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The Langley Research Center, i n  support  of the  NASA Supersonic Cruise 
Research (SCR) program, i n i t i a t e d  a study t o  develop fabr i ca t ion  processes f o r  
the  e f f i c i e n t  u t i l i z a t i o n  of  metal-matrix composites. I n i t i a l  s t u d i e s  indica ted  
t h a t  brazing was a v iab le  process fo r  f ab r i ca t ing    or sic' /aluminum s t r u c t u r e s  
when the  braze su r face  of t h e  composite was c l a d  with a d i f fus ion  b a r r i e r  which 
served t o  minimize i n t e r a c t i o n  between the  braze a l l o y  and the  cons t i tuen t s  of 
the  composite. A recent  brazing study on a hybrid composite ma te r i a l  with pure 
t i tanium f o i l  cladding on the  surfaces  of Borsic/aluminum shee t  ma te r i a l  showed 
t h a t  the  t i tanium cladding el iminated composite/braze in te rac t ion .  

This r epor t  covers the  development and evaluat ion  of a brazing process 
t o  f a b r i c a t e  fu l l - sca le  titanium-clad Borsic/aluminum (Ti-clad Bsc /Al )  skin- 
s t r i n g e r  panels.  A t o t a l  of  s i x  panels were f ab r i ca ted  f o r  inc lus ion i n  the  
program which included labora tory  t e s t i n g  of panels  a t  ambient temperature and 
533 K (500° F) and f l i g h t  se rv ice  evaluat ion of one panel on the  NASA YF-12 
a i rp lane .  The unique panel  design concept developed consis ted  of a hybrid com- 
pos i t e  skin,  s t i f f e n e d  with capped honeycomb-core s t r i n g e r s .  Panel t e s t  r e s u l t s  
showed t h a t  the  brazing process developed was s a t i s f a c t o r y  f o r  f a b r i c a t i n g  and 
joining Ti-clad Bsc/Al  primary s t r u c t u r e  and t h a t  f l i g h t  se rv ice  evaluat ion of 
the  panel on the  YF-12 a i rp lane  had no de le te r ious  e f f e c t  on panel  proper t ies .  

INTRODUCTION 

In  recent  years ,  the  rapid ly  increas ing c o s t  and l imi ted  supply of f u e l  
has accentuated the  need fo r  s t ronger ,  l ightweight  a i r c r a f t  s t ruc tu res .  Metal- 
matrix composites is one c l a s s  of ma te r i a l s  which e x h i b i t  high r a t i o s  of s t i f f -  
ness and s t r eng th  to densi ty.  To incorporate these ma te r i a l s  i n t o  advanced 
a i r c r a f t  s t ruc tu res ,  a technology base needs t o  be es tabl i shed.  

To a i d  i n  the  establishment of t h i s  technology base, the  Langley Research 
Center, i n  support of the  NASA Supersonic Cruise Research (SCR) program, in i -  
t i a t e d  a study t o  develop f a b r i c a t i o n  processes f o r  the  e f f i c i e n t  u t i l i z a t i o n  
of metal-matrix composites i n  a i r c r a f t  s t ruc tu res .  I n i t i a l  s t u d i e s  ( r e f s .  1 
and 2) reported t h a t  the  p roper t i e s  of boron/aluminum (B/Al) were degraded 
a f t e r  exposure t o  temperatures above 811 K (1000° F). In  con t ras t ,  when the  
boron f i b e r  was coated with a t h i n  layer  of s i l i c o n  carbide t o  form Borsic, 
the  proper t i e s  of Borsic/aluminum (Bsc /Al )  were unaffected af  t e r  a 1 -hour 
exposure a t  a temperture of 866 K (1100° F ) .  Further brazing s t u d i e s  r e su l t ed  
i n  the  successful  development of a brazing process f o r  f ab r i ca t ing  a Bsc/Al- 
titanium-honeycomb-sandwich s t r u c t u r e  ( r e f .  3 ) .  The success of t h i s  brazing 
process was l a rge ly  a t t r i b u t e d  t o  the  use of an 1100 aluminum a l l o y  f o i l  a s  a 
d i f fus ion  b a r r i e r  on the  braze surface  of the  Bsc/Al ,  which minimized in terac-  
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tion of the braze alloy with the constituents of the composite. A recent braz- 
ing study on a hybrid material having pure titanium foil cladding on the sur- 
faces of Bsc/Al sheet material showed that the titanium cladding eliminated 
composite/braze interaction (ref, 4). This hybrid material was designated 
titanium-clad Borsic/aluminum (Ti-clad Bsc/Al). 

The objective of this study was to develop and evaluate a brazing process 
for full-scale fabrication of Ti-clad Bsc/Al skin-stringer panels. The panel 
selected for manufacturing development was a right upper wing panel of the 
Mach 3 NASA YF-12 airplane. Five panels were fabricated for room-temperature 
and 533 K (500° F) laboratory testing and one panel was fabricated for flight 
service evaluation on the YF-12. Reported herein are panel design methodology, 
development of a satisfactory brazing process for panel fabrication, full-scale 
panel test results, and a metallurgical evaluation of the brazed panel joints. 

Identification of commercial products in this report is used to adequately 
describe the materials. The identification of these commercial products does 
not constitute official endorsement, expressed or implied, of such products or 
manufacturers by the National Aeronautics and Space Administration. 

SYMBOLS 

The units for the physical quantities defined in this paper are given 
both in the International System of Units (SI) and parenthetically in the 
U.S. Customary Units. Measurements and calculations were made in the 
U.S. Customary Units. Factors relating the two systems are given in refer- 
ence 5 and those used in this investigation are presented in appendix A. 

EI effective bending stiffness in direction of stiffeners 

G shear modulus 

Nx normal stress resultant 

N x ~  shear stress resultant 

P pressure loading on panel 

t panel skin thickness 

6 out-of-plane deflection 

E: strain 

Subscripts: 

X f  Y panel coordinates 



DESIGN 

The original wing panel on the YF-12 airplane was an integrally stiff- 
ened titanium panel. (See fig, 1.) The Ti-clad Bsc/Al panel was designed to 
meet the ultimate load, stiffness, and maximum strain requirements (listed in 
table I) for satisfactory flight service replacement of the titanium panel. 
Ultimate loads at room temperature and 533 K (500° F) are given by require- 
ments 1, 2, 3, 7, and 8: stiffnesses by requirements 4, 5, and 9; and maximum 
strains by requirements 6 and 10. 

The unique Ti-clad Bsc/Al composite stiffened panel designed to meet these 
specifications is shown in figure 2. The panel consisted of a titanium-clad 
Bsc/Al skin (six plies of +45O fiber orientation) stiffened by 12 stringers of 
titanium honeycomb core that were capped with titanium-clad Bsc/Al (three plies 
of O0 fiber orientation). The perimeter of the panel was reinforced with tita- 
nium doublers to provide adequate bearing strength and to facilitate attachment 
to the YF-12 substructure. Details of the skin and cap laminates are shown in 
figures 3 and 4, respectively. 

Structural element testing, that verified the adequacy of the mechanical 
properties of the skin laminate, is discussed in appendix B. Picture-frame 
shear tests at room temperature and elevated temperature indicated that the skin 
laminate shown in figure 3 was capable of supporting the shear loads in require- 
ments 1 and 7 of table I (requirement 1 was the critical ultimate load) and was 
capable of meeting the shear stiffness requirements. Prior test results for 
[+45O] Bsc/Al laminates (ref. 3) showed that the allowable shear stiffness was 
exceeded if a sufficient number of plies were used to meet the ultimate shear 
strength requirement. Similarly, tensile tests of the skin laminate shown in 
figure 3 indicated that the laminate could sustain the maximum strains imposed 
by requirements 6 and 10 of table I. 

Buckling analyses of the panel configuration shown in figure 2 indicated 
that requirement 1 was the critical buckling design requirement and this 
requirement governed stiffener spacing. The out-of-plane deformation restric- 
tion given by requirement 4 determined the cap Laminate and stiffener width. 
Stiffener depth was the maximum allowed by the YF-12 configuration. 

Local buckling modes between stiffeners and general panel buckling modes 
were examined in the analysis. For local buckling, the stiffeners were assumed 
to have sufficient stiffness to restrict local buckling to the skin material 
between stiffeners. For general panel buckling, the bending stiffness was 
assumed to be uniform over the panel and the panel was assumed to behave as an 
orthotropic plate. Simple support boundary conditions on all edges were used 
in the analysis. 



PANEL FABRICATION 

Components 

The components used t o  f a b r i c a t e  t h e  Ti-clad Bsc/Al sk in - s t i f  f ened YF-12 
panel  a r e  shown i n  f i g u r e  5 and cons i s t ed  of t h e  hybrid Ti-clad Bsc/Al sk in ,  
1 2 p re fab r i ca t ed ,  capped, honeycomb-core s t r i n g e r s ,  4 Ti-6A1-4V t i tan ium a l l o y  
doublers,  and s t r i p s  of 71 8 aluminum2 braze a l l o y  used t o  j o i n  the  components 
toge ther .  The weight f r a c t i o n  of t h e  c o n s t i t u e n t  elements i n  t h e  718 aluminum 
braze a l l o y  was a s  fol lows:  0.12 s i l i c o n ,  0.003 copper, 0.008 i ron*  0.002 z incr  
0.001 magnesium, and 0.001 manganese. 

Fab r i ca t ion  Methods 

S t r i n g e r  f a b r i c a t i o n  involved s e v e r a l  opera t ions .  The Ti-3A1-2.5V t i tan ium 
a l l o y  honeycomb core,  which was purchased having a premachined he ight  of 23 mm 
(0.9 in .  ) and a d e n s i t y  of 152 kg/m3 (9.5 lbm/f t3), was e l ec t r i ca l -d i scha rge  

machined t o  a s i z e  of 356 by 711 mm (14 by 28 i n . ) .  The honeycomb co re  was 
then immersed i n  a n i t r i c -hydro f luo r i c  a c i d  s o l u t i o n  t o  chemical ly c l ean  t h e  
s u r f a c e  f o r  brazing.  Af te r  c leaning,  t h e  honeycomb core  was placed on a 
0.508-rn (0.020-in.) t h i c k  s h e e t  of 3004 aluminum braze a l l o y  and both were 
pos i t i oned  between brazing p l a t e n s  coated with a g r a p h i t e  s t o p o f f  ma te r i a l .  
The e n t i r e  assembly was then placed i n  a vacuum furnace and heated t o  a temper- 
a t u r e  of 950 K (1 250° F) a t  a p re s su re  of 1.33 mPa (1 x 1 o - ~  t o r r ) .  The assem- 
b l y  was held a t  temperature f o r  10 min and a s  t he  aluminum a l l o y  melted it was 
drawn up t h e  nodes of t h e  honeycomb core by c a p i l l a r y  ac t ion .  Prewett ing t h e  
nodal a r eas  of the  honeycomb co re  i n  t h i s  manner reduced the  volume of 718 a lu-  
minum braze a l l o y  subsequent ly used t o  braze t h e  Ti-clad B s c / A l  cap  m a t e r i a l  t o  
the  honeycom b c o r e  . 

Following v i s u a l  inspec t ion ,  t h e  prewet c o r e  was vapor degreased. A 
shee t  of the 0.63-mm (0.025-in. ) t h i c k  3-ply u n i d i r e c t i o n a l  Ti-clad Bsc/Al was 
sheared  t o  t h e  approximate dimension of t h e  honeycomb core  and chemical ly 
cleaned. A shee t  of chemical ly cleaned 0.25-mm (0.01 0-in. ) t h i c k  71 8 aluminum 
braze a l l o y  was then pos i t ioned  between t h e  prewet core  and t h e  composite s h e e t  
and t h e  assembly was pos i t ioned  between brazing p l a t ens ,  Vacuum brazing was 
accomplished a t  a temperature of 864 K (1 095O F) , a p re s su re  of 1.33 mPa 
(1 x t o r r ) ,  and a time a t  brazing temperature of 3 mine The i n d i v i d u a l  
s t r i n g e r s  were c u t  from the  brazed assembly using e l ec t r i ca l -d i scha rge  
machining. 

P r i o r  t o  assembling t h e  panel  components f o r  brazing, t h e  Ti-clad s k i n  
and t i t an ium doublers  were chemical ly ckeaned and t h e  s t r i n g e r s  were vapor 
degreased. Panel assembly was i n i t i a t e d  by pos i t i on ing  t h e  1 -4-mm (0.057-in. ) 
t h i c k  Ti-clad Bsc/Al s k i n  on the  lower brazing p l a t e n  using t h e  panel  edge 
alinement t o o l  shown i n  f i g u r e  6. The alinement t o o l  cons i s t ed  of ground and 
machined f l a t  bar s tock  t h a t  was d r i l l e d  and pinned t o  t he  lower p l a t en  s o  t h a t  

2 ~ o .  71 8 aluminum braze a l loy :  product of  Aluminum Company of America, 
(Designated a s  4047 by the  Aluminum Associa t ion  and a s  BalSi-4 by AWS-ASTM.) 



t he  edges of the bars def ined  t h e  perimeter  of the  panel. The 71 8 aluminum 
braze a l l o y  f o i l  s t r i p s  and Ti-6Al-4V a l l o y  doublers  were pos i t i oned  on t h e  
s k i n  and but ted  a g a i n s t  the  alinement t oo l .  The doublers  were he ld  i n  p o s i t i o n  
by spot-welding t i t an ium f o i l  t i e  s t r a p s  t o  both t h e  doublers  and t h e  s k i n  mate- 
r i a l .  By using the  edge alinement bars a s  a  re ference ,  the  s t r i n g e r s  and asso- 
c i a t e d  braze a l l o y  s t r i p s  were loca t ed  on t h e  s k i n  with t h e  a i d  of ve rn i e r  c a l i -  
pers .  P o s i t i o n  of the  s t r i n g e r s  was maintained by spot-welding t i t an ium f o i l  
t ie s t r a p s  t o  t h e  honeycomb core  and t h e  s k i n  m a t e r i a l .  Pos i t i on ing  of t h e  
f i n a l  s t r i n g e r  is depic ted  i n  f i g u r e  7. 

The braze t o o l i n g  used t o  main ta in  con tac t  between fay ing  s u r f a c e s  dur ing  
braz ing  cons i s t ed  of a  network of titanium-capped t i tan ium honeycomb-core c r o s s  
members, a  s t a i n l e s s - s t e e l  p re s su re  bladder,  and lower and upper p l a t e n s  a s  
shown i n  f i g u r e  8. The t o o l i n g  c r o s s  members were f a b r i c a t e d  i n  a manner s i m i -  
l a r  t o  t h a t  used t o  f a b r i c a t e  t h e  panel  s t i f f e n e r s ,  The c r o s s  members were fab- 
r i c a t e d  by f i r s t  brazing a  330- by 355- by 0.81-mm (13- by 14- by 0.032-in.) 
s h e e t  of Ti-6A1-4V t i tan ium a l l o y  t o  a  s l a b  of 72 kg/m3 (4.5 lbm/f t3) t i tan ium 
honeycomb co re  using 3004 aluminum braze a l loy .  Ind iv idua l  c r o s s  members 
approximately 25.4 mm (1 in . )  wide were then c u t  from t h e  capped honeycomb-core 
panel. The co rne r s  of the  c r o s s  members were chamfered a t  an ang le  of approxi- 
mately 45O t o  avoid con tac t  wi th  the  braze a l l o y  s t r i p s  used t o  j o i n  t h e  panel  
s t r i n g e r s  t o  the  skin.  Ind iv idua l ly  capped honeycomb-core t o o l i n g  edge members 
were brazed and s i z e d  t o  f i t  over  t h e  doublers  around the  perimeter  of t h e  
panel. Af te r  brazing and s i z i n g  of the  ind iv idua l  components, t he  t o o l i n g  w a s  
assembled i n t o  a  s i n g l e  u n i t  by d r i l l i n g  and pinning t h e  edge members t o  t h e  
c r o s s  members which were spaced t o  n e s t  between t h e  panel  s t r i n g e r s  a g a i n s t  t he  
composite sk in .  The t o o l i n g  was s i z e d  s o  t h a t  when pos i t ioned  on t h e  assembled 
panel,  t oo l ing  and panel  s t r i n g e r  he igh t s  were equal  and t h e  caps of t he  t o o l i n g  
and t h e  s t r i n g e r s  provided a  f l a t ,  semicontinuous plane p a r a l l e l  t o  t he  compos- 
i t e  skin.  

Af te r  t h e  capped honeycomb-core t o o l i n g  was pos i t i oned  on t h e  assembled 
panel  components, a 0.51-mm (0.020-in.) t h i c k  Ti-6A1-4V t i t an ium a l l o y  s l i p  
s h e e t  was placed on t h e  caps  of t h e  t o o l i n g  c r o s s  members and s t i f f e n e r s .  The 
upper braz ing  p l a t e n  wi th  the  s t a i n l e s s - s t e e l  p re s su re  bladder suspended from 
it was then  lowered i n  p lace .  The upper and lower p l a t e n s  were bo l t ed  toge the r  
and the  e n t i r e  assembly was placed i n  a vacuum furnace. A photograph of t h e  
too l ing  i n  t h e  vacuum furnace  is shown i n  f i g u r e  9. The furnace  was capable  
of two-rate, two-soak programmed r e s i s t a n c e  hea t ing  a s  w e l l  a s  c lo sed  r e c i r -  
c u l a t i n g  iner t -gas  programmed cool ing.  The temperature of t h e  pane l  dur ing  
brazing w a s  monitored wi th  e i g h t  thermocouples pos i t i oned  a t  s e v e r a l  p o i n t s  on 
t h e  sk in .  

The time-temperature p r o f i l e  f o r  braz ing  of t h e  panel  is shown i n  f i g -  
ure  10. Following evacuat ion of  t h e  vacuum furnace  t o  a  p re s su re  of 133 VPa 
(1 x 1 0 ' ~  t o r r ) ,  t h e  assembly was heated t o  a  temperature of 839 K i105O0 F) .  
Thermal equ i l i b r ium was e s t a b l i s h e d  by holding t h e  temperature a t  839 K f o r  
approximately 10 min p r i o r  t o  hea t ing  t o  t he  brazing temperature of 864 K 
(1095O F). Proper c o n t a c t  between mating p a r t s  w a s  maintained du r ing .b raz ing  
by p re s su r i z ing  t h e  s t a i n l e s s - s t e e l  bladder  with helium t o  13.8 kPa (2 p s i ) ,  



When t h e  s k i n  temperature reached 864 Kp pOwer to the  hea t ing  elements was 
turned  o f f  and t h e  iner t -gas  cool ing  system was ac t iva t ed .  C i r c u l a t i n g  helium 
gas cooled the  panel  t o  839 K i n  approximately 10 min. G a s  cool ing  was then 
d iscont inued  and t h e  panel  was furnace-cooled t o  ambient temperature.  

Thermal exposure of the  composite m a t e r i a l  dur ing  brazing was minimized by 
t h e  combination of prewet honeycomb core,  l igh tweight  honeycomb-core too l ing ,  
iner t -gas  cool ing,  and 71 8 aluminum braze a l loy .  Fab r i ca t ion  was completed by 
trimming t h e  panel  t o  s i z e  with a diamond-impregnated wheel and d r i l l i n g  with 
convent ional  high-speed d r i l l s .  Following t h e  f a b r i c a t i o n  of the  process  ver i -  
f i c a t i o n  panel,  f i v e  a d d i t i o n a l  pane ls  were f a b r i c a t e d  using t h e  same procedure. 
The average mass of the  f i n i s h e d  Ti-clad B s c / A l  pane ls  was 2.73 kg (6.02 l h )  
which r e p r e s e n t s  a mass savings  of 30 percent  compared to t h e  o r i g i n a l  t i t an ium 
panel.  

Nondestruct ive Evalua t ion  

Visual ,  radiographic,  and u l t r a s o n i c  C-scan in spec t ions  were performed on 
t h e  wing panel  s k i n s  and t h e  completed wing panels .  S u i t a b l e  s tandards  were 
developed f o r  both rad iographic  and u l t r a s o n i c  i n spec t ion  methods. The precon- 
s o l i d a t e d  hybrid composite s k i n  m a t e r i a l  was r ad iog raph ica l ly  inspec ted  f o r  
broken f i l amen t s  and f i lament  o r i e n t a t i o n  and u l t r a s o n i c a l l y  C-scanned to 
i n s p e c t  f o r  delaminat ions.  The uniformity of prewett ing of t h e  honeycomb co re  
used i n  s t r i n g e r  f a b r i c a t i o n  and t h e  braze between the  honeycomb c o r e  and t h e  
Ti-clad Bsc /Al  caps of t h e  s t r i n g e r s  were inspec ted  v i sua l ly .  Uniform f i l l e t -  
ing  of the  braze between the  s k i n  and capped honeycomb-core s t i f f e n e r s  was ver i -  
f i e d  by u l t r a s o n i c  C-scan. A l l  pane ls  were inspec ted  by t h e  above methods and 
no s i g n i f i c a n t  d e f e c t s  were de tec ted .  

T e s t s  

Following f i n a l  q u a l i t y  assurance  inspec t ion ,  a l l  pane ls  were shipped t o  
t h e  Advanced Developnent P r o j e c t s  (ADP) Div is ion  of t h e  Lockheed-California 
Cmpany f o r  t e s t i n g .  The design v e r i f i c a t i o n  panel  was t e s t e d  a t  ambient tem- 
pera ture .  F l i g h t  q u a l i f i c a t i o n  t e s t i n g  cons i s t ed  of t e s t i n g  two panels  a t  
ambient temperature and two a t  533 K (500° F) . For each temperature,  one was 
t e s t e d  as f a b r i c a t e d  and one a f t e r  100 hours of exposure a t  533 K t o  s imula te  
e leva ted  temperature exposure during f l i g h t .  The panel  exposed t o  f l i g h t  s e r -  
v i ce  on t h e  YF-12 was t e s t e d  a t  ambient temperature.  

A l l  pane ls  were t e s t e d  i n  shear  using a picture-frame f i x t u r e  having pinned 
corners  and a loading  framer designed and f a b r i c a t e d  by Lockheed ADP, a s  shown 
i n  f i g u r e  11 ( r e f .  6 ) .  For t e s t i n g  a t  533 K (500° F) ,  t he  f i x t u r e  was enclosed 
i n  a removable oven employing quartz-lamp hea ters .  S i x  s e p a r a t e  c o n t r o l l a b l e  
hea t ing  zones, t h r e e  on each s i d e  of t he  panel,  were used t o  provide a tempera- 
t u r e  uni formi ty  of  +I1 K (+20° F) dur ing  t e s t i n g .  

The panels  were loaded by applying a t e n s i l e  load  t o  two d i agona l ly  
oppos i t e  corners .  The design v e r i f i c a t i o n  panel,  t h e  as - fabr ica ted  f l i g h t  



q u a l i f i c a t i o n  panel  t e s t e d  a t  ambient temperature,  and t h e  f l i g h t  panel  were 
instrumented with 22 s t r a i n  gages t o  determine loading  uniformity and t h e  
shear  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  of the  panels.  Load displacement d a t a  
were obta ined  on a l l  panels .  For t h e  instrumented panels,  t h e  e f f e c t s  of 
s l ack  i n  t h e  loading  t r a i n  were e l imina ted  by zeroing t h e  s t r a i n  gages a f t e r  
t he  a p p l i c a t i o n  of a l oad  of 89 kN (20 k ips) .  Loading was then  continued i n  
44.5-kN (1 0-kip) increments to t h e  design l i m i t  l oad  of 267 kN (60 k ips )  
and then  t h e  panel  was unloaded. On re loading  the  panels  t o  f a i l u r e r  l oad  
was appl ied  i n  44.5-kN increments from 89 to 311 kN (20 t o  70 k i p s )  and i n  
22.2-kN (5-kip) increments from 311 kN (70 k ips)  t o  f a i l u r e .  Strain-gage 
and load-displacement d a t a  were recorded a f t e r  t he  load had s t a b i l i z e d  f o l -  
lowing each load  increment. 

RESULTS AND DISCUSSION 

Panel Shear T e s t s  

The design v e r i f i c a t i o n  panel  was t e s t e d  a t  ambient temperature i n  t he  
as - fabr ica ted  condi t ion .  Af te r  brazing, t h e  panel  possessed a l o n g i t u d i n a l  bow 
having a r ad ius  of curva ture  of approximately 203 cm (80 i n . ) .  The panel  bow 
w a s  a t t r i b u t e d  t o  r e s i d u a l  s t r a i n s  induced during cool  down from t h e  braz ing  
temperature because of d i f f e r e n c e s  i n  t h e  thermal expansion c o e f f i c i e n t s  of the  
t i t an ium doublers  and t h e  hybrid composite sk in .  F l a t t e n i n g  of t h e  panel  was 
e a s i l y  accomplished using f i n g e r  pressure .  The panel  was t h e r e f o r e  t e s t e d  t o  
eva lua t e  compliance with load  and s t i f f n e s s  requirements.  The remaining panels  
f o r  the  program were f l a t t e n e d  p r i o r  to t e s t i n g  by clamping the  panels  t o  a 
wooden f i x t u r e  having a r eve r se  r ad ius  of cu rva tu re  of 165 cm (65 i n . ) ,  cool ing  
t o  200 K (-1 00° F) , and hea t ing  back t o  ambient temperature.  

The load - s t r a in  d a t a  obta ined  from t h e  shear  test of t he  design v e r i f i c a -  
t i o n  panel  a r e  presented  i n  f i g u r e  12. A s  mentioned previously,  t he  pane l  was 
loaded t o  88.9 kN (20 k ips )  t o  negate  t h e  e f f e c t s  of s l a c k  i n  t h e  load  t r a i n  and 
the  s t r a i n  gages were zeroed. The panel  was then loaded t o  133 kN (30 k i p s )  and 
t h e  s t rain-gage ou tpu t s  recorded. The s lope  of t h e  load - s t r a in  p l o t  was then 
determined and ex t r apo la t ed  back through zero  t o  l o c a t e  t h e  88.9-kN d a t a  po in t  
on t h e  p l o t .  The shear  s t r a i n s  were c a l c u l a t e d  a s  t h e  sums of t h e  abso lu t e  
readings  of two gages loca t ed  i n  t he  cen te r  of the  panel  and o r i e n t e d  a t  +45O 
to t h e  l o n g i t u d i n a l  a x i s .  A s  shown i n  f i g u r e  12, t h e  shea r  s t i f f n e s s  on f i r s t  
loading t o  design l i m i t  load was approximately 50 percent  below t h a t  ob ta ined  
on second loading.  Ext rapola t ion  of t h e  d a t a  back t o  zero  load  i n d i c a t e s  t h a t  
t h e  panel  p l a s t i c a l l y  deformed on loading  t o  design l i m i t  load  and exh ib i t ed  a 
permanent s t r a i n  of approximately 1.2 percent .  On second loading  from des ign  
l i m i t  t o  a load  of approximately 400 kN (90- k i p s ) ,  t he  l oad - s t r a in  curve was 
l i n e a r  and the  panel  responded according t o  t h e  lower i n i t i a l  shear  s t i f f n e s s .  
F a i l u r e  occurred suddenly a t  a load  of 523 kN (117.5 k ips )  which corresponds t o  
a shear  flow of 669.3 kN/m (3822 lb / in . )  and equa l s  127 percent  of t he  des ign  
u l t ima te  shear  s t r eng th .  

The i n e l a s t i c  behavior of t he  panel  noted on f i r s t  loading and t h e  
increased s t i f f n e s s  on second loading  was e s s e n t i a l l y  t he  same a s  t h a t  noted 
previous ly  from d a t a  obta ined  on t e s t i n g  of t h e  Bsc/Al t i t an ium honeycomb-core 



sandwich panels  designed t o  meet t h e  same requirements  ( r e f .  3 ) .  As s t a t e d  i n  
t h e  re ference ,  " t h e  v a r i a t i o n  i n  pane l  s t i f f n e s s  between t h e  f i r s t  and second 
loading can  be a t t r i b u t e d  t o  t h e  state of r e s i d u a l  s t r e s s  i n  t h e  composite," 
Di f fe rences  i n  t h e  thermal expansion c o e f f i c i e n t s  of t h e  aluminum ma t r ix  and 
t h e  Bsc f i b e r s  r e s u l t  i n  high r e s i d u a l  t e n s i l e  stresses and s t r a i n s  i n  t h e  
ma t r ix  on coo l ing  from t h e  e l eva t ed  temperature processing.  A s  a  r e s u l t ,  t h e  
a p p l i c a t i o n  of a  t e n s i l e  load l e a d s  to y i e l d i n g  of t he  mat r ix  a t  low app l i ed  
s t r e s s  l e v e l s  and a very  l i m i t e d  elastic c o n t r i b u t i o n  t o  t h e  o v e r a l l  s t i f f n e s s  
of t he  composite. Following y i e l d i n g  of t h e  mat r ix  i n  tens ion  and unloading 
of t h e  composite, t h e  mat r ix  unloaded e l a s t i c a l l y  t o  reduce t h e  magnitude of 
t h e  r e s i d u a l  stresses i n  the  matr ix.  On second loading,  t h e  composite exhib- 
i t e d  an increased  s t i f f n e s s  due t o  t h e  increased  elastic c o n t r i b u t i o n  of  t h e  
mat r ix  u n t i l  t h e  s t r a i n  equaled t h a t  experienced on i n i t i a l  loading.  

The s t i f f n e s s  exh ib i t ed  on second loading  to design l i m i t  load  was used 
i n  determining compliance wi th  the  shear  s t i f f n e s s  requirement because t h e  
f l i g h t  pane l  was proof loaded p r i o r  t o  i n s t a l l a t i o n  on t h e  a i rp l ane .  Based 
on t h e  d a t a  obtained,  t he  design v e r i f i c a t i o n  panel  was determined t o  f u l l y  
comply wi th  t h e  ambient temperature design requirements.  

F l i g h t  q u a l i f i c a t i o n  t e s t i n g  c o n s i s t e d  of t e s t i n g  four  pane ls  t o  determine 
compliance with design requirements.  Two panels  were t e s t e d  a t  ambient tempera- 
t u r e  and two a t  533 K (500° F) .  One panel  a t  each temperature w a s  t e s t e d  i n  t h e  
as - fabr ica ted  condi t ion  and one was t e s t e d  a f t e r  100 hours of exposure a t  533 K 
t o  s imu la t e  t he  e f f e c t s  of thermal exposure dur ing  supersonic  c r u i s e  on t h e  
YF-12 a i rp l ane .  

Load-strain d a t a  obta ined  on t h e  a s - f ab r i ca t ed  panel  t e s t e d  a t  ambient tem- 
pe ra tu re  a r e  shown i n  f i g u r e  1 3  along wi th  t h e  d a t a  f o r  t h e  design v e r i f i c a t i o n  
panel.  Load-strain response f o r  t he  two panels  on f i r s t  loading  was e s s e n t i a l l y  
i d e n t i c a l .  Permanent s t r a i n  exh ib i t ed  by t h e  f l i g h t  q u a l i f i c a t i o n  panels  f o l -  
lowing f i r s t  loading  was approximately 1 5  percent  l e s s  than t h a t  of t h e  design 
v e r i f i c a t i o n  panel  and t h e  s t i f f n e s s  on second loading  above des ign  l i m i t  was 
s l i g h t l y  higher .  The lower amount of permanent s t r a i n  exh ib i t ed  by t h e  f l i g h t  
q u a l i f i c a t i o n  panel,  compared t o  t he  design v e r i f i c a t i o n  panel,  may be a t t r i b -  
u ted  t o  t he  f l a t t e n i n g  procedure employed f o r  t h e  f l i g h t  q u a l i f i c a t i o n  panels  
which should have reduced t h e  r e s i d u a l  s t r e s s  i n  t h e  matr ix.  F a i l u r e  occurred  
a t  a  load  of 500 kN (112.5 k i p s )  which is 122 percent  of design u l t imate .  

The u l t ima te  shear  s t r e n g t h s  of t h e  design v e r i f i c a t i o n  panel  and t h e  
four  f l i g h t  q u a l i f i c a t i o n  panels  a r e  shown i n  f i g u r e  14 and l i s t e d  i n  t a b l e  11. 
A l l  t he  pane ls  t e s t e d  exceeded t h e  shea r  flow design requirements of 525.4 kN/m 
(3000 l b f / i n . )  and 332.7 kN/m (1 900 l b f / i n . )  a t  room temperature and 533 K 
(500° F) ,  r e spec t ive ly .  The f a i l u r e  l oads  of t h e  two f l i g h t  q u a l i f i c a t i o n  
pane l s  and the  design v e r i f i c a t i o n  panel  t e s t e d  a t  room temperature were 122, 
147, and 127 percent  of design u l t ima te  and t h e  f a i l u r e  l oads  of t h e  two 
f l i g h t  q u a l i f i c a t i o n  panels  t e s t e d  a t  533 K were 183 and 186 pe rcen t  of design 
u l t imate .  

The Ti-clad Bsc/Al f l i g h t  panel,  fol lowing i ts  f i n a l  ope ra t iona l  f l i g h t ,  
was removed from the  a i r p l a n e  and re turned  t o  Langley Research Center f o r  non- 
d e s t r u c t i v e  eva lua t ion .  A s  a  r e s u l t  of nine f l i g h t s  on t h e  YF-12 t h e  panel  



accumulated a  t o t a l  f l i g h t  t i m e  of 1 5  h r  43 min. Of t h i s  t o t a l ,  6  h r  3  min 
were a t  speeds i n  excess  of Mach 2.6, with 3 hr 27 min a t  Mach 3.0, U l t r a s o n i c  
C-scan and rad iographic  i n spec t ion  revea led  no evidence of changes i n  t h e  panel  
a s  a  r e s u l t  of f l i g h t  exposure, Af te r  nondes t ruc t ive  eva lua t ion ,  t he  panel  was 
re turned  t o  Lockheed ADP f o r  t e s t i n g .  The panel  was then instrumented and 
t e s t e d  to  f a i l u r e  i n  t h e  same manner as previous panels ,  The panel  f a i l e d  i n  
shear  a t  an appl ied  load  of 524.9 kN (118 k i p s )  o r  a  shear  flow of 672.1 kN/m 
(3838 lb f / i n . ) ,  which is 128 percent  of t h e  room-temperature design u l t ima te  
shear  s t r e n g t h  and i n d i c a t e s  no de t r imen ta l  e f f e c t s  of f l i g h t  exposure. The 
panel  f a i l e d  i n  shear  by diagonal  t ens ion  of t h e  s k i n  a s  shown i n  the  photo- 
graphs of f i g u r e  15. Th i s  f a i l u r e  was t y p i c a l  of a l l  the  pane ls  t e s t ed .  

Me ta l lu rg i ca l  I n v e s t i g a t i o n  

Af ter  t he  panels  were t e s t e d ,  they  were re turned  t o  Langley f o r  examina- 
t i on .  The panels  were sec t ioned  i n  a r e a s  away f  ram t h e  f r a c t u r e  t o  examine 
the  f i l l e t i n g  of the braze between s k i n  and capped honeycomb-core s t i f f e n e r s .  
A t y p i c a l  c r o s s  s e c t i o n  is shown i n  f i g u r e  16. The photomicrographs show good 
f i l l e t i n g  between the  honeycomb c o r e  and Ti-clad Bsc/Al,  which is i n d i c a t i v e  of 
good we t t i ng  and flow of t he  braze a l l o y .  The photomicrographs a l s o  i n d i c a t e  
t he  e f f e c t i v e n e s s  of the t i t an ium a l l o y  a s  a  d i f f u s i o n  b a r r i e r .  The s i l i c o n  
p a r t i c l e s  i n  t h e  braze a l l o y  s t o p  a b r u p t l y  a t  t h e  i n t e r f a c e  with t h e  t i tanium, 
which i n d i c a t e s  no r e a c t i o n  between t h e  braze a l l o y  and t h e  c o n s t i t u e n t s  of 
the  composite. 

CONCLUDING REMARKS 

A hybrid composite, t i tanium-clad Borsic/aluminum was s u c c e s s f u l l y  used i n  
the f a b r i c a t i o n  and t e s t i n g  of a  unique sk in - s t r i nge r  panel  f o r  t h e  NASA Super- 
s o n i c  Cru i se  Research (SCR) program. The fo l lowing  remarks a r e  based on t h e  
f a b r i c a t i o n  development and s t r u c t u r a l  eva lua t ion  of t h i s  panel  concept. 

A unique sk in - s t r i nge r  panel  design employing capped honeycomb-core 
s t i f f e n e r s  was e s t ab l i shed .  

A succes s fu l  brazing process  f o r  f a b r i c a t i n g  and jo in ing  Ti-clad Bsc/Al 
was developed. 

The brazing process  was s u c c e s s f u l l y  used t o  f a b r i c a t e  s i x  f l i g h t - q u a l i t y  
wing panels  f o r  t h e  Mach 3 YF-12 a i rp l ane .  

The Ti-clad Bsc/Al sk in - s t r i nge r  paneis  exh ib i t ed  a  weight sav ings  of 
30 percent  compared t o  t h e  o r i g i n a l  t i t an ium panel.  

A t  panel  f a i l u r e ?  t h e  average shea r  flow was 127 percent  of design u l t ima te  
a t  room temperature and 186 percent  a t  533 K (500° F) . 

The t i tan ium c ladding  of t h e  B s c / A l  served a s  an e f f e c t i v e  d i f f u s i o n  bar- 
r i e r  between the  braze and the  composite. 



F l i g h t  s e r v i c e  eva lua t ion  of t h e  pane l  on t h e  YF-12 a i r p l a n e  f o r  a t o t a l  
f l i g h t  t i m e  of approximately 1 6  hr wi th  approximately 3 . 5  hr a t  Mach 3 had no 
d e l e t e r i o u s  e f f e c t  on panel  s t r eng th .  

Langley Research Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
May 9, 1980 



CONVERSION OF U.S. CUSTOMARY UNITS TO S I  UNITS 

Conversion f a c t o r s  (from re f .  5) r equ i r ed  f o r  u n i t s  used h e r e i n  a r e  given 
i n  t h e  fo l l owing  t ab l e :  

a ~ u l t i p l y  va lue  given i n  U.S. Customary Un i t  by conversion f a c t o r  to 
o b t a i n  equ iva l en t  va lue  o f  SI  Unit .  

b ~ r e f  i x e s  t o  . i n d i c a t e  m u l t i p l e s  of S I  Uni t s  a r e  a s  fol lows:  

k i l og r  &meter (kg/m3) 

k i p  = 1000 l b f  

newton/meter (N/m) 

Mass 

S t r e s s  

Temperature 

P re s su re  

l h n  

kip/in2 ( k s i  ) 
l b f / i n 2  ( p s i )  

OF 

tor r 

4.536 x 10-I 

6.895 x l o 6  
6.895 x 103  

(OF + 459.67)/1.8 

1.333 x l o 2  

kilogram (kg) 

p a s c a l  (Pa) 
pasca l  (Pa) 

k e l v i n  (K) 

p a s c a l  (Pa) 



APPENDIX B 

STRUCTURAZ; ELEMENT TESTS 

Specimen Fabr i ca t ion  

The main o b j e c t i v e  of t h e  s t r u c t u r a l  element t e s t i n g  was to determine t h e  
s t r e n g t h  of the  Ti-clad B s c / A l  m a t e r i a l  and t o  e s t a b l i s h  design al lowables  f o r  
t h e  YF-12 wing-panel program. The conf igu ra t ions  of t h e  test specimens f o r  
determining the  m a t e r i a l  s t r e n g t h  a r e  shown i n  f i g u r e  17. The t e n s i l e  speci-  
mens ( f ig .  1 7 ( a ) )  were sheared t o  s i z e  with the  Bor s i c  f i b e r s  a l i n e d  a t  f45O 
wi th  the  specimen l eng th  f o r  t h e  s k i n  m a t e r i a l  and O0 o r  90° f o r  t h e  c a p  mate- 
r i a l .  Specimens were sheared  i n  both t h e  l o n g i t u d i n a l  and t r ansve r se  d i r e c t i o n  
of the 432- by 737-mm (17- by 29-in.) p reconsol ida ted  shee ts .  The specimens 
were t e s t e d  a t  roam temperature using a 44-kN (10-kip) screw-driven t e s t i n g  
machine a t  a crosshead speed of 1.27 mm/min (0.05 in/min). F a i l u r e  l oads  
were recorded £ram t h e  d i a l  of t h e  t e s t  machine. 

The bol t -bearing specimens shown i n  f i g u r e  17(b)  were requ i r ed  t o  e s t a b l i s h  
the  bol t -bearing s t r e n g t h  of t h e  panel  attachment area.  The specimen was f a b r i -  
ca t ed  by brazing a s h e e t  of 0.84-mm (0.003-in.) t h i c k  Ti-6A1-4V to a s h e e t  of 
t h e  Ti-clad Bsc/Al s k i n  ma te r i a l .  The specimens were then e l e c t r i c a l - d i s c h a r g e  
machined from the  f a b r i c a t e d  shee t .  T e s t  specimens were machined from the  s h e e t  
with t h e  cen te r  l i n e  of t h e  test specimen p a r a l l e l  t o  t h e  s h e e t  (0° o r i en t a -  
t i o n )  or a t  an ang le  (27O o r i e n t a t i o n )  t h a t  r ep re sen t s  t he  d i r e c t i o n  of b o l t  
hole  bear ing  i n  t he  ground test of t h e  sk in - s t r i nge r  panel.  The fol lowing t a b l e  
g ives  dimensions and o r i e n t a t i o n  of the  bol t -bearing t e s t  specimens shown i n  
f i g u r e  1 7 (b) : 

BOLT-BEARING SPECIMENS 
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The b o l t  ho les  i n  t he  specimens were d r i l l e d  wi th  convent ional  high-speed d r i l l s  
and s tandard  p r a c t i c e .  The specimens were t e s t e d  a t  roam temperature us ing  
a 534-kN ( 1  20-kip) hydrau l i c  t e s t i n g  machine a t  a l oad  r a t e  of 8 . 9  kN/min 
(2000 lbf /min) .  F a i l u r e  l oads  were recorded £ram t h e  d i a l  of t h e  test machine. 

To e s t a b l i s h  design shear  al lowables  f o r  t he  s k i n  ma te r i a l ,  Ti-clad 
Bsc /Al  specimens were t e s t e d  as dep ic t ed  i n  f i g u r e  1 7  (c) . Two Ti-clad Bsc/Al 
f ace  s h e e t s  were e l ec t r i ca l -d i scha rge  machined t o  s i z e ,  exposed t o  a s imula ted  
braze cyc le ,  and then bonded t o  an aluminum honeycomb core.  The specimens were 
s t rain-gaged,  placed i n  a t e s t  f i x t u r e ,  and loaded i n  shear  w i th  t h e  loads  
app l i ed  a s  shown by t h e  arrows i n  t h e  f i g u r e .  The specimens were loaded a t  a 
r a t e  of 44.5  kN/min (10 000 lbf/min).  Specimen loads  and s t r a i n  were recorded 
every 5 sec on a c e n t r a l  d a t a  record ing  system. 

Resu l t s  of S t r u c t u r a l  Element Tes t s  

The t e n s i l e  test r e s u l t s  f o r  t h e  Ti-clad Bsc/Al s k i n  and cap  m a t e r i a l  a r e  
given i n  t a b l e  111. The l o n g i t u d i n a l  and t r a n s v e r s e  t e n s i l e  s t r e n g t h s  of t he  
c r o s s  p l i e d  s k i n  m a t e r i a l  va r i ed  from 491 t o  545 MPa ( 7 1 . 2  t o  79.1 k s i ) .  Same 
of the specimens were sub jec t ed  to a s imula ted  braze cycle ,  which had no appar- 
e n t  e f f e c t  on t e n s i l e  s t r eng th .  The cap  m a t e r i a l  had u n i d i r e c t i o n a l  s t r e n g t h s  
ranging from 1.16 t o  1 . 2 7  GPa (167.7 t o  184.9  k s i )  and t r a n s v e r s e  s t r e n g t h s  
ranging from 257 t o  276 MPa ( 3 7 . 4  t o  40.1 k s i ) .  

The test r e s u l t s  f o r  the  bol t -bearing specimens a r e  given i n  t a b l e  IV. 
A l l  specimens f a i l e d  by bear ing  and p u l l  o u t  of material around t h e  b o l t  hole.  
The load  range f o r  t he  specimens wi th  12 .7  mm ( 0 . 5  in .  ) edge d i s t a n c e  was 
1 9 . 8  t o  2 0 . 9  kN 4460 t o  4700 l b f )  which, a t  a minimum, was 45 percent  more 
load-carrying a b i l i t y  than t h e  1 3 . 3  kN (3000 l b f )  design requirement,  

The test r e s u l t s  of t he  picture-frame shear  specimens a r e  shown i n  f i g -  
ure  18 i n  which shear  s t r e s s  is p l o t t e d  a g a i n s t  shear  s t r a i n .  The tests were 
terminated a t  a l oad  of 169 kN (38 000 l b f )  t o  prevent  damage t o  t h e  test f i x -  
t u re .  The shear  s t r e n g t h  developed was 460 and 482 MPa (66.7 and 69.9  k s i ) ,  
r e spec t ive ly ,  f o r  t h e  two tests, which gave an average stress 27 percent  higher  
than was requi red  t o  meet the requirements of the t e s t  program. 

These s t r u c t u r a l  element tests v e r i f i e d  t h e  adequacy of t h e  sk in - s t r i nge r  
design t o  f u l f i l l  the design requirements of the  YF-12 panels .  
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TABLE I. - DESIGN REQUIREMENTS FOR YF-12 WING PAMEL 

Design c o n d i t i o n  

Nxy = 525 kM/m (3000 l b f / i n . )  
Nx = 0 
p = O  

NW = 350 kN/m (2000 l b f / i n . )  
Nx = -175 kN/m (-1000 l b f / i n . )  
p = O  

Nxy = 350 kN/m (2000 l b f / i n .  ) 
Nx = 87 kN/m (500 l b f / i n . )  

p  = 0 

Nxy = 121 kN/m (690 l b f / i n . )  
Nx = 83 kN/m (472 l b f / i n . )  

p  = 44.1 kPa (6.4 p s i )  
6 S 0.914 mm (6 0.036 i n . )  

(EI), = 17.2 kN-m (0.1 52 x 1 o6 l b f - i n . )  
( G t ) x y  S 91.9 MN/m ( 5  0.525 x 1 o6 l b f / i n .  ) 

Ex = f0.00085 
EY = +Om 0067 

NW = 333 kN/m (1 900 l b f / i n . )  
Nx = 0 
p = O  

mRequirementl Temperature 

1 

2 

3 

4 

5 

6 

7 

RT 

RT 

RT 

RT 

RT 

RT 

533 K (500° F) 

533 K (500° F) 



TABLE 11.- TEST RESULTS OF Ti-CLAD BORSIC/ALUMINUM 

SKIN-STIFFENED PANELS 

I 

Pane 1 

DVP 

1 

2 

3 

4 

F l i g h t  

h 

T e s t  
t e m p e r a t u r e  

RT 

RT 

RT 

533 K (500° F) 

533 K (500° F) 

RT 

Exposure  
prior to test 

None 

None 

100 h r  a t  
533 K (500° F) 

None 

100 h r  a t  
533 K (500° F )  

F l i g h t  e x p o s u r e  on  
YF-12 a i r p l a n e  

Shea r  f l o w  F a i l u r e  l o a d  

kN/m 

669.3 

640.8 

974.6 

612.2 

598.1 

692.1 

kN 

522.7 

500.4 

605.0 

478.2 

467.1 

524.9 

l b f / i n .  

3822 

3659 

4423 

3496 

3415 

3838 

l b f  

117  500 

1 1 2  500 

136  000 

107  500 

1 0 5 0 0 0  

11 8 000 



TABLE IIIe- TENSILE TEST RESULTS OF Ti-CLAD BORSIC/ALUMIMUM MATERIAL 

( a )  S k i n  material 

Spechen 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13  

14 

I l 5  I 

O r i e n t a t i o n  to 
panel axis  

T r a n s  . 

1 
Long. 

1 
T r a n s .  

1 
Long. 

I 

E x p o s u r e  
prior to test 

S i m u l a t e d  
b r a z e  cycle 

I 

None 

i 

mm2 

36.8 

36.8 

37.1 

37.0 

36.5 

36.2 

36.5 

36.9 

37.0 

37.1 

37.4 

37.3 

37.4 

'37.1 

37.5 

A r e a  

i n 2  

0.0571 

-0570 

.0575 

-0574 

.0565 

.0561 

.0565 

-0572 

-0574 

-0575 

.0580 

,0578 

.0579 

-0575 

.0582 

kN 

20,1 

19.3 

19.4 

18.6 

18.9 

17.8 

18.6 

18.9 

19.8 

19.1 

19.8 

19.5 

18.8 

19.3 

18.9 

Load 

lb f  

451 5 

4345 

4365 

4190 

4250 

3995 

4190 

4240 

4450 

4305 

4460 

4385 

4235 

4350 

4250 

MPa 

545 

525 

523 

503 

518 

491 

511 

511 

534 

51 6 

530 

523 

504 

521 

503 

S t r e s s  

k s i  

79.1 

76.2 

75.9 

73.0 

75.2 

71.2 

74.1 

74.1 

77.5 

74.9 

76.9 

75.9 

73.1 

75.6 

73.0 



TABLE 111. - Concluded 

(b) Cap m a t e r i a l  

Specimen 

1 

S t r e s s  

6 

7 

8 

9 

1 0  

11 
C 

GPa 

1.23 

1 .20 

11.16 

1.20 

2 

3 

4 

5 

O r i e n t a t i o n  

~ o n g .  

k s  i 

178.2  

173.6 

167.7 

174.6 

I 
Area 

Exposure 
prior to test 

I 
. -- 

None 

Load 

I 
1.27 / 184.9 

I 

m2 

16.5  

kN 

20.2 

i n 2  

0.0255 

lbf 

4550 

19.7 

3.4 

3.6 

.0247 

-0192 

.0202 

Trans. 

4 4 2 0 1 1 . 2 3 1 1 7 8 . 9  
I 

19.2  

19.1 

19 .3  

20.3 

.0249 

e0256 

.0249 

.0247 

15.9 

12.4 

I 
13.0 

I 

I 

i 

4325 

4300 

4350 

4575 

116.1 
I 

I 16.5 

16.1 

15.9 

t 

13.9 

1 2 . 5  

V 14.2  

.0215 3.6 

. 0 1 9 3 ,  3.3 

.0220 3.8 



TABLE IV.- BOLT-BEARING TEST RESULTS OF 

Ti-CLAD BORSIC/ALUMINUM MATERIAL 









(0.002 in.) 

Borsic fiber16061 aluminum ,alloy matrix 

(0.002 in.) 

L-80-132 
Figure 4.- F iber  o r i e n t a t i o n  i n  t i tanium-clad Borsic/aluminum cap  ma te r i a l .  
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Si l icon 
part ic les  

0.1448 mm 
.(0.0057 in .  

(b) Cap to honeycomb core. 
L-80-134 

Figure 16.-  Photomicrographs of typical skin-stringer braze jo ints .  
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