check -out 4.51 Initiated installation in capsule
for altitude running

Further delayed pending com-
pletion of 4 50°F Goodman
Diagram

3-26-73 Complete Goodman diagram - 4.51 Deliver to altitude test stand
OK to run engine program for installation.

4-5-73 Baseline blade inspection 4.51

1. 4-9-73 Initiate strain gage program 4.51

4-1 1-73 Shutdown for distortion screen 14.34 Complete on-stand blade

I installation inspection — OK

4-13-73 Continue strain gage program 14.34

1 4-26-73 Complete strain gage program 31.34 Complete on-stand blade inspec-
tion OK

Set up for Mn 1.2 endurance
— program

‘ - —  4-30-73 Initiate Mn 1.2 sea level 35.59
endurance

5-3-73 Completed 10.5 hrs . of Mn 1.2 57.23 Initiate engine hot section
sea level endurance inspection

5-8-73 Remove fan stage for composite 57.23 Severe composite blade tip nib
blade bench inspection noted caused by test setup

4 - mount scheme

5-18-73 Completed composite blade bench 57.23 Replaced seven blades exhibitingI., inspection fillet cracks
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TABLE 11.2-I (Cont ’d )

Composite Engine
Blade Set No . 2
Total Run Time

Date Event To Date (Hours) Remarks

5-24-73 Completed engine rebuild 57.23 Further testing delayed pend-
ing availability of test facility

6-14-73 Initiate short performance 57.23
calibration

6-18-73 Initiate Mn 2.2 , 56,000 feet 62 .73
altitude endurance

7-25-73 Completed Mn 2.2, 56,000 feet 200 End of test
altitude endurance

The engine was mounted in altitude test stand X-2 10 shown in Figure 11.2-3 . This stand has
provisions for controlling the inlet temperature and pressure , and discharge pressure to sim-
ulate the various flight altitudes and Mach numbers at which the TF3O engine operates.

The 36 blades selected for this set are listed in Table 11 .2-lI , along with pertinent inspection
and test data about the BORSIC®/aluminum tape and blades. After approximately 57 hours
of running, evidence of a severe blade ti p rub was discovered and seven blades were damaged ,
as described below.

After running 10.5 hours of sea-level endurance , the engine was opened for a hot section
inspection and composite third-stage fan blade inspection. When the third-stage rotor was
removed , inspection revealed that severe blade tip rubbing had occurred between the third -
stage blades and the fan exit case fiberglass rubstrip . The most severe rub (approximately
0.090 inch deep) occurred at the 10 o’clock (clockwise from the rear) position on the fan
exit case shown in Figure 11.2-4 . This point is just forward of the thrust puck which absorbs
engine thrust and transmits it to the mount hardware . Since the blade rubbed most severely
at this point , the fan exit case had to be deformed during some engine operating condition.
Most likely the Mn 1.2 , sea level, afterburning condition was the point at which the tip rub-
bing occurred because the engine thrust and rotor speeds were at the maximum . There was
also evidence that the axial clearance between the engine inlet hard ware and the belimouth
was reduced to zero, since the beilmouth had a large axial crack at the same angular location
as the thrust puck . Assuming clearance was zero , the beilmouth could transmit a compressive
load to the fan exit case, thus causing it to distort . This compressive load in combination
with the thrust puck load caused the most severe distortion at the thrust puck location, which
is close to the third-stage fan blad e fiberglass rubstrip .

Since there are areas of the third-stage blade rubstrip which exhibited no blade rub at all ,
the rubbing was not caused by the third-stage blades. The fault apparently lies with the
mount system which distorted the third -stage blade rubstrip at some running cond 1tion.
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Non-destructive examination of the third-stage fan blades revealed seven blades which ex-
hibited fille t cracks due to the severe tip rub. The results of a complete destructive examina-
tion of one of these blades are contained in Section 11.2 . 5.  The seven blades (Nos. 82, 85, 89,
148 , 163, 184, 196) were replaced with seven new blades, which are listed in Table 11.2-Ill .

After rebuilding, the engine completed Mn 2.2 , 56,000 feet altitude endurance testing, which
was the final element of the program.

11.2.1 Engine X-433-26 Build Summary

The subject engine was assembled to the TF3O-P-9 configuration in order to run endurance at
Mach 1.2 sea level and Mach 2.2 altitude on the BORSIC®/aluminum composite material
third-stage fan blades. In addition to the endurance program , a strain gage stress survey was
made with and without distortion screens.

The build started on January 30, 1973, and was completed and delivered to X-23 1 stand
for sea-level checkout on February 19 , 1973.

The engine had been disassembled only for third fan replacement, hot section repair , and
tailcone replacement. A list of major part changes and reoperations follows.

11.2.1.1 Low-Pressure Compressor

Part Part
Name Added From Time Cancelled Sent To Time 

- 

- 

-~

3rd Blades 713603 F/S 0 713603 U/S 100.31
Cover SKL5749 2 F/S 0 (covers fan inspection part)

Reoperations

1. 2-3 airseal was reoped to machine radii into strain gage lead out slots.

2. 7 third fan blades were strain gaged .

11.2.1.2 Turbine

Part Part
Name Added From Time Cancelled Sent To Time

Oil Filter 692385 X-541 9382-4175 X-467 98.66
Cover
Oil Filter SKL55546 F/S SKL 55546 X-467 98.66
High Tension 51602 1 Lab 51602 1 S/N Lab
Lead S/N296
iguiters 519348C Lab 5l9348C Lab

SINI37 , l56 S/N 117, 249 —
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Reoperations

I .  Weld repaired outer transition duct on engine.

2. Weld repaired burner cans#l , 2, 3, 8.

11.2.1 .3 Afterburner

Part Part
Name Added From Time Cancelled Sent TO Time

Tailcon e 596820B F/S 0 596820 U/S 618.56
SKL57470

Z-5 Spray 576775 , F/ S 0 576775 U/S 149 1.29
Ring SKL55951

11.2 .1 .4  PSP Items Incorporated

1. “1st Turbine Blad e Life Improvement ” , Item C-68; Evaluation of PWA 1459 ilades
compared to PWA 663 and PWA 1455 blades.

2. “1st Stage Turbine Nozzle Vane Cracking”, Item C-7A; Full O.D. cap vanes reoperated
with cooling holes for increased air movement to be compared with full cap vanes without
cooling holes.

3. “Zone 5 Spray Ring Cracking”, Item D-92; Zone 5 spray ring relocated downstream to
eliminate autoignition. Also included is the 6 point bolt-on retention feature per ECP
279026 and L-96394.

4. “Afterburner Tailcone Burning”, Item D-93; Tailcone rear I .D. coated with magnesium
zirconate to eliminat e burning.

5. “Multi-nozzle Burner Durability”, Item B-l7; Centertubes of M .E.R.L. 711  mat erial
installed to reduce burning, and louvers dimpled downstream of crossover tubes to
reduce warping.
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11.2.2 Vibratory Stress And Temperature Survey

Blade Set No. 2 was installed in TF3O-P-9 Engine X-433-26 to undergo testing directed
toward determining the vibratory stress characteristics and radial temperature pro file of the
third-stage BORSIC®/aluminum fan blades unde r simulated altitude conditions . The blades
were first tested to determine the stress and performance characteristics at various inlet con-

• ditions. They were then subjected to a 10-hour endurance test at Mn 1.2 , sea-level conditions
and a 1 20-hour endurance test at Mn 2.2 , 56,000-feet altitude , inlet conditions.

The results of the tests indicated that the blade stress levels measured at simulated altitude
conditions within the en~~ne fl igh t envelope were acceptable. High nonintegral stresses
were observed outside of the flight envelope , just off idle speed , but were considered to be
a test stand-connected acoustic rumble.

11.2.2. 1 Blade in strumentation

Ten of the 36 composite blades tested were instrumented.

Twenty six M-M WD-DY-l26-AD-350-B-87 foil strain gages were installed with M-6 10
adhesive. Figure 11.2-5 shows the installation , while Table 11 .2-IV presents information

7 - about the strain gage locations and lists the blades to which they were attached. The in-
termediate leads of five mil nickel-clad copper were silver soldered to the manufacturers

5 gage leads and routed down the airfoil. The lead was then spliced to Kapton wire using
GA-60 adhesive for precoat and overcoat. These lead s were then ducted to the slip ring.

• TABLE 11 .2-IV
STRAIN GAGE SUMMARY

THIRD-STAGE FAN BLADE SiMULATE D FLiGHT TEST
Gage Type WD-DY- 1 2SAD-350-

j Gage Number Gage Location Blade S/N Disk Slot N umber

RMT-CX 178
2 RTE-CC

7 - 3 RLE-CC
4 TMT-CX

5 RMT-CS 17 5 36
6 RTE-CC
7 RLE.CC

TMT CX - - - 
- - -

9 RMT .CX 179 5
• - 10 RTE.CC

I I  RLE-CC
12 151~-MT CX45 °

I. 13 RM T-CX 171 8
14 RTE CC
IS RLE-CC
16 15~~MT~CX-4 5°
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TABLE I l.2-IV (Cont ’d.)

Gage Number Gage Location Blade S/N Disk Slot Number

17 RMT.CX 182 9
18 RTE.CC
19 RLE.CC
20 lS%MT.CX-.4 5°

21 TMT.CX 180 19
22 RLE.CC
23 RMT-CX4S°

24 TMTCX 169 12
25 RLE-CX
26 RMT-CX-4 5°

RMT = root maximum thickness RLE root leading edge CC = coumve
RTE = root trailing edge 1’MT = tip maximum thickness CX = convex

In addition to the strain gages, ten five-mu chromel/alumel ungrounded thermocouples
with tackwelded junctions were installed using GA-60 adhesive. Figure I l  .2-6 shows how
the thermocouples were installed while Table 11 .2-V lists the blades to which they were
attached and their locations. The thermocouples were routed down the airfoil using GA-
60 cement for precoat and overcoat , where they were spliced to chromel/alumel dup lex
by tackweld ing. The wires were then ducted to the slip ring.

TABLE 11.2-V
ThERMOCOUPLE SUMMAR Y

THIRD-STAGE FAN BLADE SIMULATED FLIGHT TEST

Type5Mil C/A

Disk
Thermocouple TIC Location Blade S/N Slot No.

A MS-MC .CC 169 12

B Yz” R.MC .C C 176 2
C MS-MC -CC
D ½” T-MC CC

E ½” R-MC-CC 167 3
F MS.CC.C C
G ½” T-MC.CC

½ ” R-MC.CC 181 18
MS-MC -CC

j  ½” R~M CCC

MS = mid apan R = root
MC mid chord = tip
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I
E A No. 16 Aeroquip hose with manifold was used to duct air to help cool the slipring cavity

during the heated runs. Four chromel/alumel cable duct thermocouples and two CEC
4-1 18 velocity transducers were installed to monitor the slipring and cable environment.

i - Thermocouples and velocity pickups to monitor slip ring operation were also installed.

-. 
11 .2.2.2 Test Sequence

I Following an instrum entatio n check run at static , sea-level conditions , the test w~s cond ucted
in accordance with the procedures presented in para graph 11.2.3 of this document. To sum-
mari ze, the engine ran 31-hours to conduct the stress survey (Mn 1.2 , sea level; Mn 0.7 ,
33,000 ft.;and Mn 2.2 , 56,000 ft.); 39-hours te set altitude conditions: 10-hours at Mn 1.2 ,
sea level conditions; and I 20-hours at Mn 2.2 , 56,000 ft.

I 1.2.2 .3 Test Results

The results of the prelimina ry vibratory stress survey conducted at sea-level static conditions
on 22 Febru ary 1973 are presented in Table 11 .2-VI.

TABLE I I  .2-VI
MAXIMUM STRESSES AT SEA LEVEL STATIC CONDITIONS

5 .

— - 
Strain Gage Gage Stress Order/Frequency N1 Speed —

Number Location * (psi) (rpm)

25 RLE-CC 6,000 2E 5650

7 5 RMT-C X 4,700 2E 5700
to RTE-CC 3,700 16 E 9100

- 

2 1 TMT-CX 3,800 44E 6750

I - 

* RLE = root kading edge , RMT = root maxim um thickness
RTE = root tra iling edge , TMT = Tip maximum thickness

- 
CC = concave surface XC = convex surface

I — Figure I I 2-7 are plots of representativ e stresses versu s fan speed .

• The maximum vibrato ry stresses which occurred at significant engine operating conditions
I • during the altitude stress survey conducted on X-2 10 stand from 10 April throu gh 25

April 1973 are presented in Figure 11.2-8 . Table 11 .2-VIl presents a summary of the

J — maximum stresses encountered during the tests as indicated by the highest reading strain
gage while Table 11.1-Vill presents the maximum airfoil temperatures measured at military
thrust . The gage was mounted on the blade ’s concave surface at the root leading edge.
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TABLE 11 .2-VIlI
MAX iMUM AIRFOIL TEMPERATURES MEASURED

- AT M I LI TARY THRUST

• Simulated Conditions Inlet Tip Mean Section Root
- 

Altitude (ft ) MN Temperature °F (TIC) °F (f/C) °F (T/C) °F

Sea Level 1.2 208 i~D) 390 (F) 323 (H) 293
56,000 2.2 308 (D) 467 (C) 424 (B) 406
33,000 0.7 -30 (D) 2~6 (C) 214 (B) 194

Table I l .2- lX presents the slipring bearing and cavity max imum temperatures recorded at
military thrust during the testing.
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TABLE Il.2-1X
MAXIMUM SLIP RING BEARING AND CAVITY TEMPERATURES

AT MILITARY THRUST

Simulated Conditions inlet SIR Bearing S/R Cavity
Altitude (ft) Mn Temperatuie (°F) (°F) (‘F)

Sea Level 1.2 208 104 100
56,000 2.2 308 116 116
33,000 0.7 -30 104 97

Table 11 .2-X presents the max imum levels in displacement (± mils peak , 40 Hz to 440 Hz)
for the leadwire tube which carried the cables out from the slip ring.

TABLE ll.2-X
DUCT1NG CABLE DISPLACEMENT

Pickup N 1 Speed 0/A 1E1 1EH
Location (rpm) (± Mils) (± Mils) (± Mils)

Elbow , Vertical 9250 1.8 1.5 0.5
Elbow , Horizontal 9400 3.2 2.8 0.7

11.2.2.4 Analysis of Data

Co-Quad analysis of the RLE-CC strain gages was accomplished to determine the mode
shape of the high nonintegral stresses which occurred. Phasing results show that the data
satisfies conditions for an eight nodal diameter wave traveling rearward. The frequency of
the response was less than the third-stage blade first bending mode and is attributed to an
acoustic rumble heard in the stand during this operating condition.

11.2.2.5 Regions of High Stress

During this series of tests two regions of high stress were observed which merit special
discussion.

in the first region observed , fluctuating stresses on the order of 25 ,000 to 30,000 psi
occurred over a speed range of 6,500 to 7,500 rpm at Mach No. 1.2 , sea level simula ted
operating conditions. The frequency of blade vibration was non-integral between 115 and
160 Hz, which is approximately 30 Hz below the third stage first coupled mode frequency.
The first coupled mode frequency has been experimentally verified as 175 Hz at 5600 rpm ,
which, with centrifugal stiffening, would give a frequency of 195 to 210 Hz between 6500
and 7500 rpm. It is concluded that this high stress region is a forced vibration (since the
blade norm al mode is substantially higher in frequency) and not flutter , and is associated
with test stand engine coupling conditions or transients. The fact that a “rumbling” was
heard in the control room at the time the stresses were high also suggests that the vibration.
is due to stand conditions.
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It is tell Ithi l this high si ress is ol negltgibk concern fin engine operation in the airplane .
t~~ .iuse LI is apparently a l ienoluenon sociated with the test stand and in addition at
sea leve l. Mach number I .2 . t he engine will not be operating in the speed range where the

— - high st ies~ was observed.

I The second area of high stress on third—stag e blades meriting special comment is the raii
sient peak which occurre d during Zone I al’ erbumer light while simulating Mach number

• of 0.7 at 33 ,000 feet altitude. This transient occurred only tiuring Zone I light and high
4 stress persisted t~ r a proximately 2.5 seconds , .uid reached levels on the order of 25 ,00()

psi. (‘lose examination of tIle pulse revealed that it is comprised of five separate pulses.
- each approxiimi$elv 0.3 seconds in duration with low stres s periods in between. Iwo coin—

ponents of frequency were present in t hese sp ikes , blade first bending approximate ly 2 So lii
at a level of 15. 000 to (~ .00() psi and. .i ~ ery low frequency 8 to 10 II, at a level estimated
to he 20 ,000 to 25,0)0)0 psi. The low frequency component also appeals on engine linear
v ibration pickups and fan duct static pressure pickups.

There are no stress transients associated wi th lighting the other four /,ones of afterhii~ning.

1 1. 2 .3  Altitude Endurance Testin g

This section outlines the altitude endurance testing at Mn I .2 and 2.2 conditions conducted
on the TF 3O— P — 9 third—stage BORSR~

®/aluminum t’an blades designed and fabricated under
t h is program. These tests were required by (~ont r act F-33e~57-70-( ’-06 24.

A composite fan blade design review meeting held on 12 February 1Q73 resulted in some
- additions to the original program in order to incorporate distortion screen runs at Mn 1.2 , sea

• level and Mn 0.7 , 40.000 feet. l’he revised altitude program is presented in the subsequent
paragraphs of this document.
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11 . 2. 3. 1 Test Procedures (Altitude Fndurance ‘resting)

The engin e was built to the TF30-~ 9 configuratio n in orde r to run Mach 1.2 and Mach 2.2
endurance testin g on the BORSIC~’faluminum composite material thi rd-stage fan blades in
accordance w ith the requirements of (‘ont ract F-33657-70-C-0624. In addition , a sea level
functional and performance checkout was conducted be fore the engine was delivered to the
altitude facilit y (X-2 10 stand ). During alt runnin g, the composite blade strain gages were
monitored.

In order to complete this running , the followin g sequence was used :

• Normal Operatin g Procedures

• Stand Preparation and Mount

• (lieckout Procedures

• Sea Level Performance Calibration

• Altitude Enduranc e Program

11.2. 3 .1 . 1 Norma l Operatin g Procedures

1. All adjustments and work was recorded on the operators log sheets including all in-
cidents of the test such as leaks, vibration , or any other irre gular functioning of the
engine or component s.

2. The followin g procedure was used for all starts:

a. Set starter air pressure at 50-60 psig measured at inlet to starter.

b. Energize engine starter. • -

c. 750- 800 rpm N, - ignition switch on .

d. 2500 rpm N, - throttle to idle .

e. Max. T15 - 1300°F F
1. Check for oil pressure indication within 10 seconds .

g. Engine starter switch-o ff (when start is assured ) 7000-7500 N2. 
£

h. Ignition switch - ARS position.

i. Nozzle position indi cator - check for open .

j. Take an idle reading.
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3. The following check procedure was used for starts after lay-up:

• a . Check exhaust nozzle operation as power lever is slowly moved off idle. Nozzle
should actuate at 22° +1° PLA .

- 
h. Make a slow aced and check t hat the I 2th bleeds close.

-- - c. (‘heck seventh bleed operation between 8000 and 8500 N1 observed.

~t. Cont inue the slow acceleration to m u  power noting any abnormalities in vib-
— ration, ma in oil pressure , and breather pressure .

4. Wet and dry bulb temperature and true barometer were read every hour, except every
3 hours while on endurance.

5. Oil samples were taken at convenient intervals during th e test.

1 6. For all power lever movements the power lever was advanced or retarded as applicable,
• in not more than I second.

I — 11 .2.3.1.2 Stand Preparation and Mount

I - This test was run with a blunt nose, coarse bellmouth and inlet screen at sea level
and modified as necessary at altitude.

2. 1/C’s were installed on t he inlet screen.
1~ 3. A full barrel of oil, PMC Q874 , was available at t he stand.

4. Fuel used was MIL-3-5161 Grade 1 (JP4C).

5. Four fuel flow turbine meters (Cox) were used on this test .

2-2 ” (‘ox
2- -u ” Cox

- The foLlowing parameters were recorded on a continuous tape monitor multiplex system
• (Mars):

Para meter Range Remarks

Time of Day
- N1 0-11000 rpm

- 
N, 0-16000 rpm
Vibration (inlet case ) 4 mils/in

• Vibration (diffuser case) 4 mils/in
Vibration (rear case) 4 mils/in

•_ — --—--—--—-- - - ——..- •
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Parameter Range Remarks 
*

~s43 0-200 psig
Wf (High Range) 2” Cox Meter
PLA 0° - 1 20°
Thrust 0-25000 Lbs. Transducer at load cell
Tt5 0-2300°F Potentiometer

inside Brown Indicator

~b 0-300 psig
Nozzle Position Open-Closed
Main Oil Pressure 0-60 psig

6. AiResearch starter Model ATSIOO-232 was used.

7. All stand fuel filters were cleaned prior to running.

Mount

I. The engine was mounted per mount sheet left hand side with 2° - 22° tilt and 5°
rotation sea level and f22~ tilt and 0° rotatiuii at altitudc.

2. A blunt nose coarse beilmouth and inlet screen was installed.

3. The engine oil tank was filled with 5 gal of PMC 9874 oil and the batch number and
supplier were ree’ .rded. The sight glass was calibrated. One half gallon oil was taken
as a sample from barrel at stand for complete MDL analysis.

4. Two ~~
“ fuel flow meters (Cdx) were installed between the main fuel control discharge

and the main fuel oil cooler inlet .

5. Two 2” fuel flow turbine meters (Cox) were installed at the stand filter discharge
in the main fuel line.

6. An exhaust nozzle position indicator was installed and calibrated for “open” and
“closed”.

7. Six 
~t2 probes were installed P/N 403104 SKL-3945 I (sea level only).

8. 1/C’s were installed on the inlet screen.

9. Vibration pickups were installed.

10. The specific gravity setting on the fuel contrcil and A/B meter was set on JP4C.

11. All instrumentation was installed per the instrumentation sheet.

12. Inflight trim motors were hooked up.
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I I I  - 2 3 . 1 . 3  Sea Level (‘heck Out Procedures

* I. All adjustments and work were recorded on operator ’s log sheet. Operators log sheet
• — was carbon hacked starting with th e trim.

2. All stand fuel filters were vented and full of fuel.

1 3. l’he engine was motored and the fuel system Pressurized with the ignition off long
enough to establish a constant oil pressure and purge the fuel system of air . A leak
check was made.

4
1 4. l’he engine was motored without pressurizing the fuel system to dry the engine.

Prior to starting the engine, appropriate personnel were notit ied to record the
0 initial start and all transient running

5. The engine was started per normal procedures ~paragraph 11 .2.3. I ) .

- 

6. An idle reading was taken.

• 7. Inspect engine for leaks at idle.

S. l’he engine was checked per normal procedures (paragraph 11.2.3 .1) .

~~~. A slow aced to 10,000 lb. F~ was made noting any abnormalities in vibration main
oil pressure and breather pressure . Transient running was recorded.

NOTE : F11 stability to be ± I ;~

I hO. A full instrumentation reading was taken.

• II. Turbine cooling pressure was checked.

P54~5 /~54 = .65 t .02.

1 2. Main oil temperature automatic regulation was checked .

13. (‘heck corrected main oil pressure differential. Should be’ 45 t~ S psig at normal rated
and above.

14. (‘ox meter fuel flow agreement was checked to he within one’ Percent.

1. IS . Engine was slowly advanc ed to military tP LA t~
0 to 68° ). Milita ry trim curve Tic

was not exceeded. Military trim dowI ~ was adjusted if necessary with in—flight trim
motor.

E
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16. A full instrumentation reading was taken. 7

17. Check afterburner operation to Max Zone 5.

18. Shut down and repair bad instrumentation.

19. Thrustmeter was calibrated from 0.25,000 lbs.

11.2.3.1.4 Perfo rmance Calibration

I. Statio n 2 and Statio n 3 instrumentation was installed.

2. Suppression in Mid Zone 3 was rechecked.

3. Full data readings were taken at the following points (the po ints were stabilized
seven minutes before read and wet and dry bulb thermometer and barometer were
taken every hour).

a. Idle
I

b. Mm 12th bleeds closed.

c. 6000 F~

d. 8000 F~

e. 10,000 Fn

f. ll ,OOO F~
g. l2 ,000 F~
h. Mil tr im

i. Min Z-l

j. Mid Z-3

k. Max Z-S

4. When calibration was completed and da t a checked, the engine was shut down and
pulled to prepare for installation in X-210 capsule.

11 .2.3.1.5 Altitude Running Program

I. With slip ring cooling air on and strain gage monitor on , the engine was windmilled
and checked for leaks.
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1.
2. The engine was started and a full idle reading taken. Recording strain gages were started.

3. The engine was shut down and instrumentation repaired where necessary .

4. A slow acceleration to military was made and m u  trim was checked. Any abnormalities
were noted.

5. Acceleration to maximum Zone 5 was accomplished and a suppression check made.

• — 6. The capsule was closed, the engine started and accelerated to military while setting
Mach 2.2. 60,000 feet , conditions of 245°F inlet air at 14.7 psia and 

~t7~~ejector
of 2.3 minimum in order to warm up duct work and deceleration to idle. Make a 30
second acceleration and 30 second deceleration from idle to military and back to idle
while holding Mach 2.2 conditions. NOTE : The aced/deed would have to be cxteneh’d

• longer than 30 seconds if cond itions could not be maintained that quickly.

. 7. Mach 1.2 sea-level conditions of 2O8~F inlet air at 35.3 psia and 
~t7~~ej ector of 2.4

minimum were se t. Recording strain gages were started. A 30 s~c~nd (it’ possible)
acce leration to military and a 30 second (if possible) deceleration to idle were made.
Equipment Was cooled and shut clown.

- 8. A distortion spider and distortion screen No . 58D (Macli 0.7. 40,000 feet) was in- - -
~

sta lled. ‘I’hc engine ~ as started and conditions ot’ Mach 0.7 . 40,000 feet . of -3 1°F
inlet air at 3.78 psia .i~id 

~cje ctor of 2.72 psia were set. Recording strain gages~were
- started and a 30 SeCond (it’ possible) acceleration to military and 30 second (if possible)

deceleration to idle were made. Equipment was cooled and shut down.

~). The Mach 0.7. 40.000 feet. distortion screen was removed and Mach 1.2 sea level dis-
tortion screen (Screen No. 63A) was installed. The engine W~S started and conditions
of Mach 1.2 sea level of 208°F inlet air at 35.3 psia and Pt7 fPejector of 2.4 minimUm
were set. Recording strain gages were started and a 30 second (if possible’) acce leration
to military and 30 second (it’ possib le) deceleration to idle while holding conditions
were made. E’.quipment was cooled and shut down.

- 

10. The slip ring setup, distortion screen and spider. and strain gage P.T.O. cover were
removed.

— 
11 . The capsule was closed,the engine started and accelerated to military whil e Mach 1 .2

* - sea-level conditions of 208° F inlet air at 35.3 psia with Pt7 /Pejector ot’ 2.4 minimum
were set.

‘ V .

— 1 2. * 6.25 hours at military power were run as shown in Figure I I  .2-9 .

13. A/B was lighted, the same conditions as Item # 11 were set and the engine was run
6.25 hours at maximum Zone S. (Figure 11.2-9’).

• S.
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14. Mach 2.2 conditions were set as shown in Figure 11.2- 10.

15. 25 cycles of Mach 2.2 endurance (Figure 11.2- 10) were run.

lb. The engine was shut down for third-stage fan blade inspection and decision on
additional running of 70 hours at Mach 2.2 conditions.

1 7. Testing was resumed and a total of I 20-houy~ at Mach 2.2 conditions was completed.

* Items 12 and 13 were combined into 10.5-hours testing a military power.

11.2.4 l)estructive Exam ination of Engine Test Blade

After a fan case t ip rub occurred during engine operat ion, seve n UORSI(S®/a lurnjnufrI famiblades were found to have cracks just above the titanium root. rwo blades had cracks of
reasonable site : the remaining five exhibited smaller cracks. The cracks were discovered by
means of tluorescent penetrant and visual inspection. The blades were removed from the en-
gine and a compre hensive exaniiii iiou was schcduled ..‘~s the ~~mage t~ the IWO blades
having the larger cracks was similar , t he exariünation was conducted prim arily on BladeI:~l84.

The examination showed that material properties and general structure were consistent
with requirements . Fiber breakage on the convex side was generally superficial and coii-
lined to surface ply . Fiber breakage on the concave side was due to over-stressing in
operation, and extended through the cross plies hut did not exte nd into the longitudinal
central fibers.

The fabrication data compiled for these two blades was reviewed and indicated that both
the raw material and fabricating process were completely acceptable. Quality assurance
data , presented in Table II .2-X l , indicated that the fiber used in Blade E- l84 had axial
tensile strengths exceeding 425 ,000 psi and a hot pressed density of 2.67 gram per cubic
cen t inie ’te r.

TABLE 1I .2-Xl
QUAUTY ASSURANCE DATA

SERVICE BLADE E-l 84

l~ nsity: 2.668 gm/cni3
Union Carbide Tape Lot: 30~~.9l

Monomape stre ngth:
Fiber Lot (a): 425 ,000 psi 4 2 c  000 psi avg425 ,000 psi
Fiber Lot (b): 427 ,000 psi 452.000 psi avg

477 ,000 psi
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II .2. 4. I (h’ne’ral (~ondition ut Blade

As shown in Figure 11 .2 - I t damage was incurred at the trailing edge’ tip due to coiltact wit h
the fan case . Minor localited deformation and fiber b reaka ge was observed .

— A crack iii the alunilnuni surface layer extended abou t one—half inch on both the convex
and concav e sides from t he leading edge , as shown in Figures 1 I .2-1 2  and I I .2-I 3. just
above the horii.ontul plane edge of the titanium root blocks. No other defects were oh—

• - served.

— lhe titanium root blocks were signiticantlv misaligned at the upstream end of the blade as
• shown in Figure 11. 2— 14.  IX’t’ormnatioii ot plies ins t above the root blocks was also observed.

- 11.2 .4 .2  Determining Fiber Breakage By Leaching
4

Before leaching, a 3 S-uicli section ut the’ leading edge was removed fo r microexamination
- as shown in Figure 1 I .2—1 5. The alumniuuni surface layer and underl ing matrix material

.~~~ progressivel y removed by acid leac hing so that each fiber layer would be exposed.
It was then possible to mileasure the’ crack length in ~‘ai.h mllwr hivei.

f
The crack length from the cut surface w as measured tot each ply on both the con~ex and
concave sides , and is shown il l Figures 11.2-i S and II .2-16 . Damage to the first r~

l
~’ 

was
- slightly more extensive than indicated on t he .ilumimium surface . The degre e of damage

j decreased in each subsequent t immi er ply.and was more’ severe on the Concave’ side , w hich is
4 . consistent w ith the stress distribution due to the tip rub.

I Figure 11.2-I  7 indicates the more moderate damage on the convex side first ply layer.
There was no damage in any layers beneath t h e  second layer. Some’ random tibet breakage
away from the crack was observed on the coi~vcx sidc , attr thu table to the’ tabncalion Process.

• Figure 11.2-1 8 indicates the more extensive cracking on the concave side. Similar fiber
breakage in the alternate cross plies w~s observed in decreasing extent until the eighth layer .
as indicated in Figure II .2-16 . Although some cracking is reported in layers eight and

- nine, t he proximity of the damage to the cut surface may indicate the cause was the
section ing proc ess. Figure 1 1 .2-19 shows the first long itudinal fiber layer: slight damage
is indicated near the saw cut surface in a plane’ slightly above the dominant fracture plane

— of the cross plies.

II .2 .4.3 Micrt)eXarnination

Examination ot’ the longitudinal surtace plane’ of t im e ’ leading edge’ t hrough the surface
— — fracture region indicated a consistent crack pattern to that determined by leaching.

— 
Damage was mort’ severe on the concave side’ than the convex . but did not extend into the
longitudinal plies. Whi le there was slight evidence of matrix cracking, it was not considered

• . indi c ative of any failure mode other than stressing beyond the ultimate tensile strength.

4.
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11.2 .5 NondestructiVe Inspection

After the 200-hour altitude/supersonic test program~B1ade Set No. 2 was non-destructively
inspected. The results of the inspection paralleled those of Blade Set No. I after the 100..

hour sea-level static endurance test which were described in paragraph II .1 of t his report.

Four blades of ’ Set No. 2 exhibited leading edge cra cks in t he fillet area , the longest being
5 / l b  inch. This data is present ed in Table I l .2-Xl I.

Table 11 .  2-Xlll presents the frequency history of the blades. Excep t for the seven blades

which were damaged in the t ip rub experience , the frequency losses were mod est and well
withi n the ~lade desi gn limits.

The blade tip chord angles were not cha rted prior to th e test. hut post-test results are pre-

sented in Table 11 . 2-X1V. Of the seven blades chart ed. five of the blades are within toler-

alIce . and of ’ the other two, t ile wors t is less than half a degree out of tolerance.

TABLE i i  .2-XII

X-RAY RESULTS

SET NO. 2 AFTER 200 HOURS

(Fillet Area Cracks Only )

Bled. No. Pretest Post test

168 None 1/l6inch LE
175 None 5/16 inch LE
190 None 1/8 inch LE
199 None 5/16 inch LE

1/4 inth TE
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I
TABLE Il .2-XlII

NATURAL . FREQUENCIES

SET NO. 2 AFTER 200 HOURS OF SUPERSONIC/..t LTITUDE FNGINE TESTS

1st Bending 2nd Bending 1st Torsion
Blade No. Pretest Post test % Change Pretest Post test % Change Pretest Post test % Change

87 144 168 4 .2 462 439 5.0 983 970 1.3
114 143 14 2 0. 7 462 455 1 .5 989 991 ÷0.2
115 144 141 2. 1 459 458 0.2 967 967 0.0
155 139 138 0.7 438 445 +1 . 5 957 963 +0.6
167 139 138 0. 7 447 437 2.2 966 968 +0.2
168 141 138 2.1 456 443 2.8 970 1037 +6.2
169 137 135 1 .5 449 437 2.6 946 949 +0.3
170 137 135 1 . 5 450 440 2.2 941 941 0.0

• 17 1 138 137 07  449 445 0.9 974 974 0.0
17 5 141 140 0.7 456 446 2.2 974 975 0.1
176 143 141 1.5 460 452 1 . 7 976 973 0.5
178 139 138 0.7 452 443 1.9 965 964 0.1
179 140 140 0.0 460 452 1.7 964 956 0.8
180 139 138 0.7 456 446 2.2 955 954 0.1
182 137 136 0.7 449 440 1.9 945 951 0.6
183 141 139 1 .5 455 443 2.6 965 964 0. 1
186 136 139 +2.1 447 450 +0.7 937 967 +3.2
187 136 134 1.5 443 434 1 .9 941 942 +0. 1

- 188 140 138 1. 5 455 444 2.4 967 965 0.2
189 137 137 0.0 445 436 1.9 950 950 0.0
190 139 137 1.5 455 442 2.8 964 961 0.3
191 137 136 0.7 447 436 2.4 949 947 0.2
192 138 137 1.5 447 436 2.4 962 962 0.0
193 136 135 0.7 444 432 2.6 945 947 +0.2
195 138 136 1.5 447 436 2.4 947 947 0.0
197 139 138 0.7 453 444 1.9 957 955 0.2
198 14 2 141 0.7 454 448 1.0 996 1054 ÷5.5
199 139 138 0.7 453 445 1 . 7 957 960 +0.3
200 136 134 1.5 440 425 2.8 937 940 +0.3

Avg. % Change 1.1 1.9 +0.4

194 136 137 +0.7 433 442 +2.2 ‘30 942 +1 .3
201 135 136 +1 .5 429 438 +1 .9 920 931 +1.2
205 133 132 0.7 429 428 0.2 928 933 ÷0.5
206 133 134 +0.7 427 435 +0 .7 915 926 +1 .2
212 733 133 0.0 425 434 +1,9 917 926 +0.9
223 138 138 0.0 435 442 +1.7 947 960 +1.3
225 140 141 +0.7 443 451 +1 .7 960 971 +1.2

Avg . % Change +0.2 +1.1
a

,,
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PRA1T * WHITNEY AIRC RAFT GROUP

TABLE II.2-XIII (Cont ’d.)

let B.nding 2nd Bending let Torsion
Blade No. Pretest Post test % Change Pretest Poet test % Change Pretest Post test S Change

~~ 82 141 — — 447 — — 981 — —

85 140 — — 443 — — 941 — —
89 143 — — 457 — — 985 — —

148 140 — — 461 — — 972 — —
163 139 135 2.9 451 421 6.6 944 927 1.8
184 139 134 3.6 452 424 6.1 952 936 1.7
196 139 — — 455 — — 967 — —

Avg . % Change 3.3 6.4 1.8

Replacement blades following tip rub (60 hours).
“ Blades removed after 60 hours.

B/P Tot . 1st bendIng mode 130 ± 15 cycles /sec
2nd bending mode 410 mm cycles/sec
1st torsion mode 850 mm cycles /sec

TABLE ll .2-XIV

TIP STATION CHORD ANGLE

- 
BLADE SET NO. 2 AFTER 200 HOURS

B/P ToI. 19° 58’ — 21° 22’

Blade No. Post Test

194 21° 0’
201 21° 46’
205 19° 46’
206 20° 0
212 20° 38’

- :  223 20° 24’
225 20° 62’

Avg. 20° 38’
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CONVEX CONCAVE CONVEX CONCAVE
-+—ø. I

_ =TI LI LI TE TI LI LI TI

3 ir .$‘~~6 

3

I I I I I~ I I I
GAGE NO. GAGE NO. GAGE TYPE

1 TIP MODES 1 TIP MODES
2 COUPLED MODES; 2 BASIC BENDING

BASIC BENDING & TORSION
3 TORSION & HIGHER MODES 3 BASIC BENDING .

TORSION & HIGHER MODES
4 TORSION

5 BASIC BENDING
6 TORSION

CI RCUM FE R EN T IAL LOCATIONS
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PRATT a WH ITNEY AIRCRAFT GROUP

‘ii
F~~~VA
0 / 10 20\ 30 40 \5o 60 70 J 80 1 90 \100 i~ s.

I [PERF. CALIBRAT~ N J I I
I ‘s’- I I
/ SO-HR. ENDURANCE I ~ 

RATED POWER
I •8 1/3 TF3O P-9

STRESS flUEV AMB IENT INLET _________________SUu~ 6-HR. END. CYCLES DISTORTION
• FULL A/B OPERATION VALVE PROGRAMS
• 3 0 410 ~ 2 TAILPIPES- 

• 58* DISTORTION SCREEN PERF. CALIBRATION • 11 SURGES

• • 2 SURGES • BACK -TO-BACK PERF.
CALIBRATION AND
DISTORTION VALVE
TEST WITH B/V 3rd FAN

F it~,are 1 1 . 1 - 4  Schie ’dule f o r  1 00-Hour Subsouic Fu t ’iue •1’e~ Pro 1’rap n ( Blade S e t  .\‘o. l~

I ~ M I L l  .‘tINI 4

MIII ,~ l~~~

I VI N NIIMIII UI Il MA~ NIIMIILUI (I
1 1  I l ’ . I’I. A c v c t i s

- 

MA~~ MLIM 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ \ 1~
k

~r L l I ç ~ I

~ t’ •—~”~ 
4 MIN-4~ ~.4- I MIN.s .,J4.

I M IN — a  c—

C.  -
~~~ + ~~ 1’ t H ~’~+- ~~~~~~~~~~~~~~~~~~~~~~

TIME - MINU TES

I’j~ tt rt’ II. I — .S ‘I’F30- P- ’) Si.~’-1I o ur l:~ic!u ra , iee ( ‘ve le

4’..

*
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PRATT & WHITNEY AIRCRAFT GROUP

I U.S. STO DAY I WING SWEEP VARIED AS REQUIRE!’
• TF3O -P-3 ENGINES TO MAXIMIZE ENVELOPE

60 -

ALTITUDE 3 0 -  /
1000 FT

20-
/

/

/
0 I I I
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

MACH NUMBER
F igur e 11.2- I i~ts~’l ~t Envelop e of  the F - l I  1.’) Aircraft

r

I
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a .

4 -

LEGEND:
* - STRAI NGAGE ON CX SURFACE

STRAIN GAGE ON CC SURFACE 
~~~ A X I S

-ç - GAGE TYPE :
M.M WD-OY-I2SAD-350-681

GAGE CEMENT:
M-610

LEADWOR K :
5 MIL Ni CLAD Cu (AIRFOIL )
KAPTON (BLADE ROOT , OUT)

ALL SPLICES ARE SILVER SOLDER

- 
LEADWORK CEMENT:

GA-60
4,

I SPLICE AREA ON CX SURFACE
FO RS M I LN I CLAD CU TO 4’ _—

~~~~ 4j KAPTON TRUNK LEADS . / ,.-

~~~ /

t I
/ F

1:
/

T - LEADWORK CEMENTED
WITH GA.60 TO THIS

• POINT. FIBERGLASS
PILLOW S

• I : l( ~I4r e ~ ~~~~~~~~~ 1pl_I~’tc~~lla tl4 ;)? I eJ S t ra in ’( a~e Ipg, i t r j j , , j t n f 1 jfj on  oi, 1JORSI C ®/.l lumiuu,n Ii,srt !-
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PRATT A WHITNEY A IRCRAFT GROUP

. TS-MC CC
LOC.

LEGEND:
THERMOCOUPLE ON-CC SURFACE Q
TIC TYPE:
5-  MIL CIA TACK WELDED JUNCTION
UNGROUNDED.
RESISTANCE WELDED SPLICE OF 5 MIL.
C/A TO C/A DUPLEX

CEMENT:
GA-60

LI 
TI

MS-MC-CC
LOC.

, CX

SPLICE AREA FOR 5MIL. C/A TO C/A
DUPLEX TRUNK LEADS.

R-MC .CC: \ LOC.

‘~

/ . . .
~J 

. . 

LEA DWORK CEMENTED WITH
GA.60 10 THIS POINT. FIBERGLASS

PILLOWS

Figure 11.2-6 Installation of Thermocou1’k l ’astnunenta tion on BORSIC®I .4hIdrniuum Third-
Sta ’e Fan Blades
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VIBRATORY STRESS SURV E’l
- ENGINE X-433-25

3 TEST STA ND X -231
• . TEST DATE 2 2 2  13

TI TLE INST HUMENTATION CHECK OUT RUN
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X-433-26
208°F (97.8°C) INLET AIR

35.3 PSIA

- 
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~~~,. N
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I-
4

•~~

I-

I D L E

6.25 —
~ 6.25

TIME - HRS.

Figure 1 1 .2—9 The Schedule for  Running ~1il:tar and 4~1axgmum f.ndurance’ Tests. Th is
Schedule Was Subsequently CJ ~angeei to Encompass .-lpp roximtite!v 10.5-
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Figu re 11.2-14 Vertical Plane Cross-Sectional View Shows the Misalignment of Root Blocks
Toward the Leading Edge ~4rea of the Blade as Well as Deformation of Plies
J ust Above Root Blocks
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Figure 11.2-15 Nomina l Dimensions of Sections Examined by Microexamination and Leaching!
Crossp ly Removal; Dashed Lines Represent the Extent of Damage Due to
Overstressing at the Blade Root; Shaded Area Indicates Probable Da mage in

I. Micr osection
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12.0 AIRCRAFT FLIGHT EVALUATION PROGRAM

12. 1 SUMMARY

During the period August 1975 to December 1976 , a full set of TF3O-P-9 3rd stage BORSIC®f
aluminum fan blades was flown in service in two different Fl I 1-D aircraft operating out of
Edwards AFB , California. The blade set used for this flight evaluation program was assembled
from blades previously tested in an experimental engine program at Pratt & Whitney Aircraft ,
East Hartford , Conn., and described in Sections I 1.1 and 11.2 of this report . Prior to the
flight program , the high-time blades had experienced 364 hours in ground engine testing.

In the flight program , the blade set amassed an additional 184 hours in 90 flights , bringing
the h igh-time blades up to 548 hours of engine operation. During this time , no blade failure
was encountered. There were no restrictions imposed on the airc raft fligh t envelope.

Afte r 184 hours of flight operation , a routine borescope inspection revealed surface cracks
on some of’ the blades in the ioot area. The rotor was then removed and shipped to P&WA
for a fu Ll inspection.

This inspection (both nondestructive and destructive) revealed that several blades did have
visual cracks in the root area , which were confined to the surface region of the blades. How-
ever , because of the presence of the cracks , a decision was made to terminate the flight pro-
gram.

This program constitutes the first successful flight experience with composite fan blades in
this country . and has built confidence in government and industry that composites are a
technically feasible aircraft engine material .

12.2 INTRODUCTION

Under AF Contract F33657-70-C-0624, initiated in July 1970, TF3O-P-9 3rd stage BORSIC®/
aluminum fan blades were developed and evaluated in experimental (ground) engine tests.
The experimental engine test program , encompassing 564 hours of sea level and altitude
testing on two fu ll sets of blades, was successfully completed in August 1973 ; by January
1974 , the decision had been made to fabricate and test two addit ional blade sets in Fill air-
ra ft at Edwards AFB. A contract modification to that effect was issued in October 1974.

In the first quarter of 1975 , P&WA discovered that the BORSIC®/a luminum raw material
purchased for the flight hardware exhibited serious strength deficiencies , even though it had
been purchased to the same specifications and from the same vendors as the previously ac-
ceptable material used in the experimental portion of the program . Several weeks of exten-
sive investigations failed to reveal the source or the solution of this problem, and in April
1975 a decision was made to utilize previously tested blades in the flight program, and not
to pursue a new materials / fabrication effort.

‘The original specifications covered both filament strength minimums and plasma-sprayed
tape minimums. However, since two different vendors were involved (one for filament , one
for tape ) it was virtually impossible to obtain a firm guarantee on the strengt h of the final
product. In future programs this same problem may recur , and ca n he avoided on ly if one
vendor will accept responsibility for the properties of the final product.
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I:
As a result , the blades from the previously tested engine sets (72 in all) were segregated and

( — reinspected to P&WA production delivery standards. Of these 72 blades , 4 1 were accept ed
for the flight program. These provided one full rotor set of 36 blades , plus 5 spares.

( - These blades , p lus a new disk , seal , and blade locks , were assembled . balanced , and shipped
to Edwards AFB on J u ne 24 . 197 5. This rotor was then insta l led in an Fl 1 l-D aircraft at
Edwards as a Class II modification , and first flown on August 4 , 1975. In March 1976 , the
engine with the composite blades was removed and reinstalled in a diff erent Fl I l - I )  aircraft

I and continued flying until  December 1976 for a total of about 17 months. The details of
this USAF-conducted flight are not contained herein , but will he in a separate AS!) techni-
cal report .

1. During this period , a total of 184. I flight hours in 90 separate flights was accumulated , with
no problems attributable to the composite blades. Since the blades were n ot new , a req uire-

I — ment of peri odic 25-hour horescope inspections of the blades had been imposed by P&WA.
No restrictions on the aircraft flight envelope were imposed , however.

7 After flight No . ~0, the horescope inspection revealed apparent surface cracks on some blades

• in the root region. Since an engine overhaul was nearly due, it was decided to remove the
stage at thi s time and inspect the blades. Partic u larl y to investigate the apparent cracks.

I The engine was removed and the 3rd rotor shipped to P&WA , Fast Hartford , where it was
received in early February 1Q77. The rotor was disassembled and all parts were inspected .

I — including destructive examination of two of th e composite blades. This bench inspection
revealed all parts, includ ing blades , to he in good conditIo n with the exception of cracks in
the root-area. These cracks were visible under magnification on approximately 2/3 of the
blades. However, destructive examinati on revealed that the cracks did not penetrate beyond

I the surface area of the blades.

- Since there is no accurate method of predicti ng the propagation rate of cracks in this type
of mate r ials , and thus th e remainin g blade life , it was decided to terminate the flight pro-
gram at that p oint.

— This section describes in more detail the pre -flight blade inspection and selection procedures,
the flight program , and the post-flight inspection procedures and results.

• 12.3 PRE-FL I GHT QUALITY ASSURANCE

Two full sets of TF3O-P.Q 3rd stage BORSIC®/ alu rni n um fan blades , totali ng 7 2 blades ,
had been previously tested at P&WA in experimental  engines. Set No. I had experienced
a total of 364 hours at sea-level conditions , and set No. 2 had experienced 200 hours at al-
tit ude conditions (Section I I ’) .

Of these 72 blades , a total of 16 blades had developed visual surface cracks in the root area
(Section I l ) .  These 16 blades were immediatel y rejected for the flight program . An addi~
tiona l t ’ blades were reje cted because the outer a luminum surface had been accident ly re-
moved in a stripping operation, resulting in a signit icant loss of frequency. An additional
3 blades could not he located at tha t time.
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At this point , 47 blades were still available for the fligh t set , and were submitted to the P&WA
Quality Engineering Department for Q/A to production delivery standards (see Appendix B,
Quality Plan). Under this plan , all blades we re reinspected to production delivery standards; —

these included X-ray, ultrasonic C-scan, dim ensional , and visual inspections.

Of the 47 final candidate blades , one was rejected by X-ray , one by ultrasonic C-scan, two
by dimensional, and one by visual inspection. In addition , a review of frequency Loss as a
result of previous engine testing resulted in rejection of one blade. As a result , 41 blades

— were accepted and certified to production delive ry standards and stamped with the appro-
priate symbol (Flying W).

Table 12.3-1 lists the blades rejected and the reasons therefor; Table 12.3-U Lists the blades -

accepted and shipped to Edw ards AFB.

Other rotor parts (disk , 2-3 airseal , and blade locks) were inspected to similar standards. The -
3rd rotor was then assembled and balanced , and shipped to Edward s AFB. The rotor parts
list was as follows:

2-3 Air Seal 713246

3rd Stage Disk 712703

‘3rd Stage Fan Blades (36) 713603

3rd Stage Blade Locks (36) 661920

*Five Spare fan blades (P/N 713603) were also supplied. See Table D-!I
for blade serial numbers.

Also supplied to Edward s were blade weights, including spares (Table I 2 .3-Il), and Field In-
spect ion , Removal , and Repair Guidelines (para. 12.4) developed specifically under this pro-
gram for the composite fan blades. Figure 12-1 shows the rotor as received at Edwards;
Figure 12-2 shows the B/M 3rd rotor which it replaced .

The final item supplied to Edwards was the location and design of a borescope port mod ifi- - -
cation (L-99469) to the 2nd stator assembly. This modification, done at Edwards . is shown
in Figure 12-3, and allowed on-the-wing borescope inspection of the 3rd stage blades at pen-
odic interv als. - 
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F TABLE 12 .3- I

REJECTED BLADES FROM SET NOS. I AND 2

Blade No. Set No. Reason for Rejection

I- 
8! I Cracks in fillet area

p 105 1

7 109
I

i l l

126

130 1
S

144

1 145 1

1 156

157 1

162 I

165 1

168 2

1 175 2

190 2

199 2

‘S 79 1 Aluminum surface replaced with epoxy;
• high frequency loss after engine test.

95 1

107 1

0 110 1

119 I

123
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TABLE 12.3-I (Con t ’d)

Blade No. Set No. Reaso n for Rejection

‘144 I Aluminum surface replaced with epoxy ;
h igh frequency loss after engine test.

‘145 I Aluminu m surface replaced with epoxy;
high frequency loss after eng ne test.

137 1 Local delamination (C-scan)

99 1 - ‘ Excessive bow (dimensional)

106 1 Excessive bow (dimensional)

I 74 2 LE tip damage (visual)

160 1 Crack (X-ray)

87 2 Frequency loss

1 72 2 Could not be located

179 2 Could not be located

188 2 Could not he located

.1
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TABLE 1 2.3-Il

FL iGHT QUALITY BLADES FROM SET NOS. I AND 2

- 
Installed

- S/N Wt. (oz.) S/N Wt. (oz.) S/N Wt. (oz.) S/N Wi . (oz.)

195 6.70 80 o.70 167 6.70 178 6.70

121 6.68 161 6.68 116 6.68 187 6.68

205 6.67 182 6.67 170 6.67 212 6.66

‘s 131 6.65 181 6.65 128 6.58 192 6.65

103 6.63 16 9  6.62 223 6.65 155 6.62

- - 139 6.58 120 6.59 114 6.64 183 6.62 F
1. 98 6.74 194 6.74 201 6.75 158 6.74

86 6.73 197 b.73 225 6.72 176 6.73
0

200 6.72 193 6.7 1 189 6.72 180 6.72

SPARES

S/N Wt. (oz.)

j 127 6.55

- 143 6.81

206 6.78

133 6.70

171 6.90
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1 2.4 FIELD INSPECTION PROCEDURES ANt ) REWORK LIMITS FOR TF3O-P-9 3RD
STAG E BORS IC®/ ALUM I NUM FAN ROTOR

(The following guidelines were supplied to Edward s AFB in connect io’i with the Flight
Evaluation Program.)

References: ( I )  Contract F-33657-70-C-0624

This rotor assembly consists of the following details:

P/N Name Number in Assy

713603 Blade 36
661920 Blade Lock 36
7 13703 3rd Disk
713246 2-3 Airseal

General Instructions:

Following installation in an aircraft at Edwards AFB, the 3rd stage blades should be visually
inspected with a one-half inch or less diameter horescope through the engine port provided.
This will fam iliar-i~e the inspector with the mecha n ics of the procedure and the general ap-
pearance of the blades .

It is required that the blades he inspected with a borcscope after engine test stand checkout ,
and also on a noni nterference basis after each of the first ten flights of the aircra ft , with the
following exceptions:

(1) Turnaround fli ghts shall he considered as a single flight.
(2) Multiple flights on a given day shall be considered as a single flight.

Subsequently, if no significant damage is observed , the frequency of this inspection procedur e
may be lowered to once every 25 hours of engine operation . After a total of 200 hours of
engine operation , the blades must be removed from the engine and inspected on the bench.

Damage and Rework Limits:

Blades - For the purpose of establishing damage and rework limits , the blade is divided into
seven areas (Figure 1 2-4).

Max imum allowable ble nded n ick or crack limits are listed in Table 1 2.4-1.

Si
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I

TABLE 1 2.4-I

Maximum Allowable Blended Crack or Nick Limits

1. 
_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- - A 5116”R R - Radius
B 1/32~’RB
C S/32 ”D D - Depth

— D l/ 8” D
__________________________ 1/ 8” . D 

_____ 
RB-  Round

F Nick - I / l o ”D Crack-None Bottom
— G Nick - l/ 32 ”RB Crack -NoneI . L ~~~~~~~~~~~~~ ~~~~~~~ -- - -  - -

* In additio n , visible cracks in the nickel-cobalt LE (Areas A, C, D, H) are allowable with no
limit on length or number. If any such crack is wide enough to expose the composite sub-
rate , it is cause for removal. No repair is allowed in this case.

Conventional metal-working tooling may be used to blend nicks or cracks, such as fine files.
hand grinding wheels, stones, or emery cloth.

Area F leading edge may erode significantly .Thi s is allowable , subje c t to the nick limits above ,

I . providing it does not exceed 1/ 16 ” depth.

At the 200-hr . bench inspection , X-ray and lOX visual examinations are required.

- Since the number of spares is limi ted , blades may be replaced singly. The replacement blade
• m ust m atch t he weigh t of the replaced blade withi n .03 or .

Disk and Seal - The disk and seal arc conventional titanium parts, and are subject to the same
assembly procedures and damage rework limits as the P-9 B/M parts.

Blade Locks - The blade locks are required to be fluorescent penetrant inspected at the 200-
hr . bench inspection. Any crack will be cause for removal; no repair allowed.

a

S

1•
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-1
Deviations to T. 0. 2J-TF3O-36

Applicable to Composite 3rd Stage Fan

Page No. Item No. Revision

8-3 54 Change .092 .104 .1 10
To .094 .108 .114

3—38 3-54a E liminate this item ; refe r to “Inspection Procedures
and Rework Limits ”

3-38 3-54h El iminate  “After blending, Iluorescent p enetrant in-
spect blades”

3—38 3-54d Change “Surface finish shall be comparable to flCW blade ”
CAUTION NOTE t~~ “Surface finish shall be comparable to tip end of

new blade ”

3-38A 3-54j (‘Range 2nd sentence to read: “Coati ng must not be
stripped ; r~af)ply over old coating if more than ten per-
cent is missing from load bearing surlaces ”

3—40 Entire  Eliminate : Refe r to “Inspection l’rocedures and Rework
Limits ”

3—4 2 3—55 E li m i n ate: Refer to “Insp ection Procedures and Rework
NOTE: Limits ”

3-4 2 3-55f Add: “3rd stage composite blades
have separate blade locks”

I

ii
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• l2 .S FLIGHT PRO GRAM

J Upon receipt at Edwards AFB, the composite 3rd rotor was installed in th e right engine of
Ft  I l -l)-3 (A/C 68-087 , engine P67659 1) . Fhe first flight ot th e aircr Lttt occurred on August
4 , 1975.

The only requirements peculiar to the composite stage were that the blades he visually in-
spected at 25—hour interva ls (which coincided with on-the-wing inspection ot the 2-3 air seal),
and that the blades also he bench inspected atter  a m aximum of 200 hours of operat ion. No
Limitations on the aircraft flight envelope were imposed.

— Ft I I-D-3 experienced various problems not associated with the 3rd rotor , and accumulated
only 12 flights ( 19 hours ) between August 1Q75 and March 1Q76 (Figure 1 2-S). At that time ,
the engine incorporat ing the composite blades was installed in 1:1 I l - I ) -  1 (A/C 68-085). ‘l’liis

- aircraf t accumulated 78 flights ( 165. 1 hours ) between March I Q76 and December 1976 for
a total of 90 flights , 184 1 hours , in the two aircraf t .  No blade-relate d problems were encoun-
tered during this time.

At the ’ 184. 1 hour point , a regularly scheduled horescope inspect ion of the blades revealed
crack indications on some blades in the root area. FIOIU (he desc ription of the bort’scope

- 
operator , these indications were seen only on blades which had strain-gage cement in h i t ’I- I root area , which obscured the actual airfoil surface (Figure ’ 1 2— 6 ) . Since the engine was

• nearly due for overhaul , and since there was no way of determining th e t ’xtçnt of these cracks
on—the-w ing, a decision was made to pull the 3rd rotor at that t Ime and thor oughly inspect
the blades on the ben ch.

The flight envelope explored during the program de’scrihed above included Macit Nos . to
• - 1 - 2.2 and altitude ’s to 50,000 ft Most of the fl ight hours we’re at crui se or m il i tary power .

• hut  did include approximately 300 afterburner lights (which stress the 3rd stage blades to
- - a reasonably high level) . No engine surges We’re encountered in the tlight program -

12.6 POST FLIGHT INSPECTION

On Febru ary 10, 1977 , the cart ot i containing the 3rd rotor and spare blades was opened at
East Hartford in the presence of NAV P RO personnel. Flit’i~’ ~vas no apparent shipping dam-
age to the parts.

The roto r was removed from the carton and photographed (Figures I 2-7 , 8) .  lite vistuil
appearance of the blades was excellent , with no evidence of erosion or dovetail bearing sur-

— 
face galling. Six blades had a very slight nick or dent at the LU tip , probably caused b sonw’
form of FOE) . Also, a few blades exhibited radi al surface scratches, possibly t’aiise’d h~’ m ad-
vertent rubbing of the horescope on the airfoil during on-the-wing inspection . Neither of
these types of dama ge would alfect  blade structura l integrity.

1 2.6.1 Wei gh t Loss

. I’he rotor was disassembled and the blades and blade’ locks were ind i vid u a l ly  weighed. l’ltt ’
blade locks had iero weigh t loss , while the blades had an average weight loss of .01 o/ on
an ave rage blade weight ut 6. 7 ut , or 0 .15 ; -  The n i ax imum weight loss of an~ indiv idual

~ I blade was .02 u, , or 0.3 - This slight weight loss is i’it ’suined to be the result of erosion
of the aluminum surface of th~ airfoil.
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1 2 6 2 Visual Inspection

All t~ the blades wt•i~- t l tc i t  iaspected ‘~ is iia l ly .st lOX 0.\ ma git i  i icati oli . I t  wa~ discos ~ r~d
that  25 out of thc 36 I light blades c s h i l i i t u d  cliordwise surface crac~ sj i I st  above t~ I e p lat-
form Id let (Fi gures 12-10 , I I ) .  very simi lai to those developed during th e gr ound e ngine
testing. All cracks were present at the LI concave side , with a few extending around to t lw
convex side. !‘he cracks showit i ii Fi gu ie~ 12 10 , I I  are on blade F — I 69 , and are ~i su : iIl ~’
the most severe.

The fligh t blades can be grouped into 3 categories, as follows:

Set No. I ( I  2 blades) - Tested for 364 hours at sea-level conditions , including 264 hours of
cyclic endurance testing.

Set No. 2 (18 blades) - Tested for 200 hours at altitude conditions , including a severe tip
rub (Sect. 11).

Set No. 2a (6 blades) - Replacement blades for Set No. 2 after tip rub occurred.

The post-flight cracked blades can be grouped accordingly as follows:

Set No. I — 7 out of 1 2 blades cracked.

Set No. 2 — 18 out of 18 cracked. (App arently the severe tip rub experienced d uring
ground tests caused undetected structura l distress which ult imat ely caused all
blades to develop cracks during the flight program.)

Set No. 2a — 0 out of 6 cracked.

It should he emphasized , however , that the majority of the cracks were visually very minor .
and that subsequent destructive examinati on of the most extensive crack , on blade F-lW ’
(see below), revealed that the cracks were confined to the surface cross-plies, and did not
extend into the radial-ply core of the blade. This damage was slightly less severe than that
caused by the tip rub of Set No. 2a, above; wherein the worst blade exhibited crack damage
extending through all nine of the cross-plies, hut remained structurally intact thr ough coti-
tinued engine operation.

A second indication of structural distress was found on I 2 blades at the base of the dovetail

(Figure 12-9). This took the form of relative displacement of the composite portion of the
dovetail with respect to the root pads and wedge . It migh t best be described as a shear yield-
ing of the composite airfoil root. In most blades affected , it was very minor, but in two
blades it was measurable. These two blades were E-I69 and E-I76 . The max imum measured
deform at ion in th ese two blades was 2.3 mils in blade E-169 . and 1.7 mils in blade 1 - 1  76
Figure 12-9).
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12.6.3 X-Ray

I . All test blades were X-ra yed , and results were negative. Two X-ray techniques were employed
First , a standard overall X-ray shot of each blade , ide n tical to th at used for inspectio n for flu-

I ght qualification; second , a high resolution shot of the fillet area only where the visual cracks
- existed. In neither case were the visual cracks detectable on the X-rays.

12.6.4 Dimensional

Blade untwist as a result of flight experience was measured on 6 blades (Table I 2.6-I).  These

L - blades were selected because pre-fligh t data was available. Table 12 .6-I shows that two blades
(E-20l and E-205) were slightly out of tolerance (in different directions) both before and
after flight testing , and that the average permanent untwist incurred in the flight program

— - was 12’ , with a maximum of 26’ for blade E-223.

1 2.6.5 Natural Fre quency 

ble t’2.~6-t1 presents the average fre~~ency losses in fi rst-bending, second bending, and
fi rst torsion modes, segregated for blade sets 1 , 2 and 2a (see above). Apparent increases in

• frequency are presumed to be the result of experimental error in frequency measurement.
These blad es were retested several times, with no change in the results.

- The most significant observations that can be drawn from Table 12.6-Il are the compara-
tively large 2B frequency loss for the tip-rub blades (Set No. 2), and the negligible loss for

- all blades in the first to rsional mode (which controls flutter) .

I Table 12.6-Ill presents the worst individual blade frequency losses, al t fro m Set No. 2. As
noted , no blades were outside of B/P frequency limits , ei ther before or after testing.

• 12.6.6 I)estructive Examination

The blade exhibitin g the worst cracks (visual ly), E- 169 , was selected for destr uct ive examin a-
tion to determine the depth of the cracks. As shown in Figures 12-10 and 12 -I l , the blad e

• - had a surface crack on the concave surface extending from leading edge to approximately 40%
chord , and a second crack on the convex surface extending from 25% chord to 50% chord .

• - These cracks were investigated by progressively leaching the aluminum matrix away from
the filaments , one ply at a time. The leaching agent used was a 50% solution of HCI . As
each successive cross-ply layer was exposed , it was photographed. There are 9 cross-plies

- on each surface ; the leaching operation was continued until all 9 layers were expose d , down
to t he radial core .

• Figures 12- 12 and 12- 13 depict the 2nd ply layer on each blade surface (concave and convex),
and clearly show the cracks, which are in effect many successive fracture filaments. Figures
12-14 and 12-15 depict the 7th piy layer on each surface , and show that a con t in uo u s crack
no longer exists. The 8th and 9th cross-ply layers confirmed this , as well as the 1st radial ply

ti layer.
I
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TABLE 12.6-1

BLADE PERMAN ENT UNTWIST S .

Tip Chord Angle
Blade No. Pre-Fligh t Post-Flight - ‘

194 2l 00 2 1 °5’ 5’ 
- 

I
*201 2l 046~ 2l 0 5S~

*205 19°46’ l9°50’ 4’ -

212 20°38’ 20°50’ 12’

223 20° 24’ 20°50’ 26’

225 20°52 ’ 21 0 5 13’ . -

Avg. 20°44’ 20°56 12’

Nominal B/P - 20°40’

B/P Tolerance - 19°58’ - 21 °22’

*Out of tolerance

I,
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I 
TABLE 12.6-Il

AVERAGE BLADE FREQUENCY LOSS

I BLADE FRE QUENCY LOSS — % TOT AL BLADE LIFE FLIGHT TEST ONLY

I 
(INCLUDING FLIGHT TEST)

5 lB 2B IT lB 2B IT

I TOTA L BLADE SET — (36) 1.0 2.2 ÷0.2* 0.3 0.7 0

-~~ SET NO. I — ( 12) 1.2 1.2 0.2 0.6 + 1.1 +0. 1

SET NO. 2 - TIP RUB ( 18) 1.2 4.0 +0. 1 0.3 1.4 0

F SET NO. 2a — (6) +0.4 0.3 +1.1 0 1.8 0

Plus values indicate a frequency increase . These values have been rechecked , and are con-
sidered to be within the range of experimental error.

Ii
i i
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..
TABLE 12.6-Ill -

WORST BLADE FRE QUENCY LOSS

lB 4— 2.8% (BLADE 176)

2B 23 5.0% (BLADE 183) -.

iT 8- 0.85% (BLADE 193) 
I

(ALL FROM SET NO. 2)

No blades were out of B/P frequency limits , either before or after test.

..1
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I-
The results of this investigation closely parallel those of Blade E-l 84, which exhibited simi-
lar cracking following the tip-ru b of Set No. 2 (Section 11.2.5) . In both cases, the cracks
disappeared before reaching the radial-ply core.

12.6.7 Conclusions

S The BORSIC®/aluminum blade performance was excellent throughout the 184 hour
flight evaluation program. Weight loss, frequency degradation, and dimensional effects
(untwist) were insignificant.

• The visual cracks in the root are a were confined to the surface cross-ply layers and prob-
ably did not jeopardize the structura l integrity of the blades.

- 
S in future blad e development , th e use of cross-plies should be avoided , i f possible, in

order to minimize fabrication damage which may induce local cracks. This type of local
- 

damage has been observed in high-resolution x-rays , which are then highly magnified in
- - order to become visible.

• The shear yielding in the root attachment (Section 2.6.2) can most plausibly he attri-
but ed to a “weak” bond between the root pads and the composite structure . Since

- ultrasonic C-scan cannot currently define a “weak” bond (o nly a lack of bonding) the
most practical solution would appear to be to design for lower shear stresses, or to de-
velop an ND 1 techni que to q uan t i f y  bond strength.

I:
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Figure 12-1 TF3OP-9 3rd Rotor Assembly as Received at Echtards AFB Pri or to !Hsta lla-
tion in El i  i-D Aircraft (BORSI C®IAluminum Blades)
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Figure 12-9 Root Defi rmation
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I 
APPENDIX A

I - BLADE MANUFACTURIN G LEARNING CURVE

The curve of Figure A-I represents our blade manufacturing experience in this program . It is
‘ based on bonding blades individually, but finish machining them in lots of 12 each. The

hump in the curve is a result of a root pad machining problem , which slowed down the blade
- - manufacturing flow for several weeks.

The man-hours plotted represent ply cutting, detail machining, layup, bonding, finish mach-

I 
ining , leading edge plating, and normal inspection. The raw material cost per blade was ap-

a proximately $300 throughout the life of the program.

No reliable production cost estimates are available at this time for future blades of this type.
- 5 -
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APPENDIX B

QUALITY CONTROL PLAN FOR TF3O
COMPOSITE FAN BLADES

B.I INTRODUCT ION

Contract requirements Included submission of a quality contro l plan prior to initiation of
the flight program. The quality control plan described in this appendix evolved from those
req uiremen t s, and was put into effect prior to the flight evaluation program described in
Section 12 of this report . Basically, the plan incorporates all of the pertinent ND I proce-
dure s established during the Phase I blade development program; applied through approved
P&WA “Productio n Delivery ” pr ocedures to meet producti on delivery standards. This means
tha t all material and finished parts will be subjected to quality proced ures equivalent to those
employed for productio n items. Briefly, this entails release of all material by the Materials
Contro l Laboratory (MCL) and certification that the finished parts are of flight quality by
stamping them with the “Flying W” e’~iblem.

Since no new blades were manufa ctured for the flight program (Section 12.2), the previously
manufactured and tested blades must be reinspected by the Quality Control department to
production delivery standard s, with proper documentation of the results. Where certain in-
process inspection procedure s cannot be repeated , the previous laboratory inspectio n results
will be reviewed and approved by the Quality Control department.

The material and blades previously manufactured for the ground engine test progra m were in-
spected for quality by the Materials Engineering and Research Laboratory (MERL), with the
excep tion of X-ray, di mension al , and FPI. MERL will continu e to perform this function ,
with the additional control of having the Quality Control department approve the procedure s
and equipment used, and witness the testing . Also, standard QC documentation of the test
results will be generated.

Any significant deviations will be noted in an LDOW (Laboratory Deviation or Waiver) which
must be signed off by Design . Materials Engineering, Production Engineering, and ASD before
the material or pa rt can be accepted .

The noncomposite adapting parts (3rd disk , 2-3 air seal , and blade locks) will utilize material
released by MCL, and will be inspected to B/P requirements for dimensional control , surface
finish , etc. In addition , the 3rd disks will be proofspun to 14 ,000 RPM (33~ - overspeed) as
requi red on the drawing.

Blades th at were fabricated earlier in the program will be placed on QR (Quality Review) and
will be certified by that group prior to being incorpor ated into the fligh t hardware .

Enclosed are a description of the ND ! techniques recommended for the blades , the fiber and
tape material specifications PWA 437 and 438 and the ND I standard s to be applied to t he
material and parts. These standards are equivalent to those followed in the ground engine test
program .

B-I 
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in summary , the parts and material will meet or exceed the quality of those used in the ground
engine test program; in addition , they will be subjected to standard P&WA production quality
control methods.

B.2 ESTABLISHMENT OF ND! PROCEDURES

The experience gained in developing reliable nondestru ctive inspection techniques for ad-
vanced composite materials and substan tiated through bench and engine testing has resulted
in the establishment of ND! procedures which fulfill the requirements of Item 3A, Phase 11*
of Contrac t No. F33657-70-C-0624. The comprehensiveness of these techniques and pro-
cedures assures a high prubabi lity of detecting advanced composite blade d~fects which
could adversely affect opera ting perfo rmance.

B.2. I Summary of Inspection Technique Evaluation

The following ten inspection techniques, having been thoroughly evaluated and proved effec- -

live, were incorporated into the established ND! procedures:

1 Airfoil ultrasonic C-scan inspection
2 Root ultrasonic C-scan inspection
3 Contact ul trasonic inspection (edges and fillet region)
4 Airfoil X-ray inspection
5 Natural frequency determination
6 Density determination
7 Fluorescent penetran t inspection
8 Dimensional inspection (on a random sampling basis)
9 115 percent speed proof spin test

10 Visual inspection

“The contractor shall complete the development of the NDI/quality control criteria ini-
tiated under Item 6A of Phase I of this work statement. Such effort shall establish NDI
techniques and quality control criteria for production fan blades. ”

8-2 
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F
Three addi tional inspection techniques were evaluated during the program , found to be de-
ficient , and not recommended for use. They are:

I Ultrasonic inspection with wheel units (more easily accomplished by C-scan
techniques)

2 Electrical conductivity (provided local indication of volume percent of fiber , but
- this data was considered extraneous)

3 Acoustic emission (results could not be correlated with blade quality)

One other technique , eddy curren t inspection , has proved to be useful in detecting cracks in
- blades. Although not a production type technique , eddy current inspection is a valuable

supplement to X-ray and visual inspection of fan blades during maintenance or seivi~e
checks.

- B.2.2 Recommended ND) Techniques

* The listed techniques are based on completed work which provides the experience for Se-
- lecting the ten most effective NDI procedures. A discussion of the procedure s and results of

each is presented below.

B.2 .2. l Airfoil C-Scan

* - Using this technique , delamina tion and porosity flaws as small as about 0.25 inch diameter
F - can be reliably de tected.

- The apparatus required, shown in Figure B-i . consists of a blade positioning system , a
- 

standard immersion tank , an automatic scanner , a data recording instrument , and an ultra -
sonic pulser/receiver which is the transducer and supplies the information to the data re-
corder in the form of an analog electrical signal .

J In the blade positioning system used , a blade follower is p Laced in con tact wi th a dumm y or
• pattern so that it is perpendicular to the blade surface. The transducer is placed on the blade

under inspection at the same relative location as the follower such that the sonic t ransmission
- is always perpendicular to the test specimen surface. The dummy blade is rotated and the ro-

• - tation is transmitted through a timing belt to the blade under test. The resulting motion of
the blade follower is transmitted to the t ransducer , thereby keepi ng the sonic waves perpen-

- dicular to the test blade surface. As each full rotation of the blade is completed , a carriage
• automatically indexes this follower and transducer forward on the blade.

The SIL transmitte r used in this technique is 0.50 inch diameter while a 0.50 inch diameter
— I - 

SIL receiver , masked to .187 inch diameter, is used . The operating frequency is 2.25 MHz.

I -  This inspection technique has exhibited the required resolution , in addition to having the ad-
vantages of being able to vary the sensitivity by varying recorder amplification and providing
a permanent inspection record.

B-3
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B.2 .2.2 Root C-Scan

This inspection technique is used to ascertain that satisfactory bonds between the aluminum
wedge and the composite , and the titanium alloy root pad and the composite have been ach-
ieved . In addition to detecting unbonded areas , it is also able to detect broken fibers at the
wedge tip as well.

The equipment used is essentially similar to that described in the preceding section , Airfo il
C-Scan. However , the SIL receiver is 0.25 inch diameter and is masked to a 0.06 inch diameter.
The operating frequency is 5.0 MHz. Figure B-2 shows the equipment in use.

B .2.2.3 Contact Ultrasonic Through-Transmission

Although more time consuming and subject to operator interpretation , this method of i n-
spection provides a comprehensive means o f i nspectin g the blade leading edge , trailing ed~~
and airfoil sections immediately adjacent to the root. It , like the C-scan techniq ue , detects
porosity, bond , and lamination defects .

The apparatus , shown in Figure B-3 , consists of two 0.25 inch diameter ultrasonic transducers ,
each fitted with plastic adapters on the contact face. A strip chart recorder is also used to
provide a permanent record of the inspection. The system operates at a frequency of 5 MHz.
The transducers are placed in contac t with and on opposite sides of the blade. Attenuation
of the signal through the blade indicates the presence of a flaw.

8.2.2.4 Airfoil X-Ray

Radiographic inspection has demonstrated the capability to detect a single skewed fiber , cut
fibe rs in a ten-ply build-up, a 0.375 inch diameter hole in a sin gle ply of a 30-ply build-up ,
inclusions , matrix-rich areas, buckled fibers, and as few as five broke n plies in the root and
fillet areas. As such , it is the most powe rfu l inspection tool used in the program .

The extra-sensitive radiographic techniques developed in this program include using extra fine
grain film with high contrast and definition values , and posit ioning the airfoil relative to the
X-ray beam so as to minimize geometric distortion. Kiovoltages were kept as low as practical
to maximize subject contrast. Lead filters placed in front of the film in the film holder filtered
out X-ray scatter which would be detrimental to radiographic sensitivity . Because of the
varying thickness and complex geometry of the blades, eleven separate exposures were re-
quired to achieve maximum contrast and minimum distortion. A 14 inch x 17 inch film is
used; magnifications as high as 20X are required to permit reliable radiographic inspection of
the fIbers.

B .2.2 .5 Determining Natura l Frequency

Measurement of blade natural frequency in firs t and second bending and fi rst torsional modes
is performed on all blades. This is done at low amplitudes on a shake table. All blades are
evaluated relative to established values (first bending = 130 + 15 Hz , second bending~ j~ =
410 Hz , first torsional min = 850 Hz).

B-4
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8.2.2.6 Density Measurement

Every part is weighed , and its volume determ ined by water displacement. The resu lting aver-
age density calculation reveals the level of compaction attained in the pressing operation.
The range of average density for all airfoils fabricated was 2.64 to 2.70 grams/cc.One
hundred percent compaction would result in a density of approximately 2.70 grams/cc. An
average density below 2.64 grams/cc is cause for rejection.

B.2 .2.7 Fluorescent Penetrant Inspection (FPI)

- The blades are fluorescent penetrant inspected using Magnaflux Corporation ’s ZL-30 pene-
- trant (Zyglo). Only the root bearing surface region can be effectively examined by this

method . The ends and the bottom of the root have exposed fibers which hold the penetrant ,
indicat ing de fects when none exist .

B.2 .2 .8 Dimensional Inspection

Blade root form is inspection dimensionally by shadowgraph and other conventiona l means.
- 

- Airfoils are dimensionally inspected by using a New England Plotter , which provides a i OX
profile at any desired spanwise station.

B .2 .2.9 Proof Spin Test

- The established proof spin test for these blades consists of accelerating the blades individu ally
to 1 2, 150± 25 rpm at room temperature ~n a vacuu m spin pit five tunes.

H
The value of 1 2 ,150 rpm is slightly in excess of the required 115 percent of the red line speed
for the TF3O-P-9 fan (1 0 ,550 rpm).

B .2 .2. IO Visual Inspection

Visual inspection , primarily in the root fill et area, is used to reveal local areas of poor corn-
paction or surfa ce fiber damage. Magnification of lOX - 20X is required for effective inspec-
tion.

The causes for rejecting engine test blades are summarized in Table 13-I . The eight blades
rejected for poor bonding were all deficient in the root region - no airfoils exhibited poor

• - bonding or delamination. Figure 8-4 shows an example ofan extremely poor root bond
- 

readily detected by (‘-scan . The total acceptanc e rate for al l blades was over 92 percent .

* Table B-Il presents the minor variations that occurred in density , frequency, and weight of
the blades. These figures are based on the first engine set of 36 blades. Subseq uent blade- sets indicated a similar uniformity of end product.
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TABLE 8-I a

SUMMARY OF INSPEC TION RESU LTS
TF3O -P-9 Advanced Composite Third-Stage Fan Blades

Total Number of Blades Fabricated 246
Numbe r Accepted 227
Acceptance Rate 92.3%
Number Rejected 19
Cause of Rejection

Inadequate Natural Frequency 4
Poor Bond (C-Scan Detected) 8
Cracks (X-Ray Detected)
Processing Errors 6

TABLE B-Il

VARIATION OF BLADE DENSITY , FREQUENCY, AND WEIGHT
— (Based on Engine Test Set No. 1 — 36 Blades)

Parameter Variation

Density ±0.4 %
Frequency

First Bending ± 3.6 %
Second Bending ± 3.4 %
First Torsional ± 2.9 %

Weight ±1.9 %

.~ 1
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[ 8.3 QUALITY CONTROL STANDARDS FOR TF3O COMPOS ITE FAN BLADES

r INTRODUCTION
I.,- Based on the experience gained from this program , the follow ing QC standard s have been es-

E 
tablished by P&WA and approved by USAF. These standards specifically apply to TF3O 3rd
stage flight quality blades , but can be extrapolated in general to future blades of other con-
figuratio ns, and ultimately to production blades. Obviously, some of the specific n umbers
quoted below may change depending on the material used or the specific blade design re-
quirements; but in general the standard s are considered to be applicable to any future B/Al
fa n blade .

1 1. Material QC - Plasma Sprayed Tape

Material received in 5’ x 15 ” sheets. Two tape tensile test per fiber lot in each sheet.

Minimum acceptable strength - 340 ksi (based on load/filament area).

Strength less than 340 ksi requires manufacture of 11/2” x 4” x 10 layer panel.

Minimum average tensile strength of panel - 140 ksi (three tests).

1 100% inspection for:
Volume perce nt of fibe r

I Unbond - none allowed
Missing, crossed over , or broken fib ers - none allowed
Wrinkled foil - none allowed

I No. fibers per inch
Fiber diameter
Weight per unit area

Specification PWA 437 will apply.

II. Blade NDI

* A. Natural frequency in lB . 2B , iT - specified on B/P.

j B. Density - 2.64 g/cc minimum

! 

C. FPJ (root only) - no indications allowed

D. Root “C” scan -

L
I. 95% bond overall

-. 2. No extensive indications at fillet

- E. Airfoil “C” scan - no delaminations greater than ‘/4” diameter

- - 
- 

:

— — ----- . ~~~~~~~~~~~~~
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F. X-ray -

I . No cracks . brokcn fib t ’rs, or inc lus ion up to I ‘‘ f rom fil l et  -

2. No cracks greater I han 4 in r einaint kr of airloil .

( . Proof Spin - F ive c~’cIes to I 2 . 1 50 rpm.

I I . Visual — no s ignh l i can t  surlace (1dec15 in the fi lle t area , as revealed 1w a 20x examina-
tio n.

I Or LOWE R W I-IEEL
COMPOSITE BLADE

S
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lk)R ~,lC - ~\ l.U MIMI M TAPE
St i t co i t  C,ty b nlt ’  C t t t t e t t  l \ur. ,, i  Filaii, ~’ ,it — Al ,imt•t i i in Alloy Matr ix

• I - A C I ~~’.O W l . F ~ )GN~E N l :  V• odor  s h i l l  iu,’~it jolt tJt is .
~peci1tc•i t i t , ,  nurnbc r and i ts  rev ,  s t un le t t e  r in all q t tc ) t . ~t ion S

antI v- he n ac knowlcdgtng por t  la  ‘.c or de rs .

.~, PU R POSE: P iirnarily fo r c t n i p re  ssor con’poiient~ ope rat ing up to 600 F.

3 . TPCI IN ICAI._R E Q U_1lk~~~~~~lF N T S :  lint,- ~~.. ,ti h~ r w i s e  speci f ied:

3 . Mater ial :

3 , I. I Product ,,haIt he fu ru ished as  t ape  co nsis t ing  of s i t  Icon ~-a r bid.- co ated ho rot f i laments . m e e t in g  the
— req u,  re inents . f  the late ~ t Iss ue i I ’ W A  1 3 8 — I  , a i t  ts~~ tt a lumtnuni foil by procetlu re s i nd i ca ted  by

the fottowin g . a apnl icable

3 . I. I. I When PW~ 437 -1” is Spec if ied on t he Drawin~~: Fabr i ca t ion  shall be accomp lished by plas ma
s pray i ng usl ; i~ AA bOo I alum inum powder.

3 . I.  I .  2 W h~’n ” l5WA ~ ~~~:‘~
‘ Sj ec i f n -d oi~ t he Dra~~~ j .: Fabricat ion s halt be accomp lished by sa ndwich ing

— ~~~~ ecu 1w,- s hee t s -t AA but , I alum in tint foil and d iffu s ion bonding.

3 . I ~2 A It int, r tum al loy ma t r i x  shall consti tute 50 * 3 Vol % of the tape prod uct , and shall conform to the
co m pos ition l isted In the la test  issue of AMS 4025.

3. I .  rape s hall be of uniform th ickness and shall ,- o n t 4 t i ~ 175 ± S ,-qu a lly spaced f i l amen ts  per inch of w t dth .

— 
} i l ame i . ts  shall be ali~tn e d ~.o as n. ’t I,, i n t e r s e c t  tote another,

I - 4 F i L a n iet ~~t spl ice s shall be limited to 10 per 1 ft oi tape length - No s l) l%ce shall occur w ithin I i’ - in any

J d i r t ’ . t i t ~’ ~~~~~ an y  ot l i , ’ r sp l ice.

3. I - 5 Tap e Width: Shall c. nform to the fol lov -i rg

W, dths , in.
Pe r c en t a ~~u , t f Slnpnic’nt nun max

50 I S  --
— 50 6 -

~~ - I. 
~ L~i’~ 

Leneth: Nut l ess  than S ~~~~

~~
. i . 1 t . ~pe_~V e i g~~,: 0. .~l0 a 0 . 005 g pe r  sq. inch.

3. .~ Pr~~~~ t ie a: Each tot of tape shall conform to the follo’,~ j ug when t e s t e d  k’s’ p roc ed u rca agr eed tipoui by

• purchaser and vendor.

3 . - re t t  Mate,- ial :  Tape re p r es e n t a t i v e  of each t o t  -.l’all he pci- s ~ed into S ten l a y e r ,  paral le l  f i lament
lant i t ia t e ti nde r the folloi ing cu id it i tt i t  a:

t e m p e r at u r e :  1040 1” C IO

• V.,,,i ,it,: tO -4  To r i -  - or lowe r
T itnt ’  &nd Pr’”s,- re: 1. 5 hr it 5000 psi

~~~~~~~ ~ 1 
‘~~“ ~ 

—
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REVISION D

3. 2 .2  Lam inate Propert ies: Test spec imens cut from material prepared as in 3.2 ,  1 shall meet the follo wing:

3 .2 .2 .  I Tensil e Strength . psi. mm

Fi laments parallel to appl ied load : 140 , 000

Filame nts pe r pendic ular to app lied load: 9, 000

3.2 . 2 . 2 Tensile Modulus. psi x 10 6, mm

Filamen ts parallel to app lied load: 31.0

4.  QUALITY:

4. I The product shall be uniform in quality and condition , and free fro m forei gn materi als , knots . misa~i3nment

and from inter nal and external imperf ections .

4 . 2  Vis ual standards shall be as specified on the purchase order.

5. CONTROL: Metallurgical co ntrol and contro l of shipment s shall be in accor dance with the latest iss ue of

PWA 300.

6. IDENTIFICATION: Unless othe rw ise spec ified , each length of material shal l be identified by attached

0 removable tag s using cha racters not less than 3/8 in. in heig ht , which will not be obliterated by norma l

handling . Each tag sha ll be Leg ibl y marked to give the foll owin g informatio n :

BORSIC® ..ALUM INUM TAPE
PW.A 437-D
PURC H ASE OR DER NUMBE R _______________________

MAI-U F AC TU R ER’ S IDENT1F I CATI ON _________________

QUANT I TY OF TAPES _______________________
AREAS OF EACH TAPE , SQ FT ____________________

TAPE WE I GH T , g per sq inch ____________________________

FILAMENT LOT NO. _____________________________

FILAMENT DIA . - mils _____________________________

TENSILE STR ENGTH , psi mm _______________________

7. PACKAGIN G: Sheets of plasma sprayed or diffus ion bonded material shall be protected du ring shipment and

storage by interleavi ng with polyeth y lene liners not less than 0.004  in. in thickness and otherwise protected

against permanen t distortion and against damage from exposure to wea ther or any normal hazard. Plasma

sprayed material whe n supplied in rolls shall be sub jec t  to these packagi ng requiremen ts , and the diameter

of each roll shal l not be less than 10 inches.

8. APPROV AL:

8. I Material shal l be procured only from sources apprc ,ved by Pratt & Whit ney Aircraf t  Engineeri ng Department.

8. 2 Vendor shall use the same i ngred ients . manufactur i ng procedures , and method s of i r.sp ection for produc tion

material as for approve d samp le material If necessary to make a ry change vendor sha ll obtain written

permission from purc haser prior to incorporating such c hange.

9. REJFCTIO~ !: 
Material not conformi ng to this specif ica t ion or to aut hor ~ted mod ifications wil l be subjec t to

rejection .

Code Ide nt No, 7744 5
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\/~ih itney OiviSION oF tJNiTCO A,OCASFI cOAPOAAT ,ON
SPECIFIC AT I ON 

~~ssuu i ) /l~ /~, .Pt rcraft -‘ D F V E L O P ME N T  I~~~’j7 ~~~ io~~~~

FILAMEN TS . LIORSIC® A N D  I3ORON

1. AC ’~NOWI .EDG~ ’ENT: Vendor shall mention this specification number and Its revision lette r In all quotation .

• and when acknow ledging purch ase orders.

2. FOR M: Filam ent consisti ng of boron deposited on tungsten wir e ap prox imat el y 0.0005 in. dia . , and eit her
ce ated with silicon car bide to a thickness not less than 0 .000 I in. or unc oated , as designat ed by the following
suff ix numbers:

Suffix

I coated (Borsic ® )
- 

- - 2 uncoated (Boron)

3. A PPLICAT ION: Primarily for structural reinforcement of plastic or metallic matrices.

4, TECHNICAL R E QUIREMENTS:

4. I Spl i c es :  Unless otherwise specified , minimum distance between splices shall be 1000 feet. Type and
method of sp licing shall be as agreed upon by purchaser and vendor.

4 .2 Prop~’ rt i es: Product shall be capable of meetin g requirements of 4 . 2 .  1 and 4. 2 .2 .  Not less than 10
specimens from eac h production run shall be made available for tes t  to determine conformance to 4 .2 . 1
and 4. 2 . 2. A production run shall consist of filament produced co ntinu ously by a sing le reactor .

4 . 2 .  1 Tens i le Stre ng~th: Shall be determined statistical ly, test ing to an acceptable quality level of 10. 00.

4 . 2 . 1. 1 Values shall be determi ned using a I in. gage leng th and a crossh ead speed not  exceedi ng 0 .25  in. per
minute.

4 .2 .  1 .2  Acceptability of filament testing shall be determined by the app lication of followin g formula to tensile
test  results as specified in NOTE I.

• K(Kl or KZ) x - 335 , 000

whe re ~ average tensile st r eng th

v the difference between the hig hest and t w e c t tens i le str en gth values

NOTE l

• a . Test 4 spe cImen.. If “ K” is 0 .2 76  or greater ,  tensil. ~ pr o perties arc acceptab le.

b. If “K” is less than 0 .276 , 3 additional specimens ~bill 1-s. t es ted f ,~r tensile streng th , and “K” fo r
the 7 tes t s  shall be determined . If this value is 0. ~ t-o o r g re ater , tensile propert ies are accep table.

c . If “K” (determined for 7 tes ts )  is les s than 0. 266 . 3 ren’aiuii ig specimens shall be tes ted  fo r tens i le
— streng th.

G O  •i ~
(
~~ UDS S5 Code ld~nt No. 77445
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REVISION A 
-

d. For the group of 10 t e s t s ,  the f irst S spec im en s shall be placed in one gro up and Ki dete rmined
by the formula. l(~ shall be determi ned for the other 5 speci mens . K shall then be:

K - 2

e . If “K” for the entire group is 0 . 3 4 1  or greater , tens ile properties are acceptable. If “K” is
less than 0 . 3 4 1 , production run has fai led to meet the tensile stren g th requirements .

4 . 2 . a Menlult’s - f Elas t ic i ty :  Filament shall have niinimurn average modulus of elasticity of 55, 000 , 000 ps i .
Mudui-is of e l as t i c i t y  shall be determined by s t ress -s t ra in  measurements of not less than 4 specimen .
tak en Irvi n each production run . Spec imens shall have gage length nj t  less than 10 in ches .

5. QUALITY: The filament shall be uniform in quality and condition , clean , and free from voids and foreign mater lall
- 

- 6. SIZE A~~D T OLERANC ES: Unles s otherwise specified , Boron filament diameter sha ll be 0.0039 in . * 0. 0002 , an
0 Boc sic ’& flla nient d Iameter s ha l l be 0.00425 in . *0 . 00015.  as determined optically or by a method agreed upon

by purcha se r and vendor.

7 . PACKAGING: Unless otherwise specified, filament shall be wound on spools and , when necessar y,
interlea v ed with paper. Winding shall be uniform and provide for prope r unreeling . The spools sha ll be
encased in s uitable containers to protect the filament during shipment . Materials us ed for spoo ls and
packaging shall have no delet e rious effect upon the product.

8 . iDENTIFICATION: Unless otherwise ordered, each spool and container shal l have a label or tag attached
giv ing the purchase order numbe r , material s pecification number, spool numbe r , manufacturer ’ s identification ,
and quantity in feet.

9. APPROVAL:

9. 1 Material shall be procured only from sources approved by Pratt and Whitney Aircraft Engineerin g Department .

9.2 Vend or shal l use the sa me manufacturin g processes for production material as for approved sam ple
material . If necessary to make any change in ingredients , finish or processing, vendor shall obtain
written permission from Pratt and Whitney Aircraft Engineering Department prior to incorporatin g such
change .

10. REJECT IONS: Material not conforming to this specification or to author ized modification , will be sub ject
to rejection .

Code Ident No. 77445
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APPENDIX C

I PROGRAM REVIEW S

I Paragraphs 11.3. 1 and 11.3.2 of this document present the reports of Pratt & Whitney
I Aircraft and Air Force program reviews conducted in February and September 1973 ,

respectively .

P&WA REVIEW OF TF3O COMPOSITE FAN BLADE PROGRAM - FEBRUARY ,
1973

A BORSIC®/aluminum composite third stage TF3O fan blade has been under development
- on Air Force contract since 1970. Development has reached the point where a set of
- 

blades has successfully completed 100 hours of engine testing as part of a qualification pro-
gram leading to eventu al flight test in an F-I 11 aircraft. A review was requested to consider

I - questions posed by the Air Force concerning suitability of the blades for fl ight test ,
ad equac y of the engin e ground test program for flight qualificati on and possible need for

- - flight envelope restrictions or special fligh t test requirements.

Conclusion

If the composite blades successfully complete the presently planned FOD and engine test
program s, with the additional tests noted in the recomm endations, they should be qualified

- for fligh t test without restrictions or special requirements. With the recommended additional
tests the engine test program would appear to cover adequately the blade stress and vibra-
tion exposure over the whole flight envelope.

I Recommendations

To round out the flight envelope stress and vibration survey, the engine test program
should be changed to include testing with inlet distortion and afte rburner lighting at the
sea-level dash and at the high altitude , low Mach No. (highest N 1 /y’0 2 ) fligh t poi n ts . This

- testing is needed to check out 2E vibration and possible high speed flutter stresses.

I
C.

_
c •~ 
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— 
it is recommended , for the flight hardware parts , that a full review be made of the in-
process inspection which applies to the tran sition area from the titanium root block to the
airfoii to improve the assurance of the boron fiber integrity in that region. Also, a review 

-should be made of the post-spin inspection procedure of the transition area to assure that
any defects caused or aggravated during spin are found and the parts rejected.

It is suggested that rig and engine tests be conducted to determine the blade tip rubbing
characteristics.

It is also suggested that some FOD damaged blades with a blend repair equal to that
allowed for comparable tita nium blades be run in the engine durin g the “piggy-back” test-
ing to check their survivability.

Discussion

The blade in question is a shroudless version of the TF30 P-9 third stage fan blade. It is
40% lighter than the B/M titanium blade. The airfoil is constructe d of BORSIC ®/aluminum
plies, oriented radially in the core and ±45° in the shell. The fibers are retained in a
titanium root dovetail block by an aluminum wedge . The whole assembly is diffi.ision
bonded together. Leading edge FOD protection is provided by a plated-on Ni/Co sheath.
Max imum operating temperature is 450° F.

The evaluation program includes :

Fabrication of 268 blades (36/set).
Extensive bench testing of blades (including FOD).
Development of NDI techniques. -

680 hours of engine testing on 3 blade sets

100 hours subsonic (completed 1/ 1 1/73)
130 hours supersonic (sea level and altitude)
450 hours “piggyback” on routine TF3O testing.

The 100 hour engine test program ju st completed included :

Stress surveys
Performance calibrations
50 hour endurance
Afterburner operation
Distortion valve testing
19 surges

Bench testing included: - 

-

Generation of blade Goodman diagram
Titanium root tests

______  -  - - - ~~~~~~~ -~~~~ -~~ - - - 
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I-
Salt corrosio n

I Bending fatigue
Thermal fatigue
Combined stress fatigue

j Spin testing

Ni/Co leading edge tests

I Bending fatigue
- Thermal fatigue

Salt corrosion
Ballistic impact

• - Drop-weight test
- 

Spin pit erosion and FOD

I Overspeed spin tests of all blades (120% N 1)
- Spin pit FOD tests with sand , gravel , 1 ” ice balls

Blade NDI of various kinds.

Engine vibration surveys showed that the observed blade natural frequencies agreed
- 

reasonably well with predictions but were a little higher. Aside from surge,no stresses
appeared to be of concern for the conditions tested . Surge stresses seemed to be sim ilar to
those for metal blades.

1 The most noticeable vibratory stresses occurred in 2E at abou t 5500 RPM and in a non-
• integral order (possibly flutter ) at 10 ,000 RPM with distortion. This was about the maxi-

mum speed tested and stress was increasing with speed. It , therefore , seems essential to
check the maxim um speed encountered in flight (max . N 1/V’0 2), which occurs at high

• altitude and low flight Mach no., f or the suspected flutter stress , and the high density sea-
level dash point for maximum 2E stress. Both tests should include afterburner lighting and
appropriate inlet distortion. If vibratory stresses are acceptable at these two conditions ,

• - the blade should be capable of fligh t testing over the whole aircraft fligh t envelope without
res triction .

I - 
The major problem area which has been experienced to date in this blade and similar blading
made under the ACE program is the transition from the titanium root block to the airfoil.

- It is suggested , for the fl igh t hardware, that a full review be made of the in-process inspec-
tion of this area to assure the boron fiber integri ty . Any minor errors in the ply tayup prior
to bonding could lead to fiber damage. increased scrutiny of the manufacturing process at

• — this stage of fabrication could possibly improve the reliability of the parts.

* A similar review of the post-spin inspection procedure for the root transition area is also
recommended to assure finding any defects caused or aggravated by the spin test.

ii
[ C-3
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With regard to FOD testi ng, it was felt that this is to some extent “one-shot ” testing and 
•

tha t it would be desirable to see how damaged , but aerodynauiically repairab le. blades
would survive in normal usage following FOD damage . It is recommended that some blades
with a blend repair equal to that allowed for a comparable titanium blade be included in the
“piggy -back” engi ne testilig.

A further question arose concerning what happens when BORSIC®/aluminum blades rub
the casing - whethe r this is a simple abrasive action or whether some detrimental reaction
occurs in the blades. It is suggested that this be checked in a rig, pre ferably with strain-
gaged blading. and then some long blades be installed in the test engine.

Revie w Partici pan ts

Reviewers: L. Beckett Advanced Tech. Pro gram s
A. Hiegel FRDC Pr oject
W. Owczarski MERL
G. Parks JT8 Project
E. Scegge l TF30Project

- - F. Smaku la Compre ssor Design
R. Spaulding Structure s Design
W. Doll Chairman ot’ Review Board

Other Participants :

K. Boll Mechanical Components/ Structure s l’&R
— 

- D. Randall Composite Blade Program Manager
¶ S. Blecherman Advanced Tech. Programs

L. Friedrich M ERL
A. Alver Structu res T&R
G. Fulton Structures T&R
R. Liss Structures T&R
H. Starga rd ler Structure s T&R

- - R. Doak Structure s T&R
- ; 1. Kusnierz Structu res T&R

AIR FORCE RE ViEW OF TF3O COMPOSITE FAN BLADE INSPECTION RESULTS

On September 27-28 . 1973 , the below listed Air Force personnel visited P&WA to rev iew
the NDI results on two sets of Borsi c-aluminum fan blades which had unde rgone 564 hours
of engine testing.

Matt Chopin ASD
Will Taylor ASD
Floyd Evans F i l l  SPO
Ted Norbut APL
John Rhodeha mel AFML
Lee Gulky AFM L
Bill Schulz AFM L

C-4
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Set No. I had experienced 364 hours of sea-level testing including stress survey , disto rtion ,
performance , and 3 14 hours of endurance testing. Set No. 2 had experienced 200 hours of
altitude testing, including a stress survey with and without distortion at sea-level Mn 1 .2:
56,000 ft., Mn 2.2; and 33,000 ft. Mn 0.7; plus 130 hours of endurance ; sea-level ram (10
hours) and Mn 2.2 56,000 ft. (120 hours )

The significant points established at the meeting were:

I . The engine test program established that the blade can operate throughout the entire
flight enwiope of the P9 engine wit h no limitations.

2. Blade natural frequencies , dimensional stability, and general appearance were excellent.

3. Twelve blades of Set No. 1 (364 hours, Tables X and Y) and 4 blades of Set No. 2
(200 hours) showed x-ray indications at the air fo il LE just above the root. These appear
to be cracks , with a maximum length of 3/8 inch. -

4. The effect of these apparent cracks on blade life is not known at this time. Past ex-
perience has shown that this composite material is not nearly as notch sensitive as
titanium.

5. If blades of this type are to be evaluated in a flight program , we must be able to inspect
the blades at intervals no greater than 200 hours , on the bench.

6. It would be very desirable to build up more ground engine test time on these blades to
determine the significance of the LE cracks, and to approach more closely the current
75o TBO of the P9 engine.

In my judgement , the blades have demonstrated their structural integrity in a tough ground
engine test program , and despite the x-ray indications are ready for service evaluation. The
only stipulation I would require is to be able to inspect the blades at 200 hour intervals.

A thorough review of the x-ray results is now being conducted by NDI personnel (Frank
Vicki), and a meetin g is scheduled on Monday, October 22 to review these. lt is recommended
that no fi nal decisions be made concerning the blades until that review is completed.

D. G. Randall

Pratt & Whitney Aircraft Recommendation
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As a result of the preceding review sessions, a letter was written by Mr. W. G. Taylor, TF3O
Program Manage r , to Mr. P. Gagaris, ASD. This letter expressed the company ’s position

T 
concerning fligh t evaluation of the composite thir d -stage blades , and is reproduced below.
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PRATT & WHITNEY AIRCRAFT GROUP October 3 I , 1973

VIA: Naval Plant Representative
Pratt & Whitney Aircraft
400 Main Street
East Hartford , Connecticut 06108

TO: United States Air Force
Air Force Systems Command
Aeronautical Systems Division
Wright-Patterson Air Force Base
Dayton , Ohio 45433

AUENTION : SD-I 11 KD (Mr. P. Gagaris)

SUBJECT: Borsic-Aluminum Fan Blade Program , Contract F33657-70-
C-0624

REFERENCES : (a) Meeting ofAir  Force and P&WA personnel at East
Hartford 9/27/-9/28/73 concerning the subject program.

(b) Telcon between Mr. M. Chopin , ASD, and Mr. W. G.
Taylor , P&WA , 10/ 19/73.

I. The Reference (a) meeting included personnel from ASD , AFML , and F i l l  SPO.
The purpose of the meeting was to review all inspection data on two sets of TF3O-
P-9 third stage Borsic-aluminum fan blades which had undergone a total of 564 hours
of engine testing, both sea level and supersonic.

2. It was established at the meeting that several of the blades exhibited X-ray indications
of small cracks , but were otherw ise undamaged.

3. It is the contractor ’s judgment that the TF3O-P-9 third stage Borsic-aluminum fan blade
has reasonable structural integrity based on testing conducted to date and , as discussed
in the reference (b) telephone conversation , is suitabl e for flight evaluation in an F-I 11
aircraft. However , in view tj f the presence of the X-ray indications noted above , the
contractor recommends that if a flight evaluation is conducted the blades be inspected
at 200 hour intervals to determine if these indications are progressing at an unacceptable
rate.

UNiTED AIRCRAFT CORPORAT 1ON

Pratt & Whitney Aircraft Division

W .G . Taylor
TF3O Program Manage r

bbg

cc: Mr. M. Chopin - ASD
ENJEA .,
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