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FOREWORD

This Technica l Report covers the work performed under Air Force
Contract F-336l5—75—C- 5222 from 20 June 1975 to 30 July 1976. It
was subm i tted by the authors in September 1976.

This contrac t with TRW Inc., 23555 Eucli d Avenue , Cleveland , O h i o
1+14 11 7, was initiated under Projec t 73 51 .  It is being performed under
the techn i ca l direction of Mr. Wi l l i a m  Schulz and Mr. Philip Parmley,
Air Force Materials Laboratory, Advanced Development Division , Wri ght-
Patterson Air Force Base , O h i o  1+51+33. A portion of the contract is
being performed by the Aircraft Eng ine Group of the General Electric
Company under a subcontract TRW purchase order 88-35977. This report
has been g iven TRW report number ER-7850-2.

At TRW Dr. G. S. Doble was Program Manager , working under the
direction of Dr. I . J .  Toth , Manager of Materials Development.
M r .  P. Melnyk was the project eng ineer responsible for material fa1’ri—
cation. At Genera l Electric the Program Manager was Mr. A. J. Albright.
The GE project eng i neer was Mr. M. W. Stanley working under the direction
of Mr. R. G. Stabry l la , Techn i ca l Program Manager.
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SECTION I

I NTRODUCTION

Boron—aluminum composites are characterized by very hi gh modulus and
strength levels. I ncorporation of boron-aluminum into the fan section of a
gas tur bine eng ine has the po ten t i a l  to make major improvements in the eng ine
because of the large s i ze  and wei ght of the fan. Si gn i f i c a n t  improvements in
cost , wei ght , e f f i c i e n c y  ( fuel  consumption) and l i f e  cyc le  costs  can be
realized . However , utilization of boron-aluminum composites requires low
cost fabrication and improved FOD resistance while maintaining the desi gn
properties required for the blade.

Si gnificant cost reduction may be achieved by air bonding. The advantages
of air bonding are that the process is low in cost , requires minima l cap ita l
inve s tment , emp loyes e x i s t i n g  hot d ie  technology and f a c i l i t ies , offers ease
of au tomation and produces properties equivalent to vacuum bonding. The key
to the successful bonding of alumin um compos i tes in air , as prac ticed by TRW ,
lies in the use of a surface trea tment which removes oxide and roughens the
surface. The surface preparation is used in both primary and secondary
bond ing bu t is particularl y cri tica l in the latter case. The prepared surface
con tains asperities which promo te l ocalized deformation and break up the
ox ide layer during the bonding process.

FOD resis tance is a primar y conside ration in the fabrication of boron-
alu minum for fan blades. While affected by filament , ma trix composition , and
fila ment orienta tion , the fabrication parameters have an overriding i n f l u e n c e
on the fina l impact resistance. The TRW rap id air bond i ng process is well
sui ted to providing h i gh impac t r e s i s tance throug h the use of a wroug ht
d u c t i l e  energy a b s o r b i n g  ma t r i x , the employment of a low fabrication temper-
a ture , and the use of a minimum cycle time . The versatility of rapid heating
and cooling afforded by air bondin g is an impor tant element in maintaining
FOD resL tance.

The program objec tive was to develop and validate the low cost air
bonding process for use in blade fabrica tion. The program investi gated a i r
b o n d i n g  fabrica tion parameters ror three different boron -aluminum systems
which included the three aluminum alloys of major interest in composites ;
1100 , 6061 and 2021+ aluminum. After parameters were established , proper t ies
of the three systems were determined for fiber orientations and panel thick-
nesses of in terest for blade application. One system , S mi l  boron-I100
a l u m i n u m , was then selected for further property evaluat ion. Throughout the
program the proper ties obtained were compared to the properties required in a
represen tative advanced fan blade , the J l O l stage 1 fan blade. To provide
this comparison the Genera l Elec tric Company , under  a subcon t ract , performed
an anal ytical stud y of stead y state stress and transient impact responses of
the JlO l blade geometry usin g various composite constructions.

— 4 , .. - - . —



SECTION I I

BACKG ROUND

The TRW rap id air bonding process has evolved by modification of standard
industry practices in fabrication of boron—aluminum . The driving forces have
been cost reduction , process versatility and property improvement. The
important elements of the process are not onl y the use of an air atmosphere
but also the reduction of cycle time , the use of full y dense monotapes , mono-
tape surface preparation , and hot insertion with rapid cooling. A brief
review of the process dev elopment w i l l  be discussed here .

Fabrication of boron—aluminum comp lex shapes such as a fan blade can be
accomplished using a partiall y densified rnonotape such as a plasma tape , some
type of green tape which has a fug itive binder , or a full y dense monotape .
Formerl y, panel and blade fabrication was performed in vacuum using very long
cycles. Typ icall y, the panel or blade was started at room temperature , slo w ly
raised to the bonding temperature , usuall y with provision for a lengthy out—
gassing cycle , and used a very long bonding cycle , one to four hours not being
uncommon . The rationa l for such a cycle was the desire to minimize internal
and external oxidation of the monotape , to completel y bake out the vacuum
system , and to volatilize all of the fug itive binder at a low temperature.

Gradually, at TRW and other sources , the vacuum cycle has been reduced .
Insertion of the composite between hot dies and rap id cool ing has reduced the
dwell time . With reduced dwell time i~ has been found possible to reduce the
bonding time . Instead of a vacuum chamber a simple bagg ing system has been
used. Finally, the feasibility of a very short cycle and an air atmosphere
was demonstrated . The effectiveness of air bondin g may be readily explained ,
at least on a qualitative basis , by considering the oxidation of aluminum .
Because of the hi gh reactivity of aluminum and hi gh thermodynamic stab i l i t y
of aluminum oxide , aluminum oxide w i l l  form at very low temperatures and low
oxygen partial pressures. The pressur es found in commercial vacuum systems
used in compos i te fabrication , particularly during system bakedown or fug itive
binder outgassing, plus the very long half day heating cycles result in an
oxide layer which must be broken up during bonding. The key to successful
bonding of aluminum is not to preve nt oxidation but to minimize the thickness
of the oxide layer and provide plastic deformation at the interface. Successful
air bonding requires a very short cycle time , and the promotion of plastic
deformation at tile bond line.

While the program reported here was concerned with secondary fabrication
in air , primary fabrication of boron-aluminum nionotapes in air has been demon-
strated by TRW on IR E D programs . Air bonding was used in roll diffusion bonding
of monotapes under Air Force sponsorshi p. (l) More recentl y, the production
of boron—aluminum monotape by step diffusion bonding in air has been reported .(2)
When using an air a tmosphere in the primary fabrication of nionotapes , there are
two potential problems that could occur; oxidation of the filament w ith sub-
sequent loss of strength and oxidation of the matrix produc i ng poor matrix-matrix
or filament matrix strength. Under th0 heating and processing cycles used in
the above programs and with the geometry of fil ament and matrix. there was no
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loss of f i l a m e n t  s t r e n g t h  as me a s u r e d  b y mono tape , pane l , a nd ex t rac ted
filament tests. No si g nificant contamination at the matrix—matrix or fila-
ment-matrix bond lin e  was found by m i c r o p r o b e , scann ing electron microscop y ,
me ta l l o g r a p h y, and transverse tensile testing.

While the use of an air atmosphere is certainly practica l for primary
fabrica tion , the comme rc i a l l y available monotape or broadgood materials at the
ini tiation of the program were all fabricated in vacuum. To make the present
progra m s w i d e l y app l i c a b l e  as p o s s i b l e , as well as to isola te the variables
i n secondary air bonding , all s tarting monotapes were fabricated in vacuum .

H owever , the air bonding process developed is applicable to any full y dense
monotape starting material produced in either air or vacuum .

The TRW rap id a i r  bondi ng process emp loys mono tapes , f u l l y  de nse and
having a w ro ught matrix. A monotape is advan~~ geous for  f a b r i c a t io n of a
comp lex blade shape because of the improved properties wh i ch result from the
uniform filament distribution and alignment. The use of a wrought matrix ,
that is using monotapes diffusion bonded from foil starting material , p r o v i d e s
th ree a d d i t io na l  advan tages . F i r s t , the mo no tapes are h i g h l y  f o r m a b l e  w h i c h
is a requirement in the production of blades with a hi gh degree of twist or
sec t i on cha nge . Second , the ductile matrix offers superior impact resistance .
Fina l l y ,  the use of foil provides very uniform thickness. The use of a fully
dense starting material is of considerable benefit by e l i m i n a t i n g  debulking i n
the bonding of a blade which has taper and section thickness differences.

The ful l y  dense monotape starting material has a smooth surface finish
which , i n cer ta i n  a l l o y  sys tems , may be dif f i c u l t  to bond. To promote bonding
an i nexpensive chem i cal surface treatment has been developed by TRW .(3) As
p re v i o u s l y  s ta ted , the tenacious oxide on the surface of aluminum is an
i mped i ment to bonding. The surface treatme n t both removes in i t i a l  oxide and
roug he ns the s u r f a c e , promoting an intimate metal-to-metal interface . Both
mecha n i c a l  and chem i ca l t rea tment s have been i nves t i ga ted but the latter is
mos t effective in providing an appropriate surface topography . The important
fea tures of this process are the improved bondability of difficult to bond
sys tems , the a b i l i t y  to bond at low temperatures , and the emp loymen t of an
a i r  a tmosp her e. The process also may be used in primary f a b r i c a t ion to p r o v i d e
adjustment in interfacial filament—matrix bond strength.

The purpose of the program reported here is to demonstrate and validate
that air bonding can be applied to a number of composite alloy systems and
p rovide properties comparable to vac ium bonded material , bu t at much l ower
cos t. The fabrication conditions and experimental desi g n have been d i r e c t e d
toward the requirements of advanced fan blades. Specimen geometry, f i b e r
orientation , composit e systems , FOD resis tance , and fabrication cycles have
been chosen with regard to the properties needed for a first stage fan blade.
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SEC TI ON I I I

PROGRAM O U T L I N E

Task I

A schema tic of the program outline is presented in Table I . The
f i r s t  task was the fabrication and quality control of monotapes to be
used in later tasks. Monotapes were fabricated by press diffusion
bonding in vacuum using conditions selected from previous experience and
were selected to provide maximum impact resistance rather than maximum
strength.

Task II

The 2nd task was the op t im iza t ion  of secondary air bonding parameters.
A series of monotape time-temperature exposures was conducted to evaluate
the resistance to therma l interaction . The residua l tensile strength
was used as a measure of the degree of reaction . Four-pl y u n i d i r e c t io na l
panels were then fabr ica ted by a ir bonding and screened by inter laminar
shear and t e n s i l e  t e s t i n g .  The objec t ive  was to use t ime-temperature
conditions which were adequate for a good matrix—matrix bond , as measured
by inter lam i nar shear stress , while not providing filament-matrix interaction ,
as reflec ted in a drop in the tensile strength. Two matrix systems were
pre-selected for this optimization task , 11 00 aluminum and an 1100/2024
hybrid.  The hybrid construction consisted of a monotape with a layer of
1100 on one side and 2021+ on the other. One set of processing parameters
was selected for each system.

Task I I I

The processing parameters were then used to produce test  panels in
±15 ° or ien ta t ion  of each system. P roper t ies  measured in sc reen ing  the
two systems are summarized in Table 2. In addi tion , a th i rd  system was
selected after screen i ng the first two systems . The third system was a
6061 aluminum matrix selected because of its wide use in boron-aluminum
applica tons. Because of the large amount of fabrication data on 6061
the cond i t ions  for pr imary and secondary fabr ica t ion  were se lected
wi thou t optimization studies.

Task IV

The proper ties measured in the screening 3rd task were compared
w ith the desi gn r e q u i r e m e n t s  for a n advanced fan blade , the stage
I J- lO l . These requiremen ts were established in an ana l ytica l finite
eleme nt stud y conduc ted by Genera l Electr ic. These ana l yses include
four frequency and stress cases. The f i r s t  two cases were frequency ,
noda l pattern , stead y state stress and deflection determination of two
ma te r i a l  proper ties resulting from boron fiber orientation variations.
The next two cases were eva l uation of the vibratory stress and deflection
dis tributions induced in the blade in the first flexura l and first
torsiona l frequency modes. The blade finite element ana l yses also inc l uded
four transient impact cases for bird ingestion . Cases considered were
star ling, med ium and large s i ze  b i rd  s t r i kes  at 7O~ b lade span during
take-off condit Ions. The results of these analyses were to provide the
blade i mpact response for variation in bird size S
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TABLE 2

SYSTEM S C R E E N I N G

Room Temperature

TENS I L E

LONG I TUDINAL (2)
TRANSVERSE (2)

3 POINT BENDING (2)

F A T I G U E

FLEXURAL (2)
TORSIONAL (2)

FULL SIZE CHARPY

LONG I TUDINAL (2)
TRANSVERSE (2)

INTERLAM I NAR SHEAR (2)

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



Task V & V I

Based upon a compa rison of mechanical propert ies and analytical require-
ments , one system was selected for evaluation . Selection was based upon the
hi ghest FOD resistant mater ial meeting projected blade requi rements. The 1100
system was selected in Task VI and the properties liste d in Table 3 determined
in Task V I I .

Task VI I

Fo l low ing  the property evaluat ion , a preliminary ma ter ial and processing

spec i f i ca t i on  was written. Included was raw mater ial requi r~ments , primary
f ab r i ca t i on  by d i f fus ion  bonding, and compos ite fab r i ca t i on  by secondary bondi ng
of f u l l y  consolidated monotapes in air. A preliminary cos t analysis was
performed to illustrate the projected cost savings over vacuum bond ing.
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TABLE 3

MATERIAL EVALUATION

350°F T E N S I L E

LONG I TUD I F4AL
T R A N S V E R S E

350°F 3 P O I N T  BEND I NG

350°F F A T I G U E

F L E X U R A L
TORS I ONAL

35O F INTERLAM INAR SHEAR

RT MODULUS

LONG I TUD I M AL
T R A N S V E R S E

UN-NOTCHED THIN PANEL CI-IARPY

RES iSTANCE TO SALT CORROS iON

8
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S E C T I O N  I V

R E S U L T S  AND D I S C U S S I O N

This program on air bond i rig of boro n—a luiii i num was per fo r iie d w i t h
fu l  ly dense vacuum bonded inonotapes as s t a r t  tug  i iater ia I. The io r io t up- ,
were air bonded together using various para eter s and the p rop erti~ - - -~ S L J I

sequent ly determ i ned to be comparable to vacuum bonded materi a l. Boror~~)
filament diameter was 8 ni ls selected for improved impact resistan ce .
The nominal volume fraction was 55 volume percent. The vol ni~ fraction
was controlled by the filament spacin g and monot ape thickn ess w hi c h 0,-re
held constant. No adjustment was made for vari a tion in f i I ~~i cnt d id ; s- t ,- ,
which would chanqe the volume fraction sl i g htl y. The unonotape fabrication
condit ions were chosen from previo u s programs and no attempt was idc to
shorten the 15 minute consolidation time althouqh this would c ert a inl y he
po s s i b l e  i~~~ed upon the results of nonotape fabric a tion by roll diffu s ion
bonding.

Three major matrix systems were chosen for study. The first was 11 00
aluminum which is acLn1~ jed ged to provide the hi g hest ener lr y ib sorptio ri of
any composite matrix. Because the 1100 system is a d u c t i l e  but l OOt I
strength aluminum alloy, the 1100/2024 hy brid was selected for app li c a t i o n s
or locations where ma trix enhancem ent m i qht be required . The hybrid is
constructed of a monotape with 11 00 on one side and 2O21t on th e other . Af te r
screening of the 1100 and 1100/2024 Systems , the 606 1 oatr ix was select ed ~is

the third matrix. The 6061 alloy was included to demonstrate the air h ori ding
process to a third system of commerci al importance and because it was hoped
tha t the alloy would provide the improved strength of the hy hrid w i t h  bet ter
impa ct res i stance .

9



- tic MAkY FAh R I C~\T tO N

Boron — i l  i i i  t ur ,  - i onc ) t OieS 1- r e  produc ed by w i n d i n g  the l e t s  on a
l i i  i d i _ i : e t e r  o~iirdr l to p r o v i d e  the d,- s i  red — p i c i n q  arid held t i p - t h o r

i i  r p u r i i ’ ~. bind er , p o ly s t y r e n e , which is i b- -e quent  l y ri- ovod by
r i l at  i l  i,’ d t i o t t  d u r i ng  the hot pr e ssin g cyc le. The ii l n e n t ~ ire ~.ot t r i d
d i ~~ 1 y on to  t he mandrel  ~ rrd s t  r i peed of I i-In -ii d r y  • ore i nq i I i I i  en
s i t .  The co t  I sa ted  fil am ent l a y e r s  at - c then - , i r idw iched be tw e e n  two

s._ i ’~r i\  f o i l  layers. The assei i i bl y is  p l a ce d  in -i vacuum cho iAw- r -:t i ch  i s
ins erted between hot d ies ni th a c I _ it - m i nq load to l i i i  r i t i  in I tat i - n t

a I I n c  eri t . A dynam ic  vacuum is  i -  int o tied dot ing pre ss np . The pac kie
ha I ni- t he rma I sass and comes to t c u r b - r a t  u r qu i c L I y , I he e x a c t  t nrc

rtq upon the number of rnonot Ipes be- eq produced.  T l~ - c on- m i id ,i t ion
into - i s i , a su r,— d aft e r the pa ckuqo IsiS a t  t i - r i t i t - r a t u r e .  A f t e r  p re s s i n g
lie en , i nsu la to r  i s removed f t ori the d l e 1 .mncl i i r COO led -

I ronQt ~~pes or-re t rade at 850 ~~~, 15 Ir r i r i t i t i S , 8 KS I  w h ic h wi s e l e c t e d
on lie bas is  of pre ’ J i o us  TR~I e x p o r i O t i c e .  A t  t i - i  p r o p ert y  eva l i t ot i o n  i t  li __ i s

i - t i P  t hat the p r i m a r y  lub r i ca t i o n  t e m p e r a t u r e  t f t - ct s stn - -_i r - t r e r i g t h  so riot s
ode in tat or t a s k s  used a 900 F er mary t a b r  i ca t  ion t i - r u p e r o t u r e  fo r  t he 1 tOO

sys I ecu  - Tyti  c i i  rionot ape - a re  shown in F i g u r e  1 . Nut e r hat t hi- 1100 -_i I I my
-mit t e r  than the 202 L4 an d i x  t rudes fur t her be twee n the Ii her . A r o t a  I —

l u w i r a p h i c  sampl e f rom each run re v e o l e d  ui I c o n - m i  dat ion for a l l  i i ionotapes
if 1100  and IO 0/ 20 2 !4 . The 606 1 a l l o y  produced in a later task t-ia s not f u l l y

con ol i da t e d  a t  (o r  p r i~~_ it - y Fa bri c ation at 850 F , but 1-105 f u l l y de nse a f t e r
s l J h , c - t i L J e r i t s - c o u n t r y  t ahr i c at  ion -

As par t  of i ncom i np - ia t c- c i a I qua 1 i t  y con t rot , a monotap - set ec ted a t
ra u t d c - -  t rait each press inq run was c h a r a c t e r  I zrd by v isua I in s p ec t  ion , lonqi—
tud al ten s il e te st s , rod ioqr anh y. u 1 t r _ i s c i t i i c  C — s c a n , th ic k r r , - - .s m e asure—

c i i i , ari d opt i c a l  m ic r o s c o p y .  Thi s uu.i l i t y  c o n t r o l  nr qI iul  1155 used to
insu r - that the pa t e Is produc ed I-a-ri- it s u i t a b l e  qua l i t y .  The visual in-
spect inn i s  a p i i ic r f u l  too l in i t_ i n o t ape  u t a n u t i c t i t r i  because t in - t h i n n e s s  of
t he l a y e r  uu ._ikes t h i s  a 5 e n s i t i v o  rut - t ho d  t a r  - s i  i n i nq  gross t i l a t e n t  c r a c k i n q ,
gaps , or i _ i L  of bond ing ,  p a r t i c u l a r l y  i t the c o i n e r - . R ,_ i d i og ra phy c ~ is use d
t i  obser- i e Ii I _ i s - n t  br i_ it - i p - . A t y p L o l  ra dbnn rap h i s  shown en ia rqed  in
F gu re 2 The exce l  t e n t  f i I i - i n  t d i s t  r i hut ion • a I i qn r ic- nt and ahs~--nc r- of f i I a —
c c i t t  br i _ i k o p  i s  a ppa ren t  - Long i t u d i n a l - ior io l.. lpr t e n — i Ic t i-sis were run on
uri i d i  rect ion  1 r i ronoro pe nil - - ho~ c-d cons d~~i rb Ic i-xpo r  i r i  nta l scatter. Mono—
t O u t s i t i c h  qrov ided low St r e nqt ti sobSi t t i t i - u t  1 y p roduc ed  pane ls  w i  tin h iqh
- t r u I l t i r . I n - u  onotap- - t i m  o i t h  15 Ii  lame nt o r i e n t a t i o n  were par—

i c t l a r  I - -  d i f t  i ; i i l t  to n t  m d  r ’sii t - , t m - i  0 riot jud ged s i q n i  f i c a n t  for
gu i I u y C m i  rr’  I

U I t u  • isn ro (. Cmi:.iu and o p t  ico l r r i c r r e _ ,c:opy c- i — -c ti~.i-d to d e t e r m i n e  if
n u l i u g  5.15 co iu’ p l - r - i n o- i n - i l u r - t iriuni r e q u i r e s  s e ns i  t lye  i ns p e c t i o n  is-- t hod s
or t int lug h i t  t o e  I ul I con so l  i m f i t  ion and tIt us ty c i t y  be rich eyed w i t h o u t

1 i - p I e r .  r iot,) I In ri( c. I hand . i a r I  il “c to  I lvq rap h in repro ri t i Oti 1151 5

h’ l o t  ~-i.i y to -fi r F-y i t -  r e s t - u u t  .1 “ i, - t ~~l o rg  ca I bond and fre t -lot- i
r i -  ox i d -  - it the n t - i  f~~c e . both in --o r cot apc s rid p anel-i - T he C — s c - i n s
i - - I  1 / p1 F i t  i i - j t  “i n l o t d p c -i l t i c h i- - r i -  c i t  f i j l ly conso l i d a t e d . An - s r i i p 1e

i S . Ii rn  r 
~ - 3 -
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Fi gure 1. As Fabricated Monotape 1 00X Etched
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B . OPT IMIZAT ION OF SECONDARY AIR BONDING PARAMETERS

Af ter primar y fabrication the monotapes were surface treated and
assetuu b l ed into the desired panel thickness and confi guration. The
assembled tutonotapes were p laced between hot flat dies in air and clamped
u n t i l  bonding temperature was reached . S teel p lates were p laced on the
top arid bottom of the assem bly to prevent die sticking and distribute
load. The bonding load was app lied and the bonding tine measured f ront
thi s ti me. Only the 1100 and the 1100/2024 systems were stud i ed at this

i ne .

While the feasibility of air bondin g has prev i ousl y been established ,
the conditi o n s  for a balance of proper ties was not known . The idea l cycle
is 35 low a bondin g temperature as possible to improve impact properties
w i t h  as short a bondin g time as possible to reduce cost. If the bonding
cycle is too long or at too high a temperatu re , the tensile and impact
strength w i l l  decrease because of filamen t matrix inte raction, I f  the
bonding cycle is too short or at too low a temperature , the nionotapes w i l l
riot bond together . The tests used for the effectiveness of the secondary
bonding cycle were tensile tests and interl am inar shear tests. In addition ,
the residual tensile strength of monotapes after ther nua l exposure was
determined . Because of the thin panel sizes used in the program , 4 to 8
p l y thickness , the relationshi p between bonding ti nu e and cycle time was
ver y close. However , even very small fan blades have thicknesses of one
inch and p l y nu mbers up to 150 in the dovetail. Because of the fi n i t e
heating times required for real blades , the c y c l e  t i mes in t h i s  progra m ,
and therefor e the bonding times , were kept in the more realistic range of 15
minutes rather than a few minutes.

Monotapes were g iven a series of time-temperature exoosures front 850 ’F
2 hours to 95O ” F 15 minutes using a total of 26 runs. The objective was
to sittt i j l ate potential secondary bond i ng cycle to establish conditions under
w h i c h  no si g n i f i c a n t  filamen t- m atrix reaction occurred to l ower mechanica l
properties. Monotape tensile results are shown in T a b l e s  4 and 5. The
va lues are l i s t e d  as a p e r c e n t ag e  of the a s - f a b r i c a t e d  t e n s i l e  s t r e n g t h
w h i c h  ranged from 19-210 ksi. Values are the average of two tests. While
the r e s u l t s  show some scatter , the following conclusions can be drawn :

I )  The 1100 matrix is r elativel y resis tant to f i l a n e n t - u r a t r i x
reactio n. Usin g the requirement of 8O~ s t r ength  r e t e n t  lot _ i
after exposure , degradation did not occur at 950 F/15 minutes.

2 )  The 1100/2024 hybrid is also re la ti v e l y stab le but does
underqo sortie loss of strength. The low strength at 950°F
i s due to some li q uid phase present in 2024 at this tempera-
ture , the so lidus temperature being 935°F.
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TABLE 4

RESIDUAL TENS I LE STRENGTH OF 8 M I L  BO RO N-1 100/2 024 ALUMINUM
MONOTAPES AFTE R THERMAL E X P O S U R E

(PERCENT OF AS-FABRICATE D STRENGTH )

Exposure Exposure Time (M inutes )
Temperature

(°F) 30 60 uo
950 56

925 8~ 77

900 81 84

875 79 9 1

850 76 80

825 100 83

800 95

15
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TABLE 5

RESIDUAL TENS I LE STRENGTH OF 8 MIL BORON/ 1IOO ALUMINUM
MONOTAPES AFTER THERMAL EXPOSURE
(PERCENT OF AS -FABRICATED STRENGTH)

Exposure Ex posu re  Time (Minutes)
Tempera ture

(°F) 30 60

950 78

925 69 86

900 78 83

875 95 9L~

850 97 97

825 98 93

800 83 91
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The effici ency of the rap id ai r - bonding process was measured by
tensile test in g and shear testing of the matrix—matrix bond . Test panels
were  made of t4- p l y unidirectionall y rein forced 8 mi l  b oron- IlOO arid
1100/2024 w i t h  a l l  monotapes tirade under coturmoni processing conditions of
850 F , 15 mul inute , 8 KS I . These conditions i-iere selected on the basis
of impact r e s i s t a n c e  and were based on results obta i ned on another orogranm .
Except  where noted , the monotapes were s i zed in t h i c k n e s s  to p rov ide  a 55
volum e percent rein forcet mme n t. After surface preparatio n , the monotapes
i-mere bonded together i n a i r at temperatures of 825 F-925 °F , times of 5—30
mi n u t e s , and pressures of 8—1 0 KSI. Typ ical microstructures are shown in
Fi gures 4 and 5. No evidence of oxide or contamination is present at the
air bonded interface.

The specimen used for d e t e r i u m i n a t  ion o~ in ter laminar  shear s t r e n g t h
was a double notch spec i men and is i l l u s t r a t e d  in Figure 6. The sp e cim ire n

was se lec ted s pec i f i c a l l y to force failure between ntonotape layers. As in
all  shear specimen confiqur ation s , the method has some lim itations. It is
known that  the s hea r s t r e s s  d i s t r i b u t i o n  is  not un i fo rm , r i s ing sharp ly
at  the notches . The spec imen a l s o  has a bending moment resulting front the
nonl inea r  load app i icd t ion . Finall y, there is at least  some s c a t t e r  due to
machining and testing procedure. In the fol 1 01-ding tabular data presenta-
t i on , for  i ns tance , the f i r s t  ari d dup l i ca te  soec imens were machined and
tested i n separate batches bu t the first speci tmi en i-la s alway s l owe r in stre n gth.

The r e s u l t i n g  da ta  should he regarded on a co mpa ra t i ve  rather  than on
an a b s o l u t e  bas is .  S pec i nmens 1-11 t h the d i s t a n c e  between notches increased
fro m 1/8° to 3/8 on pane ls  of 5. 6 bo ron-606l  a l uminum p rov ided  from ano ther
p rogra t -  produced shear s t r e n g t h  decreases  o f lOO ~~. The se l e c t i o n  of the
1/ 1+” d i s t ance  was c o n s e r v a t i v e  on t h i s  b a s i s .  A comparison hetween double
notch shear resu l t s  and shor t  bea r shea r under three po in t  l oading is shown
in Tab le  6. These da ta  were  o b t a i n e d  by shear t e s t inq an 8 p l y doub le
notch s Oec imen and subseque nt l y t e s t i n g  t he two ha lves of the spec i men so
tha t  the same so ec in ren  was t e s t e d  by both procedure- i . A gain the double notch
shear sp ec imen p rov ides  a l owe r , and , the re fo re , cot-t -, e r v a t i v e  shear strength.

T e n s i l e  and s h - a r  r e s u l t s  a re  sur’ru im a r i z e d  in Table 7 for 3 mi I boron—
11 00 alut r u in u nt . Uncorrected shear stre n gth values ranged from 2 - 5 .6  KS I
i - iu th the hiqher va lui .cs obtained at the hi gher bonding temperatures and
t i r e s .  Ten s ile s t r e n g t h  v a l u e s  were f rom 170-2 10 KSI and showed no system-
._ i tic v ariation w i t h  second a ry bonding p a r a m e t e r s .  Shear and t e n s i le
resul ts for the hybrid 8 t il l  horon -llOO/2O2 4 aluminum are shown in T a b l e  8.
Shear stren gt h levels t-jere hi g her than the 1100 al u m inun m matrix with a
value it 6-9.3 KS l being obt a ined, The tensile strength was generall y
higher than the 1100 m atrix specimens.

The shear stren gth va lues  obtained were below the 9 KSI handbook
va lue of th~- shear strength for annealed 1100 al u rrm in ijr , even when corrected
for speci m en geometry. The reason for the l ower stren g th was evident fron t
observations of the frac ture surface. The fai lore was tet w eet i the fi lam ent
rind r a t  r ix i nd i cat i ng tha t h i s  req on is  a weak Ii k in s h i a r  . The fri i Innt -
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t = panel thickness

Fi gure 6. Inter lam inar Shear Spec i men Used to Eva l uate Strength
of Air Bonded Interface.

20

- 
- 

.
. - . . -- .!:~~P



- -

TABLE 6

COMPARISON OF DOUBLE NOTCH AND
SHORT BEAM SHEAR STRENGTH

( 8 B — l l O O  Al uminum)

Double Short
Notch Beam

Specimen Shea r

Shea r Strength (KSI) 4,400 7,300

3, 750 7 ,300

6 ,53 0
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su face i ~. scher it i ~a II y i i  J u s t  a ted in r gu re 7 . Al  I monotapes were made
iii vacuum , w h i l e  tir e panels were nle in a ir. The dotted failure path is
be t e e  t he ‘~acu r l unded i Ja r -r ent i tr ix and then throug h the thin bridge
of V d CU UO bu r led r a t  r ix  r- ither than the ra t  r I x—-ia t r ix air bonded interface .

~iqures S and 9 i l l u s t r a t ’ - the shear failures obtained from the two systems .
In ru th ca~—c- s the failure is in the f i  lam e nt—11 00 aluminum i n t e r f a c e . I t  is
appare nt that the pr im i ry fabrication conditions emp loyed did not produce a
— tro ng filament -ma trix bond between the boron arid the 1100 a luminum. Scannin g
electron mi crographs of the boron -1100 a l um i nu m system shown in Fi gure 10
re ve a l the clean fi larrr ents after shear failure and the ducti l e fai lure of the
u a tr ix in between fi la m ents. The Jack of adhesion between filament and matrix

-~as also noted duri n q tensile testing of 8 m i l  boron -1l00 aluminum by the
presence of extensive filamen t pullout. The l ower strength of the 1100 matrix
compos i te cor rpa red to the hybrid lIOO /202LF composite is due to the filament
pullou t w h i c h  produces a composite strength close to the filament bundle strength.

Because the interf a ce between fi l amen t arid matrix appeared to be li m i t i n g
the shear s trenq th , several methods of i r r p r nv  i nq the bond were examined . A
[n a r y  sur~~acv p r e p a r a t io n  .-,as included in one case prior to monotape consoli-
dation. A second set r i  mo not a pes w as mide at 1000°F. For comparison , an
eiq ht -pl y — n e cim en was also fabri cated , lest results are shown in Table 9 for
panels -r ide at 87b°F , 15 m i n u t e s , 10 KS I . The improvement in strength in all
cases is app r e nt and t he  7-8 .5 KS I obtained with the 1000°F monotape is
p a r t i c u l a r l y  encourag ing co-raced to the 9 KS I slrear strength of the matrix.
Failure was s t i l l  at the ii l a r e n t - m n t n i x  interface but the improved adhes i on
of matrix Lu f i l a m e n t  i s  shown in Fiqure 11 . The tensile strength of the panels
is reduced on this seri es of experi m ents because the volume fraction was
reduced ~o ~O vo l ume percent. P r i r r o r y  fabr i catio n at 1000°F produced further
drop in tensile s tr err r r tf t of app io x i r r a r - -l y 10 percent.

To further evaluate the effect o~ primar y surface preparation and primary
fabrication temperature , ionotapes were pre pa red of 8 B—1 100 aluminum using
pri m ary ~d n r i c a t i r n  tt -i . p erature of 3hO~~ 950°F with and withou t primary surface
prep a ration. The - - o r i u t e p e s  or-re air - - , - r d e j into panels at 925°F . Shear
strength -P t 1 e— .e panels r-r -i ~erv l ur-r -- -i ti r m i  It i re taking p 1 ~ce at the
— ra tri x-- ~ut r i i- inte r f a ce. A duplicate set of panel s was made 1-11 th s i m i l a r
resul ’ s. P-~~ly si s f the f~~ c:ture cha -ec teri s t i cs indicates that these panels
1-Jr- re on t he  thin si ~e of ~‘ r - ~- d i -~l0r0i t tolerance and the thin cover skin did
i t  prov ide  s u t f i C i e n t  - ‘ u t e r i - i l  f or bond ing .  This effect has been more full y
docur t- r r ted in -ac uur b u d  i n C ~ - ‘r ~u~~t h~~r p -oqr ar and I’. not a resu It of air

- - r i
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Fi gure 8. Meta llograp hic Section Transverse to Shear Failure Surface
of A i r  Bonded 8 M u Boron-llOO /2024 Aluminum.
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Fi gure 9. Meta llograp hic Section Transverse to Shear Failure Surface
of Air Bonded 8 MM Boron-l lOO Aluminum.
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Fi gure 10. Shear Failure at Filament-Matrix Interface of 8 Mil Boron -llOO
Aluminum Air Bonded Panel.
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5 .6 KS 1 Shear Strengt h

::~
850°F Monotape Air Bonded at 875°
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1000°F Monotape Air Bonded at 875°F

Fi gure 1 1.  Scanning Electron Micrograp h of Shear Surface Illustrating
Correlation of Filament-Matrix Bond With Shear Strength.
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C . SCREEN CANDIDATE MATERIAL

The results of secondary bonding were rev i ewed and the following systems
and cond i tions selected for screening. No primary surface treatment was
employed .

8 n il boron- llOO aluminum ± 15 °

monotapes fabricated at 900°F 15 minutes 8 KSI
secondary bond in air at 925°F 15 min utes 10 KSI

8 n il boron-1 lOO/202L+ aluminum ±15°
monotapes fabricated at 850°F 15 minu tes 8 KSI
seco ndary bo nding in air at 910°F 15 mi nutes 10 KSI

The prel i m inary J-l Ol stress analysis indicated a nraximum i-equirement of
5-6 KSI shear stress under steady state conditions. The conditions selected
for seco ndary bonding we re , i n g e n e r a l , the h i ghes t t imes  a nd tempera tur es used
i n order to achieve this shea r strength. The 910°F temperature picked for the
hyb r i d was chosen so as to be 25°F below the so lidus of 2024 aluminum . The
p r i m a ry  fab rica tion temperature of the 1100 aluminum was increased from 850°F
to 900°F to insure adequate consolid ation and improve the filament-matrix bond.

A third system was also selected which was the 8 mil  boron-6061 aluminum
w hich employed the f o l l o w i n g  f a b r ic a t i o n  parameters :

8 mil  boron-6061 aluminum ±15°
monotapes f a b r i c a ted a t 850°F 15 m inu tes  8 KSI
secondary bonding in air at 900°F 15 minutes 10 KSI

Monotapes were not completel y conso l ida ted af ter p r i m a ry f ab r i c a t ion but the
pa nel was f u l l y  c o n s o l i d a ted af ter seconda ry fabrica tion . The 8 m u boron-6061
s-/ stem was included in the program because it is a widely used system with
i mpact properties reported from moderate to good . It was also considered
ben e f i c i a l  to demons t ra te the app l  i c a b i l i ty of a i r  bond i n g to a th i r d  a l l o y
m a t r i x .

A bri ef stud y w~ s als o made ofa modified hybrid construction. The
composite consisted of a monotape of 2024 aluminum sized just thick enoug h to
cove r the fila m ents. Wh en asse m b l e d  i n to pa ne l s , layers of 1100 al uminum were
added i n between the monotape as shown in Figure 12. The purpose  was to improve
the shear strength of the compos i te by surrounding the filament with 2024 while
providi ng layers of 1100 to add impact resistance. A single Charpy panel was
made of this material at 9l0°F/15 minutes /10 KSI

Panels from all fou r systems were fabricated by air bonding using a ±15
0

f i l a ment o r i en ta t i on and an 8 pl y thic kness for test panels and a 0.41 inch
thickness for the Charpy panels. The thicknesses of 1100 and 2024 in the hybrid
cons truction were adjusted to provide an equal thickness of each material ,
Representative microstructures are shown in Fi gures 12 and 13 . The clean bond
li ne for the 6061 and modified hybrid constructions is shown in Figure 14.
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Proper ties of the systems are s u r - r r - r un i zed  in Table 10. Tensile strength
was de termined from 1/4 inch w ide longitudinal and 1/2 inch wide transverse
spec imens  wi th a l u m i nu m tab s a d h e s i v e l y bonded at the grips. Both long i tu d i na l
and transverse tensile strength are highest in 6061 , then the 1100/2024 hy d r i d ,
and the 1100 matrix. Tensile failure was planar in the 6061 fractures , w h i l e
considerable filame nt pullout occurred in the 1100 matrix. The 1100/2024
hy brid showed some pullou t.

Shear s t reng th meas ur ed by t he d o u b l e  no tch sp ec i m en wa s i n the same
range for the ±15 filament orientation as in the previous unidirectional
panels. Fractograp hic observa tion also agreed with previous data in showing
a fila ment/matrix failure for the 1100 and 1100/2021+ hybrid. The 6061 gave
a hi gh shear s t reng th  and the f r a c t u r e , shown in Fi gure 15, d i d  not genera ll y
include filament/ matrix failure. The three point bending test gave hi gher shear
values than the notched specimens for all systems but the 6061 . Three poi nt
bend testing was used as an alternate method of measurin g int e r la m i n a r  shear
strength. Specimen size was 1/2 inch x 0.080 inch thickness w ith spans of
0.350 inch and 0.510 inch used on different ends of the same specimen. Shear
f a i l u r e  was j u d ged by e i ther  a s i gnificant deflection in the load-crosshead
curve , observation of specimen shear failure , or an audible failure without
observi ng flexur al fail ure . The shear strength of 1100 and 6061 was measured
using a deviation from linearity that ~-ia s very di f f i c u l t  to accuratel y measure .
The 1100/2024 hybr id  exh ib i ted a sh a rp i nflection with shear failure . The
load continued to increase in a l l  systems and the maximum point is taken as
the maximum flexure strength. This value is consistently hig her than the
tensile strength althoug h showing some scatt er.

Fa t i gue spec i mens were sectioned to 1 inch x 1+ inches x 0.080 nch with
a reduced section 5/8 inch 1-J ide bet~-ieen circular notches 5/32 inch in radius.
The end of the cantilever specimen w~ s clamped and the free end exc i ted
acoustica lly. Surface strain was mon i tored w ith strain gages. Fatigue test
results are listed in Table 10. The spec i rens wer e run x 106 cycles at one
stress level and the stress increased for another 5 x 10 b cycles u n t i l  failure
occurred . While the data show some scatter , f a i l u re i n f l e x u ra l  fa t i gue
c o r r e l a ted wi th the te n s i l e  s t ren gt h , the 1100/202 1+ hy brid and 6061 having the
hi ghes t f l e x u r a l fa t i gue strength and the 1100 l ower flexural fatigue strength.
The 6061 provided the hi ghes t torsional fatigue strength while the 1100/2024
h y b r i d  a nd the 1100 had l ower to r s i o n al  fa t i gue strength. Torsional fati gue
strength appears to correlate with interlaminar shear strength.

Resul ts of impact testing standard 0.391+ inch Charpy specimens are
su mm a r i z e d  i n  Tabl e 10 a n d f rac tured Ch ar py spec i me ns a r e shown i n  F i gure 16.
The 1100 spec imen which absorbed 1+7 ft-lb of energy exhibits gross specimen
defo rmation as well as filament pul l out. The modified 1100/2024 hybr id  was
the poorest of the group and was dropped From study at this point. The 6061
and 1100/2024 hy b r i d  h ave s l i ght indications of filament pullout. Scanning
elec tron microgrphs of the fractures are shot-in in Figures 17 and 18. The
filamen t pullout of the 1100 is again obvious. Tire 1100/20214 illustrates an
i nteresting mixed behavior in Fi gu re 18 where pullout of the 1100 occurs on
one half of the filament , the top of the micrograph , while the 2024 has adhered
very  s t rong ly  o ther  h a l f .
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TABLE 10 (continued)

MECHAN I CAL PROPERTIES OF CANDIDATE SYSTEMS

Room Temperature Fatigue

Mat r i x  Mode S t ress  Cyc les

1 1 00 1 Flex 45.3 437,000
1100 1 Flex 1453 Runou t

51.6 Runout
55. 4 1 ,386 ,253

1100 1 Torsional 20 Runout
25 Runout
30 1 ,903,200

1100/2024 1 Flex 1+5 Runout
50 Runout
55 Runou t
60.2 Runout
65.2 Runout
70.3 Runout
75.3 Runout
78.3 600,000

1100/2024 1 Flex 45 Runout
50 Runou t
55 Runou t
60 Runout
65 Runou t
70 Runout
75 1 ,200,000

1100/2021+ 1 Torsional 20 Runout
25 6 x 106 (failed)

1100/2024 1 Torsional 20 Runout
25 Runout
29 .5 3.9 x 10~

6061 1 Flex 45 Runout
50 Runout
55 Runou t
60 Runou t
65 Runout
70 19 2 ,223

6061 1 Flex 45 Runout
49.9 Runou t
54. 7 Runou t
59.6 Runout
6 14 . 1+ Runou t
69.3 Runou t
74.2 5 x iü 6

Runou t = 5 x 106 cycles. All stresses are sing le amplitude .
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TABLE 10 (cont inued)

MECHAN I CAL PROPERT ) ES OF CM-ID I DATE SYSTEMS

Room Temperatu re Fat igue

Mat r ix  Mode S t r e s s  Cyc les

6061 1 Torsio nal 20 Runout

25 Runout

30 Runout

35 Runout

40 Runou t
L~5 Runout

50 Runout

55 5 x lO

trO6l I Torsiona l 20 Runout

25 Runout

30 Runout

35 Runou t

1+0 Runout

45 1 ,0614 ,000
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Fi gure 15. Metal l ograp hic Section Transverse to Shear F a i l u r e  Su r fa ce
of A ir Bonded ~15 ° 8 M u Boron - 6061 A l u m inu r .
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8 M u B - 1100 Al 8 M i l  B - 1100/2021+

~+7 ft—lbs 11 .5 ft-lbs

8 Mil  B - 1100/202 1+ Al Mod i f ied  Hybr id 8 M u B - 6061 Al
7 f t — l b s  10 f t — l b s

Fi gure 16.  Charpy — ipi ct Spec imens of + 5 °  Air Bonded Composite Systems .
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B a l l i s t i c  irri pac t testing was per t o r i e d on the 1100 and 1100/2024 sy ste - r s.
The spec imen used is illustrated in F i g u r e  19 which simulates a roo t attoch-
ment blade l ike shape . The spec i men wo- ~ o r i g i n a l l y des i gne d to re a s u r e  the
effectiveness of various root wedqe ~nd sp lay qeorre tries as wel l as rn ~te i al
and processing variations, The specinen has since been found effective in
providing a treasure of resistance to so-called gross or structural da -uqc- .
Like most b a l l i s t i c  impact tes t s , n a i n t a i n i n g specimen geometry, projecti l e
velocity, and projectile energy constant w i l l  produce a ranking of r - ~~t e r i a 1
re-+istance to damage .

The ba l l i s t i c  i -rpac t testin g f a c i l i t y  is i l l u s t r a t e d  in Fi gure 20. ~~
syster c o n s i s t s  of a launch tube ope ra ted  by hel i um gas p re s s u r e , a RTV r t b t o -
projectile c- jh ich is carried by a styrofoam sabo t , and a ti m i n g  c i r c u i t
emp l oy ing photod i ode sensors. The projectile rrass t-ias abou t 5-1/4 -nra 
the two test ve l ocities used were nominall y 550 and 900 feet per second. The
test specimens were held at the roo t end and hit  3/4 inch fror-r the free e—e
w ith the projectile. The projectile mass and velocity dete rrr i ned the k i n e t i c
energy and it is assumed that al l  the energy is tr an l ferred during norria l
incidence impact. Impact energ ies were approximatel y 56 and 143 ft— ID for
the two tests. fe I oc i ties were measu red from F i r i ny pressure cal i L— r t  t ion
curves for this sequence of tests. Spec i mens were exarr i ned after test to
d e ter -m ine the extent of deformation , evidence of fracture or broken f i l j - nt s ,
and any unusual fracture or behavior characteristics of the air bonded m a terial .

Specinrens after test are shown in Fi gure 21 . Included for con rpar isun
are vacuum bonded specir- r er r s run under simil a r  but not identical conditions. ~~~
The degree of deformation in the 1100 is consistent w ith the -.-acuun bonded
:-ia t eria l . The 1100/2024 did not deform as much . Both speci n -en s under went a
gross or structural form of damage. Damage was confined pr i m a r i l y  to tHe

root area except for the 145 ft-lb 1100 specimen which also had sor e loca l
• deforr iation . On the basis of these tests , the air bonded or vacuum bonde n

material L/Q uId pro duce equivalent resistance to struc t1r ra l damage .
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L 

HEIGHT 311

________ 

WIDTH = 1”

_________ T H I C K N E S S =  .250”

_____ BORON-ALUM I NUM

“
I

—*

T I T A N I UM

F i gure 19. B a l l i s t i c  Impac t Test Spec i men.
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D . SYSTEM SELECTION

Sys tem se l ec t ion was based upon the ma te r i a l  w h i c h  wou l d  p r o v i d e  the
hi gh es t p rojec ted impac t proper t ies  w h i l e  mee t i n g  othe r des i gn req u i remen ts
of the blade. In examination of the Charpy impac t energy,  i n Table 10 , it
is apparent that the 8 mi l  boron- llOO aluminum system had the hi ghes t p e n d u l u m
impact resistance . While the actual stress , ve loc i ty , and dynam ic respo n se
p rod u ced by a bird impac t of a fan blade differ from the Charpy test , ma te r i a l s
wi th improved Charpy va l ues have provided improved wh i r l i n g  arm impact of
ac tual blades. (5) For this reason , the 8 mil boron— llOO system was selected
for m a terial evaluation . The longitudinal and transverse tensile strengt h
ar e adequate for the J— l Ol blade steady state stresses. The shear strength of
the 1100 sys tem may be be l ow the level required locall y al thoug h u se of the
measured double notch value in this regard is a conservative estimate.
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E.  MATERIAL EVALUAT I ON

Panels of ±15
0 
8 mil  boron-aluminum were prepared usin g the following

conditions:

monotape fabricated at 900°F 15 m inutes 8 KSl
secondary bond in air at 925°F 15 minutes 15 KS I

Panels were evaluated for elevated temper ature tensile , shear , bend strength ,
fatigue and room temperature sub-size imp act , room temperature modulus and
resistance to salt corrosion . The modulus measurements were made on specimens
sec t ioned f rom previ ou s pane ls .

Mec han ica l p ro~~ rtie s are summarized in Table 11 . The low longitudinal
tensile strength is the result of a shear failure in the grip. However ,
three point bend tests produced much hi gher values of strength than the
tensile tests. Extensive filament pullout was noted in both longitudinal
and transverse tensile tests. The l oad—deflection curves of the bend test
showed n o n — l i n e a r i t y  a lmost immedia te ly  so the presence of shear failure was
difficult to determine. Inter l aminar shear tests using the double notch
specimen were run at both room temperature and 350°F. While the shear strength
was low , it is interesting to note that the failure in flexure could reach
such a maximum stress withou t some evidence of a shear failure . Flexural and
torsional fatigue strengths were higher than the room temperature values , either
because of improved panel quality or an actual temperature effect.

Sub—size impact testing was performed using a specimen 0.4 inch x 2.16 inch
x 8 inch ply. This is the standard Charpy width with the thickness reduced and
the specimen unnotched . The specimen thickness is comparable to an actual fan
blade airfoil. In past work at TRW these specimens have worked well for material
or process rankin g but the specimen is sensitive to variations in size and
simply normalizin g for various sizes is difficult. The first two spec i mens
were from curren t panels while the second two were produce t earlier in the
program . The impact values are qui te hi gh.

Room temperature modulus measurements were performed with strain gaged
specimens. A long itudina l specimen of 1/1i inch width and a transverse specimen
of 1/2 inch width had strain gages attached to each side and wired to cancel
bend i ng moments. Specimens were step loaded in an Instron Tensile Tester and
strain gage read i ngs taken. Transverse resul ts are plotted in Figure 22. The
modulus was messured as 20.6 x 106 psi. The long itudinal results are p lotted
in Figure 23 and the modulus was 22.8 x 106 psi. The longitudinal m odulus was
l ower than anticipated .

Resistance to salt corrosion was deter m ined by salt spray testing. Tests
were run in accordance with ASTh specification 8-1 17 . Two types of tests were
emp l oyed . In the first case , duplicate tensile specimens ~-iere prepa red and one
exposed to the salt spray fro 168 hours. In the second case , a specimen was
examined before and after a 500 hour exposure .

No loss in tensile strength was obtained after the 168 hour salt exposure.
The wei ght gain of the spec i men expo4~d for 500 hours was 0.015 mg/mm2. The

50
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TABLE 11

PROPERTIES OF ±15° AIR BONDED 8 MIL B- 1100 Al

350°F Tensile Long itud i nal 40,600 gr i p shear failure
(psi) 38,600 gri p shear failure

Transverse 3,300
3,600
4,400

350°F 3 Point Bend 0.350’’ Span 61 ,000
(psi) 57,900

0.510” Span 58,242
50,9C0

inte ri’aminar Shea r RI 4,300
Double Notch Specimen 5,300

(psi)

350°F 2,200
2,500

Unnotched Thin RT 25.6 in-lb (71 ft— l b/ i n 2)
Pane l Charpy 23 in—lb (64 ft—lb/in 2)

RI 25 in -lb (69 ft-lb/in 2)
26.2 in—l b  (101 ft—lb/in 2)

Elastic Modulus RI Long itudinal 22.8 x io6
(psi) Transverse 20.9 x 106

Flexura l Fatigue 350°F 45 ks i Runou t
50 ksi Runout
55 ksi Runout ,~
60 ksi 2 x 10° cycle

350°F 51.6 ksi 306,000 cycle
- . 0

Tors ional Fatigue 350 F 20 Runout
25 Runout
30 Runout
35 Runou t
40 5 x 106 cycle

350°F 20 Runout
25 Runout
30 Runou t

631+ 5 x 10 cycle
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Fi gure 22. Transverse Stress-Strain Curve of Air Bonded l5° 8 mU B-I 100 A l
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Fi gure 23. Long i tud i na l Stress-Strain Curve of Air Bonded l5° 8 mil B 1 1 0 0  Al
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specimen appearance was s i m i l a r  to a piece of unre inforced alum i num exposed
during the same cycle. Some s a l t  r-n s s t i l l  adher ing to the s i d e  of the spec imen
in roughened areas where the fibers came to the surface which contributed to
the wei g ht gain.

While r-at er ial evaluation was limited to panel shapes in the present
program , TRW has applied air bondin g to more comp licated forms . Figure 24
illustrates diamond cross section panels fabricated to evaluate localized
ballistic impact resistance. This program was performed for NASA under a GE
subcontract. (6) Two J-101 fan blades fabricated under a NASA purchase order
and one under TRW I R&O are shown in Fi gure 25 arid a typ ica l n ricrostructure in
Figure 26. TRW is also current ly air bonding CF6 fan blades for a feas i b i l i t y
demonstration (6) and to produce blades for w h i r l  ing a r rr test. (7) Prototype
F—404 blades are also being fabricated for -rir i r l  ing arm test. (8)

51+
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F . PRELI M I NARY PROCESSING S P E C I F I C A T I O N

PRELI M INARY PROCESS IN G S P E C I F I C A T I ON

FOR

AIR BONDED BORON-ALUM I r’~UM

SCOPE

This specification presents preliminary requ irements for boron-aluminum
fabricated in a ir into panel and blade form from fully dense monotapes . Its
pur pr- ,e is to surrrmari ze the recommended processing for these materials.

1. 1 Classification

A. 145-55 volume percent boron -1100 aluminum alloy diffusion
bonded front nronotapes.

8. 45-55 volum e percent boron—2024/1100 alum i num alloy diffusion
bonded from rnonotapes .

C. 1+5—55 volume per . ent boron— 606l alumi num alloy diffusion
bonded from n)onotapes .

2. APPLICABLE DOCUMENTS

2.1 N-IS 14026 6061 sheet and p late

2.2 QQ-A-250 14E 20214 sheet and p late

3. REQ UIREMENTS

3 .1 Raw M aterials

3 .1 .1 Filament

The f i  la m ent shall have a minimum UTS of 1450 KS I and a
di airi et e r tolerance of ±0 .0001 inch for 5.6 mi l  and
0.0002 inch for 8 mi 1 .

3 .1.2 Foil

The foil shall conform to applicable AMS or QQ specification .
Foil  shall be clean of grease or vi s i b l e  stains. Thickness
to le rance sha l l  be ±0.0001 inch.  Preferred sta rting
thickness i s  2.3 mi ls  for 5.6 mmi i i fiber and 3.1 rmi ils for
8 m u fiber.

3.2 Morw ta pe

3 .2.1 M - n t ipe F a b r ic a t i o n

Monotapes sh a ll he f u ll y den-se diffusion bonded from foil.

58
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Monotape fabrication shall be performed at the lowest
temperature consistent /11 t h the intended applications.
Recommended is

Class A 900°F ±10
0 

15 minute 8 KS I
Class B 850°F ±100 15 minute 8 KS I
Class C 850°F ±100 15 minute 8 KS I

3.2.2 Monotape Requiremen ts

3.2.2.1 Gaps between filaments.

Gaps shal l not exceed 1/32 of an inch.

3.2.2 .2 Cross-over Filaments

Si n g l e o r m u l t i ple filament cross— over is not
permitted.

3.2 2.3 S u r f a c e  of Monotape

The s ur f a c e s h a l l  be c l e a n , smoo t h and  f ree of
c o n t a m i n a t i o n .

3 .2.2.14 Fiber A ]ign m ent

The angular tolerance of fibers shall be ±20.

3.2 .2.5 Consolidated Tape Quality

Ther e shall be no voids , de lamination , stray
f i b e r s , b roke n f i b e r s , or fore i gn r i a te rial that
degrade the mechanical properties.

3.2.2.6 Volume Fr -action

The volu m e fraction percent of the f i b e r  shall be
ma in ta m e d  with in ±2— 1/2/

3 .2.2.7 Formability

The buyer may establish a monotape formability
requ i rem ent.

3.2.2.8 Filament Spaci ng

The average filament spacing w i l l  be 6.9 m i l s
for 5 6  mi l  fiber and 9.6 m i l s  for 8 mU fiber.

3.2.2.9 Thickness Con t ro l

The final thicknes s shall be held to ±0.0001 inch.

59

-I -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

3 2.? . ir J O - n:mn i c h i i , - ) u

I i  ~-~~H1 -- ca t nb -c I smnn P. -J t)Ul’( 5 L y r e m r e  Ni n - a r - i
- - i ed as a so 1 u ion of I er r- r rJ  t-o I ~ 

-
~ 

y re n t-

3 C-: m 0 ‘_)r tt1 a~ e t ,~Ic 1 c 4  orn

- - - L- Iefl~

n on tn 5 ia n - c U m r a t U p  s - i i  - 
- - p \ ’~-n a

t ’eJto~- nrI  - -~~~r i h~ d in  i i-: ,-) P m t -n t  A pp i c a t i o n -  5tH

t . 3 . 2  b cnd i m ~ ;

a r t S  s~~~i —
~~ L-~~niJ n-i s / s  hot D m L - S S m f l C l  n a r m  w i t n

- r e n c n t e /  U i r ~~ Co~: 1 i n i q  ~h~~H mt -v j tbor -~~ l ~nid

a r o w ’  - -

3 ~~~ bonJ n-~ P i - - a m e t o r s  

d i n - n  pa -  ne on m 5 h01 I be m o - c o r n e d  by t t r  F i na ~ O~~~
1i  I —

c -j r  or,. ~~~am mr r - r - d , m i  are ,n~~e r - t  ion  - t o  not d i e s  a n- b ‘he

o~~i u - m r 1 -j - d r m- t  cv n I~ r-r t -  - r Ime c r c - p r s to- is at i rn pe rJ u r e .

- - - -
L r s ~ / \  ~z 5  F m Inu tes 12 ~5 i

tH:r s S B -~1 0 F  15 m i n u t es  10 K S i
p ~QQ~~F 15 n m m m r 1 1 L o S  t O  KS I

T Y C~~b i c O

M i- ~ n - C  - - pe ’IH - S

1, - eii~

-c p m c nens n i L~en f r c - r r t rmC c i ;  t -- n5, l 1 t c  cun- ~ Ic

of  ic m i s s i r 9  0. t,- r s H t m p rope r  t i e s  -p5 - 0 1 F - t s r  t I - c

sE~~~ i C a m  mr - -t H , i i , r m r  p a - c )  t 0n~~i I ~ 5 tren- t ~~r - -il I

C I a —  - I I 0 ,00 P
[t 150 .000
C io ) ,003

- U S i g e I- i m m t s  

I~ ~~ cmi -  a r- rent  U ~- x t r a c  -~ I - mmm i a r rn 5e~~t on- of

tie i i  r t  aH j v n : m a - 1 e  350 - I uT -

I - 3 S:nto-n

i m P  p~ opcr t m~ -c lma l 1 b~ a q r r c d  ~ 1- °n- b~ ve nd cmr

- - - U  U S  t i n - e r  -

r r sin - I I~t—

~ ~~~FO 1 0  t X )  f l - n t  cc th 11 ~tn n / s  r i m  € - V  m Pe CC ‘)f 5 nI f i L e t

- I - - I cc - n — — t m :  a I um ti n I I - t~~~ I I urn u rd  ii rca t r

0



U h r  U-  n il  i C I m isp em: t

U I t r a - , I r m i c s t - t i n ; i m r - t c  f o r -  i n - i s p a c t  sri .- - ~~ i- f
vem i dor min d m u :  ton1 ,cr. A ; n i t j - n l 5 1 ’rJS )m I a ~~
er ip I - v e r t  I i  t Ire e/m I t of i n-P Co I - - s  ~ ~

- - Cr

L1~~4 Ra di cr q r a p r ii c Ins pc - c r i c n

Rad i og r a ph ic  ir i s pt-c i  ion cnn,II t,~ n-t m M I - 5 f / ;~ -r

— - - ----

~

---—



G . PRELI tII NAR ~ CPCT -dIA LYS IS

B e r r o n / a l u m : n i - m u - ;  i s  ~o- si jp r e-d a vLi b lc ma t e r i a l  fo r bl a m e -  a p p l ica tion in
terms of b i r th pr - ope r t ies m - d  cost. As TRW i n t e r n a l  c o n m r n m i t  e n t s  g re - ms in t h i s
c a t e r i a l s  area cord as _-xte rna l fc- ’ mmf i mm g r-mus gained , c o r rsidcr mh ) e effort has
been e x m e -mm m i eu upon Cos t  a n a l y5 i s  of - - f t - ta  1 r a t  r ix corrrpo s I tes - In add it ion to
the present progm in - , time -se a m , ’ yses have been per m h nr - mmeii in support n-I a
Na t ion - al M i  tori 1 -, Ad-i n sn ’rv Board comm i tee on nrc ta I n-rat r i ~ COIit~ OS i tic S t u
justif y i nternal IR&D support of :-iet ah m a trix composite s , as contract require—
-e :m t s on various ex ternally un -d ed program s , and more recentl y, to qu ’cte

O r sna u c t ion ~~a i r I t ies of boromm /,t lum i nurm i fan blades I i n n -  an auvanced ei~ ne of
a maj or en’] i ne nn-l mm:/t act uric r . Major conc I us ions f n-on ; then - efforts are tha t
the use of fu 1 1 y con,ol ida te d  v n - i o t a p e ’ s offers advam itan es in On )’- t corP properties ,
that bar ri/a l u n ; n i n u r -m  co rmmpos i t e -  can be produced a t  a Lmost h a l f  t I ne cost of a
ti t a n i u m  blade , and most i n m m p o r t i m n t .  t m m i t  a i r  bondin -c offers s i t n i f i c a n t  savings.

It i h o u l d  be point ed out  that the B—A l  blades fabric ated to date- were not
produce . by a prod u ction proces s since no such f a c i l i t y  e xist s or B — A l  bl ad e s.
Therefore , iii project ing the cost of B—Al blades in production quanti t i e s  ari d
in order to - i - -sess its cost - m e t i t i v e m r e s s  n-m ith c u r r e n t )  -- m/ -enl blades or
va-  can pr Ices s i ng , cer ta ji m as surm p t ions must be n -madc - ba~,cd OM ti-b -ma~ or ‘ a c t o r s :
,i) - s l t e r i a i/ p r o cc s s  c i i a r a c t - r i s t i c s  e s t a b l i s h e d  i i i  t i r e la b o r a t o r y ,  an d b) p r i o r
n -x per  i o n - c e  in sca I i nq up fan b luan - ma L- n i a l / p r i n c e - c s  comb i ‘ma t ions fro m the
I an- n - ai r- ; to t ir e fa~~t c rv  fo r  product  ion vo lu - - me -  m a m m a l  a c t u r e - . The va lue  of fan
blade production e-xi r n-r ience and a w i d e l y  b i - 5ed kno r- r iem iq e of the turbine eng ine
blade bu s iness --rust ‘at be u nd e resti i n, ttemn . Wi t hout the- i d e n t i f i c a t i o n  of
t m n n s e  J s c u - : m p t i o r s ;r- -d p r i o r  expe r ience mr s c a l i m n u  up m a r l  b l ade  m a t e r i a l / p r o c e s s
c~ - -i, I r m a  t a rms - o re  c a m r c n o t  r - ve muc h  confidence in  the pro ee ted cost.

C o s t  sa - i r m 1 s  due t a i n - bormdi n g n i ve i ’ m ’  est i - n a t c -d by anal og y i-n i iii tn-a
product i on p noc e m~sn: :r r e-s em i I y u ccml  by TLJ - prec j s ion n v ~~s - no r m c a s t  i ng arid
m e - i t  t I c  t h O u  , T]] U has c- ~~t erm s i no and s o p h i s t  i c a t e n l  f a c i l i t i e s  or vacuum

cas t ing and mea t  t m e - a t i n n l  - -n l i i c i n  are  uc ’ - d t o  produce h i p h  t o l e r a n c e - t u r b ine
Co m pone nts  fron m r n i m h ’ - l  a - m d  cob - - I t  base s u p - - ra l l o y s .  F n -  g i v e n  pa r t  and i-~’ i t h
c o n s i d e r a b le l J t n r : - m , r t i m n  o f  I ; :  vacuum pr c rc c - ’ s  i n c i u d i r n i  va cuu mmm i n t e r l o c k s , i t
costs t m m r L - 1~~ is much in ’ ca se a p a r t  in v - ic uun ’ n  t i r m m m  in a i r .  fLu a lso  heat
t r e a t e r s in m s  t h va cu a  and a i r  ar id the r e lu  i ve  cos t o ’ va Cuu r m m n e at t r e a t c e n m t
i s 1 — 3 t. I . s heat t m - e a t  i n-p in a i r . Both  of t r n - s c  r xa rn p  I e — ,ire matu re  n- ide  1 y
-ised i m m d u - ~t r  ia I p r ’ n lmnn t  ian p rocesses  and i l u - t r a i t - t he l im o t m m d c  ~~I the
d i f f e r e n t i a l  cos t  t n  be expec ted  bet ~-~m - t: ’ m a i r  and vacuu m bond ing .

Time ef fe ct of such a rs ’u J ct ion art L n l , , c  ous t tv lit- e s t i  ited  by co im par i —
son w i t h  f - r b r l o u t  i our cos t~ 

- - of a typ  i cal b l i i , -  I a or  i ca t  eP liv bond i ny i n inert
atmosp here . Tire va ri i ’u c c o s t -  a s s o c i a t e -a w i t h  i n -  f ab r i ca t i o n  ot t y p i c a l  fan
1)1 aPes f ro m B—A l J i I i s  ion Im n m r nleil monotapes mue n c  ‘ n _ r ’ r m t  1 y a m a  1 yzed am i d presen ted
to the i iM ’IB Co rm r - n i t  ti _ i on M - -L, l M a t r i -  Co n- s pa s i t - - s .  Tn nc - i i - - I - p t . ions used in the
cos t j r i i l  ys is  arc  sun i r i zed m r  T a b l e  1 2.

A i r  b o n b i m - j  ; - J c ’ n u l d  n - c-d u ct- monota pe cos t , a s - einb l-/  Cost arid b lade  m o l d i n g
c o s t  - TIn - r I n o lpe r i-- ‘ m a t e r  a l -, a l a n - m e- I r a o t i i r m  n i l the e s t i m a t e d  b l a d e
n - c a s t  - f - c - ‘ i c r  l i m i t  f i r  t i re  : n m n n t , r p e -  cost at S25/Ib is p nii 1 ec t cd on t h e
b a s i s  ct t  i ans t—l :-no i ron-, p r i c e s  - t r iP  i n -  use of i re- A l  r L’r ~i’/TRW process of
r o l l  d i t f n j ~~ir ,n boo- imp in a i r . ( 1 )  A i r  bond i nm i r- nou ld f u r t i r e r  reduce the m o l d i n g
c a s t  to  5 5 / b l i l e  and lie h l r - t c  i - s - n m L n l y  cos t t o  S 8 / b l 5 m d e  cor-m p ar e -nm to v~,C/J u ml

bri m d u t y . t r r n -  c o - - i reduct ion in  ‘ m o l d i n g  co rd ass~- : -b ? y is due to  the e l  i m m : i m i , , t i o n
r~ l v a c u _ / n  I e r r  , u l i t  i (Ill -

f2
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TABLE 12

ASSUMPTIONS FOR B/AL BLADE COSTING

i .  $25/hou r was used for labor p lus overhead . This rela tively hi gh l abor
cos t also included normal amortization of fac i l i t i e s .

2. Ma terial and labor cos t elements were marked up by 20h G&A .

3. The blad e fabrication process is based on the use of (full y consolidated )
diffusion bonded monotape through a one—step hot pressure bonding
approach for the blade molding.

14 . Blade data:

length = 1 0 ;  chord i- ii dth = 2 . 5 1 1 ; thickness = 1/8 -1/14’’

avera ge a i r l o i l  pitc i m thickness = 0.187’’

average a i r f o i l  vo lmr me (0.187 x 2.5 x 10) = 14 . 7  in 3

B/Al a i r f o i l  i -5 e i i h t  (14.7 x 0.1) 0.147 lb

Ti a i r f i - i l  ,- n e i u h i  = 14.7 x 0.16 = 0.75 lb

5. Assu r-r e that actual reduction in a i r f o i l  volume due to chord tape r
is equi ’.’alen t to - - it e r i a l  -n aste .

6. Roo t blocks ,ire f ,bricated f ront Ti alloy powder by precision P/M forging.

7 . ~-1em ,iqes arc ni,ide fra nc t i t a n i u m  alloy . The desi gn is s i m - m i l a r  to Fi gure 19.

8. Stretch fo ed and p lated stainless leading ed ge i n s e r t s  are used .

9. Ply -pre lorm -m genera tion and blade assembly is done on mechanized equipment.

10. Blade m o l d i n g  by hot pressure bonding in inert a tmosphere (no vacuum) .
Bond ing  t ime  10 minutes for B/Al.

1 1 .  At time 10 ,000 b l a d e l ev e l , i t is assumed that the plant is producing a
to tal of 50,000 s i m i l a r  parts.
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1 . U L n -~E ST bi L GT1I REQIJ I LEIN EnIT S

s t ud i c r  mj - i n - uee nn lien-f l — - -~ . 1 to des t~~m , , I i n - -  t int - ripe rat im m y
st nrr5sc- , or t i e  J l]J l 3 — n  s i a r r e  I ~~~ b h , t n ni. cl/i l ne e n g i n e  -In ’s i gn po i n t
npn ’ n - , i t  rig cond 1 t i o n -~ m i d  d u r i ng  b i r d  c p u — i s .  Tin e re m - u ]  :s of  th ric e - ‘udie ,
rma~ c ‘ae~ - r cor num e m  n-- i  t i m m a t e r i a l  St n- np -a m Pat, cr ’ta mn eu roe te s t S e c i n m e n s

t o  , r sc e m  la i n  OII I C H  l u m e n - i a ]  ca~:u d a t e s  bes t - i — ~~~~~’ t i n e  P 10 1  f~~n b l a de
51  r v m m & j t d  t og-u i r -c m menl t s -

J i O l ic ing me ~,y S err is  an acl anced , h i m  t i n ru i t tu  - n e - g i s t  de si gn u~ l iii

~u Jn -rsoi i c  - ~nc - r a t n  pin t I capab i I i cy . I ncorpora l ion of B — I I s C:- it i b lv i-j i ti m

t o  ii gmr fjri in - I  nt tenrmce r a t u  me requ i rewa rm ts of th  I s app I i c a t i o n  - A d d  I t i o’~a I b y ,
t he i s ic  - i f B — A l  arm b l a  es w i l l  f u r the r  j i r r i r ove n  the e n g i n e  t h r u s t  to ~- n - m m l i i
m i t  ha. c- i_- I  ec t  iou of the first stage fan bl sa d c - i n mcm a n- pnm r a te c 1 i ghm w-o’ I
cnn- r pm- s i to , n -bc -re t i nc  max in c ur-n n -ic- i ght reduction exists , 113 pounds for Lie J 101
Je~~i q: m . Fi gures  28 ami d 29 compare a t i t a n i u m  and B- A l  b l ade , r e s p e c t iv i - I f .

NO] MAL Ob ’LRA T ION ANALYSIS

Ti ne p u r p o s e  of t h i s  a na l y t i c a l s t ud y w as to i d e n t i f y  the b n n r o n / a l u n i n r ’
n -n a t a r  m a )  s t m c ’ m i q t l r  req- u i  re’-renn ts i~or the J I O 1  b lade  no mnn ma l opera ii nu cond i t i c m m m s  -

Four t l n n c e — d  I e ;n’Joc,n b firm i to c-le n ien t ana l yses ( T~~f - tb ’ ) ocr -c run to d e ter m ine
t n i c -  b : n - m ’ ac - rom m ech an i ca l sta b i I I ty c: a rac t e r i  s t i  cs a m md s t r e s s e s  as a I u m ~Ct  omi
o m jon-On f L u- s en t o r i e m c t a t i o n .

~~~ mo och

T: ie TniM I’ tic ree—d i rn-ens i nina I f i r m i te el em em i t com puter  prop mu m d c  used to
c a l c u l a t e  b la d e n ,n t ur al frequencies , s t e a dy s t a t e  an d a l t c n ’ m a t i i n q  ~t r e s s c s .
Four runs cic re undo , i so  ru th eac h b o r o n  f i la n:i ent orienta l ion . T m n c s e ’  o u t p u ts
i-ierm- t h e n  uin c- d to d c - t e r n - i  I m e that I, t h  des io ns  have a c c e p t a b le  en’  anc-c hanf ta  I
s ta b i l i t y  c n c - c r a c t e r l s t i c s .  Nex t , c a l c u l at e d  s t e a d  s t a t e  and a l  t e r r -’ a t i n g
term s i Ic s t rosse:, - - - r  in us ed to cons i m a c t  a Goodman d i ag ram , from - -ui ich f a c t o r s
Cr ; u n e r - o re  es ti m m m a t o a  and m a t e r i a l  d e s i g n  s t r e s s e s  p~ c d i c t e -  These v a l u e s

nero ~-m mmmp ar c d i-i l t in r c a t e r i  a I  s ] c c c  i n n - n: t e s t  r e s u l t s  o b t a i n e d  f n n r  s e v e r a l  b~~A l
cnc : h p a ’ i t c  n - r a L n:-m i a b ~~. Fi gu re  3 0 s c h e r - m a t i c a l l y  shov is t n :e approac n- used ‘ s t h i s
ta - ,;-..

ii 01 F in - Gb - isl e Cc ommme try

T a b l e  13 s u - m r r m r a r i z e s  and compares t h e  J IO1 B — A l  s tage 1 f , i ; m  b l a d e  : n e o n :e t r i c
c ha r a c L e r i ’ ,t cs e n  t h those of i t’  t i t a n i n i n c  countl i~l~~r t .  Not e tha t  t ime B—A l
hi cdt-  - - -i_ t r y  i s  i de n t i cal In th at of the Ii tan i urn b lade  i_- i c~ - n m t  the m i d — s e a n ’
Si m n-ouj he- ~ :rce -m b t i im inated .  rn - el i n m i inam y des i gn e f f o r t s  had bee n done on t I c

N bA/i SCAR ; : r o p r a n n ( 9 )  to del inc ti me b l a d e  prel imi nary d e s i gn . T I re b l a d e  n;cmnmn e i r y
- i -  C onStant d u r i n g  a l l  s t u d i e s  ,c r fo r- : m c ’ -n d u r i ng  t h i s  prog ram .

I’

t - , t e r i a l  proper ] cv b - m e r e  c a l c u l a t e d  for t n - n  r i m a t e r i o l  d e s i g n s ;  i . e . , 8 ni l I
d i in - enter boron sh  I Ibm a ± 1  50 or i en tal  ion and 8 mi I d i~ i- mn ter bo ron - il t in a 00/200

or i e - r : t a t i o n . The tr/o I i l d m : r e ~m i t  O r i n - n t n t i c - n -  i n - g l e n s  i-none s e l e c t e d  on the bas k  cmi

preliminar y acmmc col n a nical -~L a b i l i t y  c a lcul a tio ns and impact  r e s i s t a n c e  rn - t i l t s
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Figure 2c. J IO l Strige I ‘~‘- i r Bond~ d Boron/Aluminum Fan Blade
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A CA E 13

BLADE SUMMARY , J lOl STAGE 1 FAN BLADE

Present Compos ite
Para meter Met al Blade Blade

N
b 

No. of Blade 32 32

Ma terials 6-14 Ti B/Al

Temperature ,~~F 175 175

C0 
3.52 3,52

C
t 

3-60 3.60

TM/Co 
0.068 o.068

TM/CT 
0.025 0.025

Solidity 2.62 2. 62

Sol id it y
~ 

1 .14Q 1 .140

R
t 
(Inlet) 13.1 6 I 3 .l 6

R/R (Inlet) 0.145 0 14 5

18 .72 18.72

60 .89 60.89
1. 0914 1 .50

80 
99.7 99.7

pS
t 2.93 2.93

M id—Span Location 5O~_ f In  Mid-Span

C = Chord at root , inches

TM/CT 
= A i r f o i l  m aximum thickness/chord at t i p ,  d i m e n s i o n l e s s

R = Radius at tip, inches

R/R = A i r f o i l  root r a d i u s / t i p  r a d i u s , di mensionless

= A i r f o i l  s tagger  ang le from tangential , degrees

= Ti p un t wis t , degrees

8 = A i r f o i l  ca m ber , deg rees

Subs c r i pt

o • roo t
I = tip
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obtai n ed on the SCAR program which indicated these two orientations had good
Charpy impac t strength.

Table 114 summarizes the B-Al material ph ysica l properties of the 57 percen t
volume fraction B-Al materia l used in tile analysis. Note that , for the two
f’ilam ent oni en t ations , the modulus of elasticity and Poisson ’ s ratio s are quite
sin m m i lar . Further , there is very li t t l e  change in properties due to temperature.
The largest change due to temperature is in the shear modulus (0). Fi gures 31
and 32 shorn , for the tw o orientations , time effective three—dimensional material
properties used in the reg ion of the blade which is nickel plated. These data
are show n as a f unc t i on  of the thickness of the combined material.

Des i gn Point Operating Conditions

The J i O l en g ine specifications were used to define the desi gn point
operating conditions as summarized be l ow.

Condition RPM Temperature (°F)

Hot Day Takeoff 13, 266 175
lax. Steady State Operation 13,935 350
Max. Desi gn Over speed 114 ,215 350
Burst Speed 16 ,31+5 Room Tempera tu re

Tire blade m u s t  be desi gned to have i n f i n i t e  l i f e  (lO ~ cycles) at the
mrraxirnun n s tead y s t a t e  o p e r a t i n g  condition . The maximu m desi gn oven-speed and
burst conditions represent low cycle requ i remen ts.

For this progr an-n , the TAMP ana l yses were perform -ed at tiie hot takeoff
condition for two rotor speeds , zero and 13, 266 rpm . S t r e s s e s  at  o ther  condi-
tions were scaled from the TAMP results.

Anal ytical Model

Fi gure 33 shows the three—dimensional finite element (TAMP) model of the
J iO l  B-Al  b lade , us ing one e lement  throug h t he b lade thickness. TAMP is a
n i ultipurpose finite e le m e n t  computer program capable of calculating the steady
state stresses and l owest forty natura l modes of vibration of composite blades.

The progr dmm utilizes an ei ght-noded isopara m etric box element , shown inn
Fi gure 31+ , of pra c t i - u l l y  any sirape . This is a nonconstant strain element with
33 degrees of freedom (21+ internal to ,minimize strain energy) . The present
modeling limits provide up to 900 nodal points , 580 elements , and 10 different
materials. The program accounts for the inertial forces of r o t a t i o n  and v i b r a t i o n .
Therma l stresses can also be computed . The root can be restrai m med by both
friction and springs. Distributed pressures or point forces carl be applied as
externa l loads to the structure .

The nia teri al property inpu t to tine program consists of the bulk elastic
properties , including different model i in them radial , chord e-n ise and thickness
d i r e c t i o n s ;  d i f f e r e n t  Poisson ’ s ra t !os  between t i ne - c t h ree - d i r e c t i o n s ;  and
different shear -mo dult between these three directions. Thus , nine constants are
used to describe tire e l a s t i c  p roper t ies  of time m a t e r i a l s .
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A recerm t n n n o d i l i c a L i o n  to the t h r e e — d i m n e n : s i o n a l  f i n i t e  ~ l e m ic .-mi t com puter
pr ogr ar-m all,r ~-.- n time output to be p laced on fi l e  for later use in a genera l
purpo me plotting routine. Tire u-~ n of tine plotter alloos n - t re- -ses and n - n e l lection s
to be p lotted in contours for both concave and convex blade surfaces.

Arm al ytic al Results

Ac ro; n e c h a n i c a l  S t a b i l i t y

Tine f i r s t  f o r t y  r n a t u r a l  f r e q u e n c i e s  of the blade were deter m nined for each
f i l a m e n t  o r i e n t a tio n . Tire calculated n-edo . pat tnr n s (points n it zero d e f l e c t i o n
on tire blade) at each of the se frequermci e -s c/eric obtained . The fir s t  four n- n ude- -.
a r e  i d em mt n fi eJ as tine f I rs t and se corm d f lexu ra 1 , time f i r s t tors i ona 1 and the
t n n i r d  I l n c x u r a l .  Time hi g imer o rders  a re  c r e n e r a l l y c nnr ’ rp lex , coup led code s n : i thou t
specific identification . Tinese hig in er order nimodes are not used to stud y t n - n

blade s t a u i l i y characteristics , but are used later in t Ire i n /m n - c t a mma l y sis.

The firs t timree J I Ol B—Al blade frequ encies of interest for bl a de s tu ! , i  I i
c h a r a c t e r i s t i c s  are ind i cated on tin e C a nmpbel l diagra m , Fi g u r e  35. Tine c a l c u l a t e c
firs : flexura l frequency is n -b un t l~ be low  t i n i c  o b j e c t i v e . B l a c n - - s f a b r i c - i t . a n _ n
ten, tee- in tmn e hAS/i SCAR progra m had an average - - l ease  red static I i c _ s  t lexur al
frequency abou t 2- above the objectiv e . Tim e calculated second I lnc ~~~ma l natural
n rt-uu ency has good sep~irat ion frorm tire first torsional n-n o d e and n - I n n _ n -, not  c r o s s
n - m y  s i g n  i f  i cant exc I tat ion I i nes u-u i in the cn n -n i no oper ating r , in n/ c  -

The f i r s t  t o rs  iona l  f r equ e ncy  of  the J l O l  B—il l b l n - u t~ has , n.sn - m u a t e  n-n an - ms i n
- ver  t he 6 / rev  e x c i t a t i o n  a t  the eng ine de s i gn po i n t .  Fur t’ n e  r ” n n - -  , t m e  J lO l
B — - I blade f i rs t t o r s i o n a l  I requenc ic’ s a re  e s s e n t i a l  l y t i n e  sn - I nn ’  as time t i t~~ in
blade which it replaces.

Tim 18 inlet n m uide vane- s amid 68 f i r s t  s tage s t a t o r  vanes  produce a
3980 cps and a 15035 cps s t i m u l i  , respectively. T inese exc i t a t  ions are  -- me l 1
c _ nj t  ol t i n -’ area m l  c once rn .

I n s t a b i l i t y  prediction techni ques have been developed throu m t n n - rn i n t e ’-
gm — t on of am mal ytica l te- ci nniques and n - - i mm u ne test d a tn . Cert a in g u i - n m -  l i n e n ,  have
n e c - n es tab I i sn n c - J for p red i c t i ng flu tter by n-nlm a I is known as t ime reduc e_ n n--c I oc i t

p a r a r m o t e r d e f i n e d  as fo l  In - nm-in, :

VV
R 

= —~-- , where

V relative air veloc i ty (ft/sec) at 87-’ spam i

b = chord/2 (ft) at 87 span

- = fi rst torsio n al frequen icy (r ,rd/scc)

A plot of V/b. versus inciden ce ang le for the J i Ol Stage 1 fan blade is
shown in Fi gure 36. Suit  icient stabi l ity marg in exists for inlet d istortion m m d
t or tile c~ p ab i l ity of sustaining rep e -m nt n --d s t a l l s  throug hout time J I O l operating
c_ c n n ,- .

76
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l c n - - , , .  Si , n -  5 ’  ~~~~~~~

- l  t n~Ji y S. I n -  I i n - s n ,  , n n n -  I y n~ i s  n i t  t I nt -  J 10 1 S tapi r I B — A l  fan  blade was
a m .  o L I , i ji n n - ,m ronmn Inn -- f i n i t e  c_- n n - - - - ’ - ’ t (T,,MP co m mmputer proq n , n nn . T n--u n- u d na ! y s c _ s

‘c c _ f u n  e l , m m m c  ri ch f r i  iu ,~ L I  
~~11

j  !d’n -n -m - - and the [0/20 0] , r ym s p , a t  the hot
cut I cnn m dif trn, m S  ,m nn t 1 /i0~ u n - n e d  sine.1 O n 13, ?6i~ rp’- . B i m t l n  of these- ~- I - -~-s n - mt I I .0_n ~I Lu’e —~~i e 0 I , n -ln - o , ’ n e  try a d t i n e mater  i a I pm ni -c t -; n-- il i at ru n ’ s

c n n - - ~~- n 1 I - Ti i c-,n I t I n i l ci n cu I a ted s i c _ n - s n ,  d i St I I n~ t I (l um s - n - - n e  un - - a r  1 y ident i cal
- t m- .- S i n - S r  ~m - u ’ i i ; . i :~~s of I n c  ~U5

0
] Ioy .n i/  n - n u n  approx i r nat e i , 3 i n i p m n e r  than

- me ,‘; ‘ -_n j I n-vu  p - C n n  - c - ~ u,e mn L I I , on l y  inn - - St m n--s s d st r i — n - I  n - nm - - ‘ roimn t n m [± 1  5
0
]

y sis ,nme p - t en t n-nn .

s n n ;~m s t u t n  Sn I n- -n,n, n - I n ,  t t i b - u t i n- ins in m n-- J 1 0 1  B—Al / Lu -- , i r ’e n, t , u n-n t .  in

~ l ,u n c s  37 t I I l ) u l i . - -  r i m  I - ’  I t i le  S t m n:Ss -.ln n p n n n e I t~ a re  n - , t  G uos s ia n  n- u s n - s d r a i u i e

fn n - h l ’ 1 4  ‘ n d  n -’~ I n - u n - i C ’  1 I n r 0 x i - ~~n L e l y m a i m - n - v  bet n ,en ’i ’ t I n-- c e n t e r l i n e  and the
c _ f , : , - Tm, n ’ , n - n . - .-- r u .t ,ri I e nm s i i  e stress (‘3

) i s 55 , 300 ps , loc ut c-n at 35-
n,pa’ ’ . cc - I i u . l n , n -~ I . -n -~ -~ n. J In  n - i  c _ m n - n i l  t in i c k n ~e Ss , in nnl on thc /_ n n m m v C X  s u r f a c e .
155 , : 1 - Sn - n i n - I  I m n i li,: S i n e n - O r ’ uf 8 i n !  be n - on uu i tim a [~~l5

0] o r i e n t a t i o n  i s  e n - t i r n~~ted
i 7.5)00 1~,i ,, - - i c _ ’  :, ,, ,p

~~
n -  r. i  - n - i n - s l y L r n c _ n  ti m /e s p r-n -Ic r t i n/ i l ,  L — e  n n a x i m m n u n r l

nn -m -Ji ,i I ‘,t v -n - s

I n c  - - .11 nn , s c _ - n i n - n l d s e n  e mm n - , , r n . l ~~e n t e _ n l n - n , i n n , m n  S ’ i C , n ,  S t - n - n - S  I ) c i 1780 ~4i
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h iq h  stress of 1 1 4 ,713 psi also exists at abou t 70~ span as shown in Figure 1~9.
The radial shear stress (r23) for the first torsiona l mode , Fi gure 50,
indicates a C dX I I I 1 U C C  stress of 7,900 psi at about 60~ at the airfoil l eading
edqe .

Stress Summary

As inl ic o ted previousl y, a l l  of the TAMP fini te elem ent results present
Gaussia n stresses approximately halfway between the center and the surface
ca 1cu l~~ted at t.iLeoff conditions and a rated rotor speed of 13, 266 rpm . The
‘i~ ximurn surface stresses were calculated by assumin g a linear stress distri-
bution across the thickness of the blade . The adjusted maximum surface
s t resses a r e  70,500 psi radial and 15,000 psi chordwise . By increasing the
steady state operating stress on the Goodman dia gram , the allowable vibratory
stresses must be decreased . A summary of these adjusted stress levels is
presented in Table 15.

I t was also desirable to obtain stresses at all four of the des i gn point
operating condit ions. Th e additiona l three conditions would have required
five more finite element analyses (vibratory stresses are not required for
overspeed and burst conditions) , but this was beyond the scope of this program.
Ifowever , a reasonable ap rr- xi rn at ion can be obtained by scaling the stresses up
in proportion to the rotor speed increase and down in proportion to the modulus
of elasticity decrease. These scaled stresses are also presented in Table 15 .
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I. BIRD IMPACT A NALYSIS

The purpose of this stud y was to determine analyticall y the blade dynamic
impact response for vari ous bird impact conditions. The approach taken was to
es timate the most severe bird impact conditions for the JiO l B-Al stage 1 fan
blade. Using these severe conditions , four cases were identified which would
identif y stress and deflection as a function of bird size , incidence angle and
relative velocity .

J l0l Bird I mpact Characteristics

The J lOl engine has inlet guide vanes (IGV ’ s) upstream of the first stage
fan blades. The trailing edge of the IGV ’ s is approximately 0.5 inch upstream
of the l eading ed ge of the fan blade. Fi gure 51 shows a front view of the
I G V ’s and the largest diameter bird that can pass throug h the IGV ’ s. At the
root , adjacent to the sp inner , the largest bird that can nass throug h is 6.5
ounces. At the mid-span and 70~ span , the bird sizes which can pass throug h
are 16 ounces and 25 ounces , respectively.

Usi ng the bird sizes identified , the bird -bl ade impact conditio ns were
calculated at the 17 ’ , 50~ and 70/ blade hei gh ts as a function ot aircraft
veloc i ty . Figure 52 schem atica ll y shows the top view of the blade and the bird
velocity vectors. It was assumed that the bird axial veloc i ty was equa l to
the aircraft velocity and the maximum bird slice would be taken by the blade.
The bird was assumed to be an ellipsoid sh ided perpendicular to its major axis;
the slice is taken from the center of the bird . Fi gure 53 shows the number of
blades that could be impacted by various size birds at the 70/ span location .
In the ana l ysis presented herein , the largest wei ght sliced perpendicu lar to
the major axis is being considered .

Fi gure 51t shows the largest bird slice wei gh t as a function of b ird wei ght
and Jl01 aircraft ve l ocity. Also shown are the radii of the birds. Figure 55
shows the bird-blade i m pact parameters ; i.e., bird slice wei ght (Ws ) ,  relative
veloc i ty (VR), i ncidence ang l e  ( - ) ,  and b i r d  s l i c e  th i c k ness to d i a me ter r a t io
(t5/D 5) as a func tion of aircraft veloc i ty for a 25 ounce bird impacting the
JIOl blade at the 70’ span location . These para meters were used to calculate
the change in bird slice momentum normal to the airfoil at the impact span and
t h e change in bird slice kinetic energy as a function of aircraft velocity for
the 1 7 ,  50:~ and 70’ blade span hei ghts. These calculations are summarized in
Fi gures 56 and 57, respectivel y. Note that the peak magnitude of the change
in mom entum (Mn) is hi g h for all three span locations , howeve r , the peak occurs
at different aircraft speeds. The change in bird slice kinetic energy (K) has
si m i l a r  charac teristics , bu t its peaks occur at different aircraft ve l ocities
than the tin . Conditio ns anal yzed are summarized in Table 16 and Fi gure 58.

I t has been found in QCSEE blade studies that measured blade impact
stresses correlated w ith changes in bird slice kinetic energy. Since the
prese nt effort addresses the calculation of blade i mpact transient stresses
and def lections , a .K correlation w i l l  also be used .
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TABLE 1 6

IMPACT CONDITIONS SELECTED FOR
tW NAMIC IMP ACT ANALYSIS

V Span V a W W AK D T / D
Case p R b S S S S

No. ( f t / sec )  (0/0) ( f t/sec )  (°) (oz) (oz) ( f t — I b )  ( i n . )

1 325 70 1321 22. 5 4 .74 182 2 .14 .25

2 325 70 1321 22.5 16 1.86 458 3 .4 .156

3 325 70 1321 22. 5 25 2.82 695 3 .94 .134

55 70 1281 34 .2 16 .36 182 3.4 .027
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TAMP Impact Anal y s i s

The bird impul se ac t ing  on the blade is a c r i t i c a l  Cum / - , i d / S i d t i u m iii the
impac t ana l ysis. Investi gations have indic aie .I that a i ca l bird bcha ed like
a f l u id  body when impacted by a blade. The pressu re , con t~ /t a re a and forces
resu l t ing from a fluid bird were calcula ted as a furu tion of impa ct duration .
The required parameters were then deter m ined f i  inp ut into the nonlinear
dampened spring, lump mass s’,stem in the TAMP f i n i te el eim ient c om p u t e r  program
to simulate the force—time ch aract er isti C.s of the fluid bird.

Two cases considered a 0.9 ounce sli c e tress ,i  ~.0 ( 5 / I / I C C  b i m 5 l  a m d  a 3 5
ounce s 1 ice f rom a 25.0 ounce b i r51 b oth imp ic t i ng t i l e  blade 5~t 15e span wi th
a bird veloc i ty of 400 ft/sec . The flu i d  bird inip i n m i n : )  in the blade , shown
in Figure 59, is a cylindrica l slice. ihts r e s ul t I r i t i lC1 ,SUiC on the blade is.

— determined by the equation :
1 2

p = 
~~
.

where
p = pres sure on b lade , I / / li
p = bir d density, lb /f t 3
g = gravit a t i onal constant , IL/ st. c

= v e l o c i ty  bird norma l to b ]udC- , ft/sec

The calculated pressure is constam t FL/ i the I I p J C  t dum at i 05  arid independen t
of the bird and slice sizes. An adjus tcJ p C s s m m I L s - - t i : c  cu rve  sma s ob ta i n e d  by
selecting a profile f r o m  1 it era t mi re deLa (l0) and by se t t i n g  time area under the
calculated curve equal to the I1,reO under this adjust ed curve sho -iim i n Fi gure 60.
The area of the bird in c u l m t a c t  -ii Iii the bl/sdC - f:rr the d i i ~~t ion  of the impact
was calcu lated . The iii rd force act i m g on l ime b l 5 i ~ Irm - then detern i i ned from
the pressures and contact ame a .

The TAMP ana lys is ‘ s s m r m c  s. t hi  t I c b i r~i s 1 ice is a 1 t m m m p  m O S S c.~ - mm mcc ted to
the blade by a nonlinear d ir -p i mm i er i:l o spr i / J  aS  I C  Iic jtcIl m m Fi p ure 61. This
System provides a time dep emmde it t / ) m C c  iunct CS s- -h ic h tm i”er ses [he blade chord
along a line of nodal points at i spc~_ i f i e - i  r e l i t i s e  1/eloc i ty .

A tota l of twelve tr an s i em i t i I I iL . t L , SL i  ~ e m c  run om i IS/ C 1/\m lP anal~~sis w ith
a matrix of various coefficients of Cl immlp en i n g m d  sprinq constants. The impact
forces as a function of t Ine for I I -  lcp t erh s.’s tpm;i~~~~’ ~~~~~~~~ a re  / 0 / p a r e d  to
the results of tile fluid bird analysi s in Fiq //m ~

s 62. The S-I l  / s 1  un d er the tr-m ~
curves is approx i matel y equal alt h oug h the pro t i es arp di ffc rcn t . The
differences in the curves are due to tire rig id ilasic C / s S U / / I / l  i n  S I / C  f l u i d  bi r d
model and the elastic bl~~JC~ C ISS i ’ IL//5 j in the I AfIP mm - id . A l  su , t hr - ti nt ire
bi rd slice mass is concent i j ted in t i c  TAMP I / / / / / I t  I I-/lmt ~ rC-a-; S I C  flu i 5I bird 510/1(5 1

considers a variable slice iIm dss ,iS tire b li/ I C C u t s  t I / i C m m L j )i  [lie bird.

The results of the bi r d—b l I IC’ i n t e r I l t i / I m  S t / I  l y S C l / .i -jsed to / / I m t a i n
transient impact results for a 3.0 and a 25 C m c  C hi II i n j m  t i t  75 ’ ~ St / / l i  of
the JIO l stage I B—A l fan I/ I l / I C . . The ~1hm l , m t e s . d h / m ~- s of thu stresses c a lcCrld ~ L -/1
using the dynam ic I imS ~~IIL.t m n i l y m5es. are riot s i g ni fj c ,~ i t dmiC to th i , 1-iTi def l ection
e lastic materia l a s summ ipti r n i iimc ~/ i p o r , I t c l  i n  t h e  p 1 1 . 5 :  m m . Ii. - ., v~ r , it t i / C S

y ield useful ini f o rnma t iois oi th i L O l l/ i  ( I I  f l / C- i , ml ativ t ~m t t e d s et h i t  ( u / C O t  impac t
parameters.
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VB Bird VT Blade Tangential
Velocity Velocity

Bird Slice

B ir d  Slice

‘

~~~~

‘I
Bird  C o n t a c t  A r e a

Fi gu re 59. Fluid Bird Inrpingemeiit on Bladc .
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Time d yn ammmic im pa c t  anal y s  is is a subroutine of TAMP s u m  i cli uses t i l l

im mfl uen c e coefficiem it s deternmined in t i re  Frequency amid s t e a d y s t a t e  S t r e s s
a na lysis case. The TAMP f i n i t e  element pro gra m s is l i m r m i t e d  to an e lastic
analysis based on smmma ll deflection theory. This ana l ysis assumed the bLue
was fixed at the centerline of the dovetail pressure ‘ ace.

This anal ysis also assumed that the bird slice s-mi s a sing le concentrated
mass traversing along one chord line or sm i pe lin e . 14 Time results of the 3.0
ounce star l ing impact case showed the local and roo t stresses to be very hi g hs;
i.e., in tire 150 ,000 psi range. The very h i g h  root stresses were not of major
concern because the sw in g roo t feature had not been incorporated into the
nm ode l . hioi-u ever , the local Stress appeared high. S i m i l a r  d yna lm m ic ana l y s i s
pe r fo rmed  on the QCSEE and F103 fan blades. s-ins reviewed in an attempt to
determine what nay be s-urong s m i t h  time run or model. The only anomaly that
could be identified was the method of inputing the bird loading. A l l  earlier
work had also used the single w i pe 1 im s e approach , but , in those analyses , t Ime
blade s-las very large compared to the bird . Furt hr ermm o r e , the blade m aterials
were quite soft relative to B—Al. I t s-la s cummc l u ded that the program haJ to
be refined to allow a more realistic method of w i p i n g  the impact force across 

S

t h e  blade for t h e  Jl O l blade. Time prob ler 5 apparentl y arises because of t i /U
short span length of the Jl 01 blade and the stiffness of the B-Al . The
starl ing slice that s-ua s being evalua ted was 2.14 inches diameter ari d 0.53
inc h es thick. As this rea l slice passes across time blade , it is in contact
with app -ox i rmm a te l y 35- of the air foil span. However , the single line swi pe
model concentrates the t orce along a sing le line s-m mmich ‘~~su 1ts in steep
gradients locall y. Si m -m u lation of the 25 ounce bird i r rmpa L/ L was even more
pessi m istic as the bird is in contact with nearly 5 5 -  of the ai r f o i l  span.

Im pact An al y i~m Results

Tm/ C stress esr p O n e ntS at each noda l point were defined in Figure 34.
Time r e - i l  ts ~ f t ime d yna ri ic i rm pact ana l ys is are presented in the form ot curves
ut s t r e s s  and Je flection as a function of t i m e .  A cor /p let e presentat ion of
a l l  stress arid d C f  lect ion  cm r m /o m me n ts at each nodal point would require approxi—

h t r- l - , 3030 c-us i€- s per impact case. This massive volu imme of data rmakes the
m r r s t -r -t 1l tion and im m terpretation or the results tedious and d i f f i c u l t .

A i~~ S the s / r e  s i g n i f i c a n t  resul ts from tIme 3.0 and 25 ounce bird
i s m -act an a l yses are S I / / / 5 - Ifl in Fi/ m ur e s 63 t h r o u g h 68. Time general shape of the
:‘ lec t  ion m nj  stress curves are time S i F I t  for both cases except the amplitudes
mr t I m e  25 ~u m e  bird i mpact are about 50: to 100 higher than the amplitudes

rL/ r t se 3 r j ’sLe bird i mmi p a ct. Time 25 ounce bird s l i c e  mass i s nearly 300
hi gher than f l- t 3 ou rmce b i r d .

Tu e a na lysis indicates that all of time stress conmponents in the impact
a r ea  of t 1 m e blade exceed the B-Al material properties for a 3 ounce  starling
strike . Due to the limitations and assunption s of the anal ytica l techn i que ,
time absolute stress values are p e s s i m i s t i c .  It is not certain at this time
tha t ti me blade would f a i l  l o c a l l y  f r o r  a starl i i mg i m ;mp a ct.

Time ana lysis is most useful in hypothesizing fai l u r e  nmode s. As simown in
Figure 69 and summarized in Table 17 , three critical points during the st 5I lm r m g
impact mere investi gated . A pprox i mately 100 microseconds after time i n i t i a l

i l l
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TABLE 17

CALCULATED M A X I M U M  STRESS AND D E F L E C T I O N S
DUE TO B I R D  IMPACT

3 Oz Bird 25 Oz Bird
Max. Max.

Ti me ~ i ‘2 ‘3 ~12 13 
Def. 

~i ‘
~2 3 12 ‘ 13 

Def.
Location risec (Lsi ) (ksi) (ksi) (ksi) (ksi) (in.) (ksi)(ksi) (ksi) (ksi) (ksi) (in.)

Leading Ed ge .10 60.0 1400 16.0 110.0 1430 20.0
75- ’ Span .20 25.0 26.0

.30

.140 .70 .70

.50 10.0 12.0

.60

.1 3.0 14.0
M i d s p a n  .2 5 . 0

75/ Span .3 —80.0
~14 300 320
.5
.6 10.0 .514 -80 10.0  6 .80

Midspan :2 Lo -75
Blade li p .3 3.0

• 14 12.0 10.0 3.0 12.0 1 1
.5 114 0 170

T r a i l i n g  Ed ge .50 .70 1.0
75/ Span

Est. U l t .  Prop. L~ 23 107 7 12

11 9
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b ird contact , toe S p O t w - i i S c  t o ~w i i r r q s t r e - - ’. ’2s i I C I - .i -,e to 4J0 ksi in the blade
leading edge ~ t the center of the h r d  w hi c h -ou ld initiate a tensile crack
in the leadin g edge. As the bird trave /ses the bl ade , the span-,~ise bending
stresses reach 300 ksi at the a i r l o i l  maximum thickness and 450 I— si at the
t r a i l i n g  edge . These s’resses would propogate the crack across the blade and
the outer panel would be lost. Althoug h the elastic analysis predicts 16 ksi
in t erlaminar shea r stresses in the le a ding ed ge , d e l amination probably would
riot occur as those shea r stresses would be rel ieved by the crack.

If a material of su f t i c i e n t impact str ength was used in the leading edge ,
the failure mode of the bl ade could be altered . The leadin g ed ge material
must have sufficient strength and d u c t i l i t y  to provide 5000 lb/in 2 area under
the stress—strain curve as shown i n  Fi gume 70. The leading edge spar rust
extend approximately 1/2 inch chordw ise w h e r e  the bending stress has diminished
to 250 ksi to avoid a fail u r e  in the B—Al. In addition , the B-Al shear strength
must be less than 12 ksi to in i t i a t e  de la min a ti orr at the ai r f o i l  maximum
thickness section . As the bird s l i c e  wi pes across the blade , at 400 microseconds
the delamination w i l l  propagate to the a i r f o i l  t i p and relieve the 300 ksi
calcul ated elastic bending Stre~ s. 1rs t ir e b i r d  le~ -ies the blade at 500 micro-
seconds , the delamination must be suff i cient to rd ie5c the hi gh t r a i l  ing ed ge
bending and 140 ksi chordwise berrd i ra s t r e s s  i n  t h e  a i r f o i l  t i p .  I f  t h e
delamination does not relieve these stress es , a chord oi se crack could init i a t e
at the tra i l i n g  ed ge and ex lcrrd to a radial w r icI - . extending from the tip to
cause loss of the t r a i l i n g  ed ge , tip  se cti on of toe a i r f o i l .

To summarize the d’,’r ar rjc i - p o e t  ana l y s is , at I r e  l ea ding edge point of
i rrrpact the tensile and shear stress are qre ate r than the material strength for
even the 3 ounce bird . a~ th rj 4 h tI re hi g r a b so lni’ stc e~~s values rre most like l y
due to trr e method of concentrat ing the bird - s s  t a sing le line. The stresses
increased w ith bird s ize , rwn- ~eier , the i ‘rcr u.Jse r- .-as much les s than the increase
in mass of the bird slice. PejI- r ad ial and C 11U Ju l tensile Stresses ( and 2~and inter laminar shear s t res ses a r-d 

1 ~ occu r red r-~ i thi n 0. 2~
seconds of the impact i n i t i ation , PeaL ~ ,Ir f l ec ti on was the same and occurred
at the same tHe after i r - r p u c t  f ur  bot h  c r ~ es.

At tire cor e center at 75.- span , the peak radial and chordal tens i le stress
~ nJ inte rl a i rm i nar shear stresse s also exceed materi a l st re nrrt hs. Peak stresses
occur as the b i r d  s l i d es to the cord cente , . i~~a i n  the stress increase w i t h
bird size is less than t i e  ir cr aa s e in bird s l i c e  :~~l s .  M aximum deflection
occurs after the  peak stress and is lcs~ L l r r rr t h a t  of t h e  leadin g ed ge.

At t h e  blade t i p and co- -b cent r , only the cirorda I tens i 1 e and in te m lam i nar
shear stresses exceed r - a t e r i a l  s t r e n g t h .  These - ‘raximu m stresses occur while the
bird is moving betrseerr the mi dspan and tr a i l  i ri g edge.
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S E C T I O N  V

SUMMARY AND C O N C L U S I O N S

The TRW rap id air bonding process which uses full y dense monotapes , a
sur face preparat ion to promote l oca l i zed  p l a s t i c  d e f o r m a t i o n , a nd a rap id
bonding cycle has been successfull y employed to produce compos ites from 1100 ,
202 4 and 6061 aluminum a l l o y s .  Mechanical  p ropert ies  have been comparable to
vacuun~ bonded material and no weakness or contam i nation has beer associated
ru th the air bonded m atrix-matrix bond line. The tape surface treatment has
allowed the use of low bonding temperatures and appears to provide a mechanism
for increasing filament-matrix strength when used in primary fabrication .
The cycle and procedures established are directl y app licabl e to blade fabri—
cat ion . Excel lent impact p rope r t i es  were ob ta ined w i t h  146 f t - l b  fu l l  s i z e
Charpy and 65—101 ft-lb 2 for miniature C h a r p y  for the ±15° 8 mil  B— llOO system . S

The a i r bond i ng process also provides an appreciable production cost saving.

Each composite system tested was amenable to air bonding but had distinct
characteristics influencing the appropriate fabrication parameters. The 1100
system has the greatestenergy absorbing capability throug h the mechanism
filament pullout and shearin g. The factors which produce energy absorption
reduced those strength properties which depend upon the filament matrix bond
strength , such as shear. Fabrication conditions were selected to balance these
propert ies . The 202 14 system was almos t the oppos t i te , p rov id i ng  a very s t rong
chemical bond between filament and matrix with hi gh strength and low impact.
In this case emphasis in fabrication was placed upon increasing impact. The S

6061 system had consistently high strength but the Charpy impact was low .
No variat ion in processing was employed for 6061 .

An important aspect of the program was the a b i l i t y  to combine matrix
alloys to t a i l o r  properties for the desired application . The u t i l i t y  of
hybr id m a t e r i a l s , selective matrix variation , o r a  bi-metal construction where
the root and tip of a blade are of different a l l o y s  could be of g r e a t  benef it
in improving the blade strength and impact performance. S

Because boron-aluminum is processing sensitive and because one property
is frequently obtained at the expense of another , it is important to define the
requirements of the product requ i red . The analysis of the J-l O l blade by G.E.
was per forme d in  conjunction with fabrication development to provide realistic
property goals.

I t  was found that the calcula ted design operating condition stresses were
high for the 8 mil diameter boron/ 1100 aluminum materials characterized in the
material development part of the program. However , the highly stressed areas
are qu i te localized in the blade and it appears that these stresses can be
reduced to si gnificantl y l ower levels by refining the desi g n i n sev er a l  a r e a s .

The high radial and chordal tensile stresses are surface stresses caused
by bend i ng moments induced by the large blade twist angle and a relativel y low
tm/c. It is antici pated that these local hi gh stresses can be reduced by
redef in ing the blade tm/c .

The three local areas of hi gh shear stress are located at the ai r f o i l
root leading and tra i l i n g  edges. These hig h stresses are the result of severe
geometric transitions into the shank and dovetail. S i m i l a r  prob l ems have been
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encountered in the past and have been reconciled by reducin g the severity
of the transitions. No major problems are antici pated in reducing these shea r
stresses substantially.

The stresses calculated for a bird impact were well in excess of
boron-a l uminum strength. However , the absolute magnitude of these stresses is
i n doubt because of the bird loading mode l employed. Of significance was the
stress distribution , which correlate with failure observed in w h i r ling arm tests ,
and the observation that increase in stress was less than the increase in bird
slice mass.
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