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FOREWORD 

This summary technical  repor t  was prepared by Sikorsky A i r c r a f t ,  
Division of United Ai rc ra f t  Corporation, under NASA Contract NASI-10459, 
and covers t he  work performed during the  period of February 1-971 through 
May 1971 on Phase I of a two-phase contract .  

This repor t  contains t he  account of t h e  experimental hardware phase 
of t h i s  study which incorporates t h e  design, f abr ica t ion  and t e s t s  of 
boron/epoxy reinforced s t r i nge r s .  The de ta i l ed  s t r u c t u r a l  analys is  of the  
a i r c r a f t  i s  contained i n  a separate report  e n t i t l e d  "CH-54~ Boron/Epoq 
Reinforced T a i l  Cone Detailed S t ruc tu ra l  Substantiat ion." A copy of t h i s  
r epor t  i s  on f i l e  with NASA, U.S. Army A i r  Mobility Research and Development 
Laboratory ( ~ u s t i s  Directora te)  and t he  Federal Aviation Agency. 

Technical monitor f o r  t h i s  program was Richard A. Pride of t he  
S t ruc tu r a l  Materials Division, NASA Langley Research Center. 

The individuals who made technical  contributions t o  t he  program and 
t h e i r  areas of a c t i v i t y  a r e  as  follows : 

. . . . . . . . . . . . . . . . . . .  R. T .  Welge. Program Manager . . . . . . . . . . . . . . . . . . .  p. W. Lowry. St ructures  
. . . . . . . . . . . . . . . . .  S. W. Ciardullo. St ructures  

. . . . . . . . . .  J. B. Sainsbury-Carter, Ph.D.. Analysis 
. . . . . . . . . . . . . . . . . . .  K. M. Adams. Fabrication . . . . . . . . . . . . . . . . . .  S, C L  Svensson Fabrication . . . . . . . . . . . . . . . . . .  C. Kowalkowski Manufacturing . . . . . . . . . . . . . . . . . . . . .  J .  Barto Manufaeturlng 
. . . . . . . . . . . . . . . . . .  H.Kea rny . .  . T e s t  
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APPLICATION OF BORON/EPOXY REINFORCED 
ALUMINUM STRINGERS FOR THE C H - 5 4 ~  

HELICOPTER TAIL CONE 

PHASE I REPORT 

DESIGN, ANALYSIS, FABRICATION AND TEST 

R .  T. Welge 

SUMMARY 

Phase I of t h i s  contrac t  (NASI-10459) was a preprototype study of t h e  
CH-5413 t a i l  cone i n  which component f abr ica t ion ,  t e s t i n g ,  and. ana lys i s  was 
done, and t h e  s t rength  adequacy of boron/epoxy re inforced members was 
v e r i f i e d .  

The ve r$ ica l  s t i f f n e s s  of t h e  CH-54~  t a i l  cone was maintained with 
an approximate 70 per  cent saving i n  s t i f f e n i n g  weight by t h e  appl ica t ion 
of boron/epoxy reinforced s t r i n g e r s .  

The boron/epoxy s t r i n g e r  reinforcement was configured such t h a t  t h e  
s t i f f n e s s  of t h e  current  production aluminum t a i l  cone was achieved with 
minor changes. A boron/epoxy s t r i p  0.750 x 0.250 inches was bonded t o  t h e  
v e r t i c a l  legs  of t h e  standard aluminum s t r i n g e r s .  A j o i n t  analys is  d e t a i l e d  
t h e  end t a p e r  of t h e  boron/epoxy reinforcement necessary t o  reduce t h e  
peak shear s t r e s s e s .  

Conventional and boron re inforced panels were fabr ica ted  and compara- 
t i v e  shear and compression panel t e s t s  conducted. Test r e s u l t s  indica ted  
t h a t  t h e  shear capab i l i ty  of t h e  panels was unchanged by t h e  presen.ce of 
t h e  boron, while t h e  compression t e s t  r e s u l t s  showed t h e  reinforced panels 
capable of withstanding higher loads.  Of s igni f icance  i s  t h e  f a c t  t h a t  an 
adequate bond and tapered boron/epoxy j o i n t  was achieved. 

,In-- Comparative fa t igue  t e s t s  were conducted f o r  both boron fepoxy r-" 
forced s t r i n g e r s  and conventional aluminum members. The t e s t s  were eon- 
ducted a t  representa t ive  a i r c r a f t  loads and cycles.  Holes were d r i l l e d  
i n  t h e  boron and aluminum f a t i g u e  specimens t o  simulate frame c l i p  
attachments. Both t h e  boron reinforced and aluminum s t r i n g e r s  sa"csfied 
t h e  a i r c r a f t  f a t igue  l i f e  requirements. 



Load de f l ec t ion  values were obtained f o r  t h e  boron/epoxy re inforced  
s t r i n g e r s  t o  determine t h e  e f f e c t i v e  s t i f f n e s s  of t h e  hybrid s t r i n g e r .  
Tests  v e r i f i e d  t h e  p red ic t ed  s t i f f n e s s  f o r  t h e  t a i l  cone using boron/epoxy 
re inforced  s t r i n g e r s .  Bolt holes i n  t h e  boron/epoxy had no not iceable  
e f f e c t  on t h e  r e s u l t s .  

An ana lys i s  of t h e  t a i l  cone was made wi th  and without boron/epoxy 
reinforcements,  and a l l  p o s i t i v e  margins of s a f e t y  were achieved under a l l  
condit ions.  Induced thermal e f f e c t s  were predic ted  and confirmed by t e s t .  
The thermal e f f e c t s  were accounted f o r  i n  t h e  a n a l y t i c a l  study. 

Fabr ica t ion  techniques,  developed i n  t h i s  phase, were such t h a t  only 
two ( 2 )  out  of t h i r t y - f i v e  (35) t e s t  specimens were found t o  have areas  of 
quiestionable bond. The Fokker bond t e s t e r  was used t o  inspec t  a l l  t e s t  
specimens, Holes were d r i l l e d  i n  t h e  boron reinforcement wi th  both diamond 
impregnated and high speed s t e e l  d r i l l s .  

T a i l  cone :fabricat ion drawings of t h e  CH-54~ incorpora t ing  boron 
re inforced  s t r i n g e r s  were made t o  f a c i l i t a t e  cons t ruc t ion  i n  Phase I1 and 
t o  assess  t h e  requi red  modif icat ions.  The b a s i c  geometry of t h e  s t r i n g e r s  
and frames remain unchanged. 

The Phase I study confirmed t h e  f a c t  t h a t  boron/epoxy re inforced  
s t r i n g e r s  can be f ab r i ca ted  and t h a t  t h e i r  s t a t i c  and f a t i g u e  s t r e n g t h  i s  
adequate t o  meet t h e  requirements of t h e  CH-54~. 



1.0 INTRODUCTION 

The o r i g i n a l  CH-548 h e l i c o p t e r  airframe s t r u c t u r e  was designed f o r  
t h e  appl ied  s t a t i c  loads due t o  f l i g h t  and ground condit ions.  D u r i l n g  t h e  
f l i g h t  development phase of t h e  CH-548, it became necessary t o  provide ad- 
d i t i o n a l  s t r u c t u r e  t o  inc rease  t h e  v e r t i c a l  bending s t i f f n e s s  of t h e  t a i l  
cone and t a i l  cone t r a n s i t i o n  sec t ion  i n  order  t o  s a t i s f y  a dynamic Rise -  
l age  requirement.  Skin gages 0.040 inches i n  thickness on t h e  top  and the 
bottom of t h e  t a i l  cone and t r a n s i t i o n  sec t ion  were replaced 'with sk ins  
0.080 - 0.140 inches i n  th ickness .  The weight inc rease  due t o  s tLffening 
was approximately 160 pounds. 

Prel iminary ana lys i s  of boron/epoxy re inforced  s t r i n g e r s  ind ica ted  
t h a t  t h e  requi red  t a i l  cone s t i f f n e s s  of t h e  C H - 5 4 ~  could be achieved by 
using t h e  o r i g i n a l  t h i n  sk ins ,  and re in fo rc ing  t h e  top  and bottom s t r i n g e r s  
with approximately t h i r t y  (30 ) pounds of boron/epoxy and eighteen ( 18 ) 
pounds of aluminum s k i n  s t i f f e n e r s .  

This study i s  Phase I of a two-phase program and was conducted t o  
prove t h e  f e a s i b i l i t y  of f a b r i c a t i o n ,  ana lys i s ,  s t r u c t u r a l  s t r eng th  and 
f i e l d  maintenance using boron/epoxy re inforced  s t r i n g e r s .  Phase I1 
inc ludes  f a b r i c a t i o n  of t h e  t a i l  cone and i n s t a l l a t i o n  on an a i r c r a f t ,  
f l i g h t  t e s t i n g ,  and in-serv ice  evaluat ion.  



TAIL CONE ANALYSIS 

Objective 

The objective of t h i s  analysis  was t o  subs tan t ia te  the  s t r u c t u r a l  
i n t eg r i t y  of the  t a i l  cone s t r uc tu r e  and t o  assure t h a t  t he  v e r t i c a l  
s t i f f ne s s  of the present  C H - 5 4 ~  was not changed by the  use of boron/ 
epoxy reinforced s t r i nge r s .  

Approach 

As Phase I1 of t h i s  contract  i s  a  f l i g h t  t e s t  program and t he  use of 
boron/epoxy reinforced s t r i nge r s  i s  r e l a t i ve ly  new, a decision was made t o  
r e t a i n  t he  design s t a t i c  s t rength  of the  ~ ~ 5 4 1 3  t a i l  cone assuming no boron/ 
epoxy rei.nforcement was present .  

The andys i s  matrix incorporated e ight  sections of the  t a i l  cone, 
f ive  e r i t i  c a l  f l i g h t  conditions and th ree  assumed t a i l  cone reinforcement 
conditions. The assumed reinforcement conditions were: no boron rein- 
forcement, complete boron reinforcement and p a r t i a l  boron reinforcement. 
The p a r t i a l  boron reinforcement condition assumed the  boron completely 
debonde' on various s t r i nge r s  i n  a t a i l  cone sect ion.  This was done t o  
assess the  s-tructural  e f f e c t  of a s h i f t  i n  the  neu t ra l  axis  on the  sect ion.  
A Xikorsky automated fuselage shear and bending analysis  was used which 
u t i l i z e s  the  UNIVAC 1108 computer. 

The analysis  of the  t a i l  cone subjected t o  t he  loads of t h e  above 
matrix of conditions i s  documented i n  Reference 1, " c H - ~ ~ B  Boron/Epoxy 
Reinf oreed T a i l  Cone Detai led S t ruc tu ra l  ~ u b s t a n t i a t i o n "  . 

Discussion 

The t a i l  cone of the  CH-54~ he l i cop te r  i s  of semi-monocoque construc- 
t i on  with frames and s t r ingers  spaced a t  approximately 20 and 6 inches 
respectively.  The t a i l  cone i s  considered a cant i lever  beam having a 
required s t i f f n e s s  c r i t e r i a  t o  el iminate a t a i l  resonance problem. The 
overa l l  s t i f f n e s s  of the  s t ruc tu re  includes what i s  re fe r red  t o  as the  
t a i l  cone, a f t  of Sta t ion 549, and t he  t r a n s i t i o n  sec t ion ,  forward of 
Sta-tlon 549. An overa l l  view of the  t a i l  cone with respect  t o  t he  
a i r c r a f t  i s  shown i n  Figure 2-1. 

The addit ion of boron reinforced s t r ingers  permitted the  removal of 
heaq- almninum top and bottom skins i n  both t h e  t r a n s i t i o n  and t a i l  cone 



section.  Twelve s t r ingers  were reinforced with boron/epoxy, seven on the  
lower skin and f i ve  on the  upper skin.  The reinforcement permitted skin  
gage reductions from .140 inches t o  .Oh0 inches i n  some sections of the  
t a i l  cone. 

The s t ruc tu r a l  modifications made t o  the  current s t ructure  due t o  t he  
addition of boron/epoxy reinforced s t r i nge r s  were minimal. An.alysis of 
the  no boron condition necess i ta ted the  addition of shor t  s t r i nge r  sections 
t o  reduce skin  buckling. These shor t  s t r i nge r  sections are  referred t o  i n  
t h i s  repor t  as panel breakers. The p a r t i a l  boron condition had no e f f ec t  on 
the  s t ructure .  Some panel breaker locations necess i ta ted removal of eurrent 
frame l ightening holes.  The boron/epoxy s t r i nge r  reinforcement was termi- 
nated a t  t he  t a i l  cone manufacturing jo in t  i n  order t o  r e t a in  the  sane 
f i t t i n g s .  The s t r inger  reinforcement did not extend i n t o  the  t r ans i t i on  
area. The present a i r c r a f t  s t r uc tu r a l  geometry and gages and the  modifi- 
cations required by t he  addition of the  boron/epoxy reinforced s t r ingers  
are shown i n  Figures 2-2, 2-3. 

The s t i f f n e s s  of t he  overa l l  reinforced s t ruc ture  meets t h a t  of t he  
present t a i l  cone, within computation accuracy, and i s  shown i n  Figure 2-4, 
Vert ical  bending s t i f f n e s s ,  o r  def lect ion,  of the  boron reinforced and the  
current production t a i l  cone was obtained by a double integra-tioaz of the  
M/EI d i s t r ibu t ion  where the  moment of i n e r t i a  was obtained from the  eom- 
puterized shear and bending analysis .  The moment was based upon a uni t  
vertical.  load applied a t  Sta t ion 749. The e f fec t ive  area modulus product 
f o r  t h e  reinforced s t r i nge r ,  which i s  an input i n to  the  computerized 
analysis  prog-ram of the  boron/epoxy s t r i nge r ,  was confirmed by the  Load 
s t r a i n  t e s t s  as deta i led i n  Section 5 . O .  

A Sikorsky automated fuselage shear and bending moment analysis  
u t i l i z i n g  the  UNIVAC 1108 computer was used i n  the  various structural 
analyses. The analysis  of t he  no-boron case was fu r ther  f a c i l i t a t e d  by 
a company automated program which determines the  margins of safe ty  i n  
s t i f fened  aluminum panels subjected t o  combined shear and compression 
loads. The c r i t i c a l  geometry, assuming p a r t i a l  boron reinforcemenk was 
found t o  be when t he  lower s t r i nge r  reinforcements were assumed inef fec t ive ,  

The analysis  of the  hybrid s t ruc ture  included the  induced fabr icat ion 
and environmental thermal e f fec t s .  The s t ress-f ree  condition of the boron 
reinforced s t r i nge r  occurs a t  the  curing temperature of 250° F- The 
c r i t i c a l  condition f o r  the  s t ruc ture  i s  a t  -650 F. This temperature 
condition represents the  maximum thermal gradient f o r  the  s t ructure  and i s  
the  minimum environmental temperature f o r  t he  CH-54~.  Therma.1 s t r e s s  
equations and t e s t  r e su l t s  are  deta i led i n  Section 6 . O .  The thermal e f fec t s  
of fabr icat ion i s  t o  induce tension s t resses  i n  t he  aluminum s t r ingers  and 
compression s t resses  i n  t he  boron reinforcement a t  any temperature below 
t h a t  of the  s t ress-f ree  condition. 



m she aluminum s t r i nge r ,  boron reinforcement and aluminum skin  loads f o r  
the externally applied loads and thermal induced loads were calculated by 
the  fomu3as i n  Section 6.0. It i s  t o  be noted t ha t  t he  de l t a  temperatures 
for the  s t r i nge r  and skin are d i f fe ren t ,  as the  skin i s  r iveted t o  t he  
e.13minwn s t r i nge r  a t  room temperature while the  s t r i nge r  i s  only i n  a 
s t r e s s  f r ee  condition a t  250° F. 

I n d i v i d ? ~ a l  component member and combined hybrid s t r i nge r  element 
loads are presented i n  Figures 2-5 and 2-6. The c r i t i c a l  f l i g h t  design 
loads fo r  the  s t r ingers  used i n  the  t a i l  cone s t ruc ture  are  a l so  presented 
i n  the above figures.  No tension f l i g h t  design load i s  given i n  Figure 
2-6, as t h i s  gage s t r i nge r  does not experience t h i s  type of loading f o r  
the  c r i t i c a l  conditions analyzed. 

The alaxin.um s t r i nge r  i s  c r i t i c @  f o r  an applied tension load, and 
the  allowable load i s  based upon t he  allowable t e n s i l e  s t r e s s  minus t he  
induced thermal s t r e s s .  The boron/epoxy reinforcement i s  c r i t i c a l  f o r  an 
agplied compression load. The allowable load was computed by a Sikorsky 
orthotropic p l a t e  s t a b i l i t y  program and includes the  reduction f o r  t he  
i ~ d u c e d  thermal s t resses .  

The c r i t i c a l  design conditions were as follows and are  referenced i n  
Tables 2-1, 2-2, and 2-3: 

a ,  Yaw Left  - G. W. 47000 lbs .  f'wd. c. g. ( C H I F ~ )  
b, Yaw Left - G. W. 47000 lbs .  a f t  c. g. ( c H ~ F ~ )  
c .  Yaw Left - G. W. 44620 l b s .  neu t ra l  c. g. ( c H ~ F ~ )  
d, Yaw Kick Left  - G. W. 30030 l b s .  most f'wd. c. g. ( ~ ~ 1 0 ~ 5 )  
e ,  Ta i l  Down Landing, Main Gear Impact - G. W. 47000 l b s  . f'wd. c. g. 

( ~ ~ 1 ~ 2 3 )  

A summary of t he  c r i t i c a l  margins of sa fe ty  f o r  the  t a i l  cone i s  pre- 
sented i n  Tables 2-1, 2-2, 2-3 and the  corresponding s t r i nge r  locations 
are shown i n  Figure 2-7. The margins of sa fe ty  were obtained from the  
deta i led analysis documented i n  Reference 1. The skin t o  s t r i nge r  r i v e t s  
were analized and found not t o  be c r i t i c a l .  

Conclusion 

The s t ruc tu r a l  i n t eg r i t y  of the  t a i l  cone i s  maintained fo r  t he  
c r i t i  e a l  f l i g h t  conditions with and without boxon/epoxy reinforced 
s t r ingers .  The modifications required t o  t he  a i r c r a f t  s t ructures  by t h e  
addition of t he  reinforced s t r ingers  are  small.  











TOTAL A P P L I E D  LOAD, L B  

F I G U R E  2-5. BORON/EPOXY REINFORCED S T R I N G E R  LOAD V E R S U S  TOTAL APPLIED 

LOAD FOR A 0 . 0 5 0 - I N C H  ALUMINUM S T R I N G E R  AT -65' F .  



TOTAL APPLIED LOAD, LB 

FIGURE 2-6. BORON/EPOXY REINFORCED S T R I N G E R  LOAD VERSUS TOTAL A P P L I E D  
LOAD FOR A 0 . 0 6 3 - I N C H  ALUMINUM S T R I N G E R  AT - 6 5 O  F. 
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FIGURE 2-7. TAIL CONE STRINGER NUMBERING S Y S m .  



TABLE 2-1. 

MINIMUM MARGINS O F  SAFETY 
T R A N S I T I O N  S E C T I O N  S T A T I O N  471 t o  549 

(NONREINFORCED ) 

STA. 490.5 



TABLE 2- 2 

MINIMUM MARGINS OF SAFETY 
TAIL CONE STATIONS 549 to 749 

(NONREINFORCED ) 

STA. 549 

MARGIN OF SAFETY 

STA. 589 

I 

STA. 689 



TABLE 2- 3. 

MINIMUM MARGINS OF SAFETY 
TAIL CONE STATION 549 t o  749 

REINFORCED WITH BoRON/EPOXY 

STA. 549 

(1) These a r e  s i d e  s t r i n g e r s  and a r e  not  r e in fo rced  wi th  
boron/epoxy 



3.0 BORON/EPOXY REINFORCED TAPER GEOMETRY 

Objective 

This invest igat ion was made t o  determine the  boron/epoxy taper  geo- 
metry such t h a t  t he  induced shear s t r e s s  peaks i n  the  adhesive were reduced 
t o  an acceptable s t r e s s  l eve l .  

Approach 

I n  designing the  boron/epox;y t ape r  j o i n t ,  various c r i t e r i a  had t o  be 
met. The t aper  had t o  be shor t  enough t o  maintain the  required t a i l  cone 
s t i f f n e s s  ye t  be long enough t o  achieve low values of adhesive shear s t r e s s  
and ba s i c  s t r i n g e r  s t r e s s e s .  A computerized Sikorsky-developed program f o r  
the  analysis  and optimum design of bonded tapered jo in t s  was used "c define 
the  jo int  geometry. The data  input included t he  design allowable adhesive 
shear s t r e s s  and adherend d i r ec t  s t r e s s e s  such t h a t  t he  geometry of the  
t aper  would r e s u l t  i n  a s a t i s f ac to ry  s t r e s s  f i e l d .  

Discussion 

A Sik:orsky j o in t  analysis  program was used t o  analyze t he  tapered 
jo in t s .  The shear modulus of AF-126-2 adhesive i n  the  l i n e a r  range (up 
t o  2,500 psi)  used i n  the  analys is  was 80,000 p s i  f o r  an average bend 
thickness of 0.005 inches. 

The t e s t  specimens used i n  t h i s  study were fabr ica ted with a 4-inch 
t aper ;  however, a 12.5-inch t aper  was found necessary f o r  acceptable t a i l  
cone load red i s t r ibu t ion .  An analysis  was made and resu l t ing  s t r e s s e s  eon?- 
pared f o r  both tapers .  The analysis  a l so  included t he  e f f ec t s  of a f iber-  
g lass  i n s e r t  f abr ica ted  i n t o  the  tapered ends. 

To reduce t he  high peak shear s t r e s s e s  s t i l l  remaining a t  the  end of 
the j o in t ,  two layers  of O0 fiberglass/epoxy (1002-S) were introdxced over 
the f i r s t  two inches of the  j o in t  bewteen the  boron and aluminum as i l l u s -  
t r a t e d  i n  Figure 3-1. This had t he  e f f e c t  of introducing a "sof t"  i n s e r t  
a t  the  j o in t  end, thereby reducing the  sudden discontinuity i n  s t i f f n e s s ,  
The t aper  designs include p r a c t i c a l  const ra ints  such as the  minimum taper  
thickness and s tep  s ize  being in teger  mult iples of p ly  thickness. 



The re inforced  s t r i n g e r  t e s t  specimens were subjec ted  t o  a concentra- 
t e d  load ,   hereas as i n  t h e  a c t u a l  a i r c r a f t  loads a r e  &so induced i n t o  t h e  
s t r i n g e r  by va r i ab le  s k i n  shear  loads .  An analys is  was made of t h e  &-inch 
t a p e r  under t h e  t e s t  specimen loading condit ions wi th  and without t h e  f ibe r -  
g l a s s  i n s e r t ,  An ana lys i s  was a l s o  made of t h e  &-inch and 12.5-inch t ape red  
j o i n t  under t h e  a i r c r a f t  loading condit ions with t h e  f i b e r g l a s s  i n s e r t .  

I n  a l l  j o i n t  analyses t h e  loads were appl ied  uniformly t o  t h e  aluminum 
s t r i n g e r  sk in  combination. This uniform load  d i s t r i b u t i o n  was r ed i s t r ibu -  
t e d  by mems of shear  l a g  due t o  t h e  presence of boron/epoxy reinforcement 
bonded t o  t h e  aluminum s t r i n g e r .  Figure 3-2 i l l u s t r a t e s  t h e  expected 
d i r e c t  s t r e s s  d i s t r i b u t i o n  a t  various s t a t i o n s  along t h e  re inforced  
s t r i n g e r *  I n  order  t o  compute t h e  shear  l a g  c h a r a c t e r i s t i c s  of load  re- 
d i s t r i b u t i o n ,  t h e  aluminum s t r i n g e r  was considered unwrapped and made in-  
t e g r a l  with t h e  sk in .  The boron/epoxy reinforcement was converted i n t o  
i t s  equivalent  aluminum a rea  and divided i n t o  a s e r i e s  of equivalent  con- 
cen t ra t ed  areas . 

I n  f igu res  (3-3) through ( 3 - 2 7 ) ,  t h e  p l o t s  of adhesive shear  s t r e s s  
versus d is tance  from t h e  j o i n t  end, a re  i l l u s t r a t e d  by a s o l i d  l i n e  repre- 
sen t ing  t h e  a n a l y t i c a l  output from t h e  bonded j o i n t  design computer program 
an.d a d iseont in i~ous  l i n e  l a b l e d  "expected p r a c t i c a l  d i s t r i b u t i o n .  " 

The =a lys i s  assumes a constant  shear  s t r a i n  across t h e  adherend 
This i s  an approximation t o  s impl i fy  t h e  analys is  i n  order  t o  

reduce computer time during optimizat ion.  I n  r e a l i t y  t h e  shear  s t r a i n  
i s  a maximum a t  t h e  inne r  sur face  of t h e  adherend next  t o  t h e  adhesive 
m d  zero on the  f r e e  ou te r  su r face .  The discontinuous l i n e  i s  an attempt 
t o  es t imate  e d  cor rec t  t h e  adherend shea r  l a g  e r r o r  through t h e  adherend 
thickness produced by t h i s  a n a l y t i c a l  assumption. 

As t h e  adherend becomes t h i c k e r  s o  t h e  inf luence  of any d i scon t inu i ty  
on t h e  outer  f r e e  surface i s  f e l t  l e s s  abrupt ly  by t h e  adhesive l a y e r  
on t h e  inne r  sur face .  

The r e s u l t s  on t h e  analys is  f o r  t h e  &-inch tapered  j o i n t  under appl ied  
t e s t  loads are  shown i n  Figures 3-3 through 3-14. The f i b e r g l a s s  i n s e r t  had 
t k e  e f f e c t  of reducing t h e  i n i t i a l  adhesive peak shear  s t r e s s  a t  t h e  j o i n t  
end i n  t h e  t ens ion  case from 2,130 p s i  t o  980 p s i .  ( see  Figures 3-3 and 
3-4). The i n i t i a l  adhesive peak s t r e s s  was reduced from 5,930 p s i  t o  
2,850 p s i  f o r  the  compression case ( s e e  Figures 3-9 and 3-10). Analyti- 
c a l l y ,  t h e  g la s s  i n s e r t  i s  shown t o  reduce t h e  i n i t i a l  peak adhesive shear  
sz res s  by 53 pe r  cent  f o r  t h e  t ens ion  condit ion and 52 pe r  cent  f o r  t h e  
compression condit ion.  

The computed shear  s t r e s s  d i s t r i b u t i o n  from a n a l y s i s ,  i n d i c a t e s  a 
s e r i e s  of r a p i d  s t r e s s  gradient  changes due t o  t h e  geometry d i s c o n t i n u i t i e s  
prodL1ced by t h e  in t roduc t ion  of each a d d i t i o n a l  l a y e r  of composite. 
Although t h e  g la s s  i n s e r t  s i g n i f i c a n t l y  reduced. t h e  primary shear  s t r e s s  
peck, a second shear  s t r e s s  peak i s  produced, a t  a d is tance  of 0.25 inches 
from the  j o i n t  end coincident  wi th  t h e  f i r s t  l a y e r  of boron/epoxy. If t h i s  



peak i s  r e a l i s t i c ,  t h e  reduction i n  m a x i m u m  adhesive shear  s t r e s s  i s  reduced 
t o  37 p e r  cent  f o r  t h e  t e n s i l e  case and 40 p e r  cent  f o r  t h e  compressive 
case. 

I n  Figure 3-4, t h e  expected p r a c t i c a l  d i s t r i b u t i o n  i l l u s t r a - t e s  a region 
of near  constant  shear  s t r e s s  over approximately 2.5 inches.  This i s  t h e  
genera l  region i n  which apparent bond deviat ions were found i n  the  f a t igue  
t e s t s .  

The design of t h e  bonded j o i n t  f o r  t h e  a c t u a l  a i r c r a f t  re inforced  
s t r i n g e r  loads followed a s i m i l a r  procedure t o  t h a t  u t i l i z e d  f o r  t h e  t e s t  
specimens . 

From t h e  fuselage ana lys i s  ( see  Reference l) ,  s i g n i f i c a n t  loads a r e  
introduced t o  t h e  boron /epoq  re inforced  s t r i n g e r s  from t h e  longerons i n  
t h e  t a i l  cone / t r ans i t ion  o r  manufacturing j o i n t  area.  This load  t r a n s f e r  
i s  made through shear  i n  t h e  sk ins .  The load  r e d i s t r i b u t i o n  i n  t h i s  region 
i s  due t o  t h e  terminat ion of t h e  boron/epoxy s t r i n g e r  reinforcement and t h e  
r e s u l t i n g  decrease i n  s t r i n g e r  loads and increase  i n  longeron. loads ,  To 
prevent ove r s t r e s s ing  t h e  aluminum s t r i n g e r ,  t h e  t a p e r  length was i r c r e a s  ed 
from 4 inches t o  12.5 inches ,  thus  spreading t h e  length  over which the  load  
i s  t r a n s f e r r e d  from o r  t o  t h e  boron/epoxy reinforcement.  The respect ive  
t ape r s  a r e  shown i n  Figure 3-15. 

Figures 3-16 through 3-27 show t h e  r e s u l t i n g  shear  and 6 i r e c t s s t r e s s  
d i s t r i b u t i o n s  i n  t h e  adhesive and adherends f o r  t h e  4- and 12-5-inch t a p e r s ,  
The c r i t i c a l  tens ion  and compression f l i g h t  loads were applied t o  both  
tapered  j o i n t s .  The f i b e r g l a s s  i n s e r t  was assumed i n  both  t a p e r s .  

The computed shear  s t r e s s  d i s t r i b u t i o n  i n  t h e  12.5-inch j o i n t  shown 
i n  Figure 3-16 i n d i c a t e s  an i n i t i a l  shear  s t r e s s  of 1,000 p s i  a t  t h e  j o i n t  
end. This value reduces r ap id ly  t o  approximately 450 p s i  and peaks again 
t o  1,460 p s i  a t  t h e  beginning of t h e  f i r s t  l a y e r  of boron/epoxy, A 
secondary major peak of 1,100 p s i  occurs two inches from t h e  J o i n t  end 
where t h e  g l a s s  i n s e r t  ends and t h e  reinforcement becomes a l l  boron/epow, 
This secondary peak compares t o  approximately 1,400 p s i  f o r  t,he correspond- 
i n g  4-inch t a p e r .  ( see  Figure 3-17). 

It i s  expected t h a t  t h e  p r a c t i c a l  adhesive shear  s t r e s s  d i s t r i b u t i o n  
w i l l  not  follow such r a p i d  s t r e s s  gradients  as discussed previously but 
w i l l  follow a smoothed d i s t r i b u t i o n  curve as i l l u s t r a t e d  i n  Figures 3-16, 
3-17. Therefore, i n  t h e  12.5-inch t a p e r ,  m a x i m u m  shear  s t r e s s  of 1,120 
p s i  and 2,900 p s i  i n  t h e  t ens ion  and compression r e spec t ive ly  a re  expected 
as compared with 1,320 p s i  and 2,900 p s i  f o r  t h e  corresponding I>-inch 
tapered  j o i n t .  

The c o r r e l a t i o n  of t h e  j o i n t  analys is  wi th  t e s t  da ta  was beyond t h e  
scope of  t h i s  program; however, t h e  j o i n t  design f o r  t h e  t e s t  specimens 
d id  withstand t h e  app l i ca t ion  of t h e  design s t a t i c  and dynamic loadings. 



Conclusions and ~ecorhnendations 

The inse r t ion  of two layers  of unidirect ional  glass/epoxy, approxi- 
mately two inches i n  length ,  between the  boron/epoxy reinforcement and 
the  a l m i n m  s t r inger  a t  the  ends of the  tapered jo in t s  reduces t he  peak 
adhesive shear s t resses  by approximately 53 per  cent. 

The resu l t ing  adhesive shear s t r e s s  d i s t r ibu t ion  f o r  t he  4-inch tapered 
boron/epoJxy ~eLnforcement t e s t  specimens shows t h a t  t he  maximum shear s t r e s s  
i s  one-half inch away from the  jo in t  end. It i s  questionable whether t he  
rapid shear s t r e s s  gradient  changes i n  the  adhesive, as ana ly t ica l ly  pre- 
dieted,  are p r ac t i c a l l y  possible.  A smoothing procedure was attempted, re- 
su l t ing  i n  an adhesive shear s t r e s s  d i s t r ibu t ion  which indicates  a general 
region of high shear s t r e s s  approximately 2.5 inches away from the  jo in t  
e~ d, 

The maxinm adhesive shear s t r e s se s  i n  t he  12.5-inch taper  are equal 
, to  or l e s s  than those i n  the  )+-inch taper .  It i s  therefore  recommended 
tha t  the  longer t aper  be i n s t a l l e d  on t h e  f l i g h t  t e s t  a r t i c l e  i n  Phase I1 
of t h i s  contract .  
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4.0 FABRICATION 

Ob j e c t i v e  

The ob jec t ive  of t h e  f a b r i c a t i o n  po r t ion  of t h i s  program w a s  t o  develop 
techniques s u i t  ab l e  f o r  t h e  f a b r i c a t i o n  , assembling and i n s p e c t i n g  of bonded 
a d  r i v e t e d  boron/epoxy r e in fo rced  aluminum s t r i n g e r s  f o r  t h e  cH-54B 
h e l i c o p t e r ,  

Approach 

%he feasi ' r . i l i ty  of f a b r i c a t i n g  and assembling boronlepoxy r e in fo rced  
s t r i n g e r s  under normal f a c t o r y  condi t ions  w a s  determined by t h e  f a b r i c a t i o n  
of t h i r t y - f i v e  s h o r t  t e s t  specimens and t h r e e  twenty-foot,  f u l l - s i z e d  
specimens. Jlormal manufacturing procedures such as d r i l l i n g  and f a s t e n i n g  
were a l s o  per fec ted .  Nondestructive in spec t ion  (NDI) w a s  made on a l l  t h e  
t e s t  specimens be fo re  and a f t e r  t e s t i n g .  Most of t h e  f a t i g u e  specimens 
were a l s o  in spec t ed  dur ing  t h e  t e s t s .  Fab r i ca t ion  f i x t u r e s  were made such 
t h a t  they  eould be  used i n  t h e  product ion phase of t h i s  c o n t r a c t .  

Tooling F ix tu re  

To f a c i l i t a t e  f a b r i c a t i o n  of t h e  t e s t  specimens, two s t e e l  f i x t u r e s  
were made, one six-channel,84-inch-long l amina t ing  f i x t u r e  and t h e  o t h e r  a 
slx-channel,  23-f oot-long lamina t ing  f i x t u r e .  The s h o r t e r  t o o l  was used 
t o  f a b r i c a t e  t h e  t e s t  specimens under 48 inches long ,  whi le  t h e  longer  
f i x t u r e  was used t o  f a b r i c a t e  f u l l - s i z e d  a i r c r a f t  s t r i n g e r s .  These lamina- 
t i n g  f i x t u r e s  were converted i n t o  bonding f i x t u r e s  w i t h  s l i g h t  modifications.  
A simple t r o l l e y ,  as  shown i n  Figure 4-1, was provided t o  apply t h e  0.75- 
i ~ c h  bo ron /epoq  t a p e  t o  t h e  channels i n  t h e  lamina t ing  t o o l .  A r o l l e r ,  
a l s o  shown i n  Figure 4-1, was f a b r i c a t e d  t o  compact t h e  layup i n  t h e  
channels during t h e  layup process .  

The 0-75-inch-wide boronlepoxy t a p e  w a s  no t  rece ived  i n  t ime f o r  t h e  
f a b r i c a t i o n  schedule ; t h e r e f o r e ,  a simple s t r i p p i n g  t o o l ,  Figure 5-2, con- 
s i s t i n g  of a s e r i e s  of k n i f e  b lades  accu ra t e ly  spaced t o  t h e  r equ i r ed  
w",ths was made. This  t o o l  performed extremely w e l l  wi th  no seve r ing  of 
filaments on t h e  t a p e  be ing  s l i t .  A s  t h e  t a p e  w a s  slit, it was rewound on 
a segyfiented spoo l  f o r  a p p l i c a t i o n  t o  t h e  layup t o o l .  



No major problems were encountered during t h e  lamina t ing  process  of  he 
s h o r t  specimens f o r  t e s t i n g .  Af t e r  cure it was found t h a t  t h e  t o o l  had 
t o  be  disassembled be fo re  removing t h e  cured reinforcements .  When it was 
at tempted t o  remove t h e  f i r s t  cured reinforcement from t h e  t o o l ,  t h e  p ly  
adjacent  t o  t h e  t o o l  su r f ace  became delaminated. Upon c l o s e r  examination 
it was revea led  t h a t  a s l i g h t  r ad ius  e x i s t e d  on t h e  corner  of t h e  t o o l  
channel b a r s  and allowed t h e  f i r s t  p l y  t o  extrude i n t o  t h e  void a r e a  pro- 
vided by t h e  r a d i u s ,  and when t h e  cured p a r t  was l i f t e d  from t,he t o o l ,  t h e  
undercut r e s t r a i n e d  t h e  p a r t  and caused t h e  delaminat ion.  

To allow f o r  thermal  expansion, t h e  aluminum c a u l  p l a t e  was cut  
approximately 0.010-inch narrower than  t h e  t o o l  channel. Under cur ing  
p re s su re  t h i s  gap produced a r idge  of one o r  two f i l amen t s  on t h e  u-pper 
edge of each cured reinforcement .  When handled ,  t h e  f i r s t  t e s t  specimens 
were extremely dangerous due t o  t h e  r idges  produced by t h e  f i l amen t s .  To 

, l n g e r  overcome t h i s  on a l l  subsequent specimens and t h e  f u l l  l eng th  s t - .  
re inforcements ,  one p l y  of S t y l e  7781 preimpregnated g l a s s  f a b r i c  was ap- 
p l i e d  t o  t h e  su r f ace  of t h e  reinforcement be fo re  cure.  This s t e p  e l imina ted  
any f u r t h e r  handl ing  problems. 

I n  t h e  f a b r i c a t i o n  of  t h e  f u l l - s i z e  demonstration s t r i n g e r  r e in fo rce -  
ments, two s p e c i f i c  problems were encountered. Segmented a1umin.m cau l  
p l a t e s  were used,  and on two s t r i n g e r  re inforcements ,  where they  b u t t e d ,  
t h e  thermal  expansion of t h e  cau l  p l a t e s  during t h e  cure cycle  caused them 
t o  l i f t  at t h e i r  ends. A p re s su re  void  was c r e a t e d ,  and t h e  laminate  cross-  
s e c t i o n  was measurably t h i c k e r  i n  t h e s e  a r eas .  On one of t h e  :ceinf"orcements, 
t h e  cau l  p l a t e s  were not  proper ly  s e a t e d  p r i o r  t o  bagging,  causing t h e  cured 
reinforcement  t o  have a nonuniform th i ckness .  Both problems a r e  r e a d i l y  
remedied by us ing  a continuous c a u l  p l a t e  and al lowing t h e  laminated r e in -  
forcements t o  compact under vacuum f o r  a minimum of e i g h t  hours  ar_d 
r e i n s p e c t i n g  be fo re  cure.  

Specimen Fabr i ca t ion  

A l l  specimens f a b r i c a t e d  f o r  t e s t  and i n s t a l l a t i o n  eva lua t ion  cons i s t ed  
of  boron/epoxy lamina tes  f i f t y - p l y  t h i c k  o r  0.25-inch t h i c k  and 0.75-inch 
wide. Specimen l e n g t h s ,  a s  determined by t e s t  requirements ,  were 18-0  
inches long  f o r  a l l  compression and s h e a r  specimens, 23.5 inches long f o r  
a l l  s t a t i c  t e n s i o n  and f a t i g u e  specimens, and 17 f e e t  8 inches f o r  t h e  re -  
p r e s e n t a t i v e  a i r c r a f t  re inforcement  members. A l l  specimens were f a b r i  cated 
wi th  t ape red  ends,  u t i l i z i n g  t h e  4-inch t a p e r  as  a n a l y t i c a l l y  developed i n  
Sec t ion  3. The boron/epoxy reinforcement  was cured i n  t h e  autocla-;ire a t  
85 p s i  p l u s  vacuum f o r  210 minutes a t  temperatures  of 350° F. ~ o a m  i n s e r t s  
were used at t h e  t ape red  ends t o  prevent  b r idg ing  of t h e  vacuum bagging 
f i lm  between t h e  t o o l  channel ba r s  and t h e  boron/epoxy. 

A f t e r  completion of t h e  lamina t ing  ope ra t ions ,  t h e  t o o l  was converted 
t o  a bonding f i x t u r e  ( s e e  Figure 4-31. Channel b a r s  1, 3, 5 ,  and 7 were 
removed and p laced  upon t h e  remaining ba r s  2 ,  4, and 6 ,  providing support  
f o r  t h e  v e r t i c a l  l e g s  of  t h e  s t r i n g e r s  t o  be bonded. The aluminum s t r i n g e r s  



aild t h e  boron/epoxy reinforcement s t r i p s  were prepared  i n  accordance wi th  
Sikorsky A i r c r a f t  app l i cab le  product ion process  s p e c i f i c a t i o n s .  The boron/ 
epoxy- reinforcement w a s  bonded t o  t h e  aluminum s t r i n g e r  i n  t h e  au.toclave at 
50 p s i ,  p lus  vacuum, and 250' F. f o r  s ix ty - f ive  minutes at temperature.  

The t n r e e  completed twenty-foot s t r i nge r / r e in fo rcemen t  assemblies  were 
v l s a a l l y  i n spec t ed  f o r  bond con t inu i ty .  A t  t h i s  t ime it w a s  discovered 
tiiax t h e  s ingle-p ly  laminates  at t h e  t ape red  ends were disbonded on two of 
t h e  t h r e e  s t r i n g e r s .  Adhesive was p laced  under t h e  unbonded a r e a s ,  t h e  
s i r i n g e r s  mechanically clamped t o  provide p re s su re  i n  t h e  a r eas  of  disbond 
and p laced  i n  an autoclave w i t h  product ion p a r t s  which were t o  be  cured 
a t 3 2 0 O  F. This  h igh  cure temperature (70' F. above t h e  o r i g i n a l  cure 
cycle  ) and t n e  l a c k  of clamping p re s su re  between p a r t s  caused a complete 
disbond between t h e  reinforcement  and t h e  aluminum s t r i n g e r .  S t r i n g e r s  
and reinforcements  were s t r i p p e d ,  prepared ,  and rebonded. Visua l  and non- 
d e s t r u c t i v e  i n ~ p e c t i o n ~ u t i l i z i n g  a Fokker bond t e s t  instrument,  showed two 
o r  three a r eas  of bond dev ia t ion  on each specimen. 

Bond Inspec t ion  Techniques 

Nondestructive in spec t ion  techniques  t o  determine bondline dev ia t ions  
were used t o  v e r i f y  adhesive bonding techniques  u t i l i z e d  i n  t h e  assembly 
o r  t h e  boron/epoxy reinforcements  t o  t h e  aluminum s t r i n g e r s .  

Each demonstration s t r i n g e r  and/or  t e s t  spec men was examined by 
Q a a l i t y  Assurance personnel  u t i l i z i n g  product ion nondes t ruc t ive  in spec t ion  
techniques developed f o r  determining bond i n t e g r i t y  on a l l  bonded main and 
t a i l  r o t o r  b l ade  assemblies .  An audib le  frequency dev ia t ion  technique ,  
more cornmcnly r e f e r r e d  t o  as  coin t app ing ,  w a s  used t o  determine whether 
gross  unbonded areas  e x i s t e d .  I n d i c a t i o n s  of bond l i n e  dev ia t ions  were 
marked on t h e  aluminum s t r i n g e r  s i d e  of t h e  bonded assembly. A Fokker bond 
t e s t e r  u t i l i z i n g  t h e  p r i n c i p l e  of  t r ansduce r  resonance w a s  t hen  used t o  
v e r i f y  t h e  i n d i c a t e d  bond l i n e  dev ia t ions .  Bond l i n e  dev ia t ions  were 
discovered on t h r e e  of t h e  s h o r t  t e s t  specimens and t h r e e  of t h e  demonstra- 
t i o n  s t r i n g e r s .  Two new s h o r t  t e s t  specimens were f a b r i c a t e d  and t e s t e d .  
%"rle t h i r d  t e s t  specimen which i n d i c a t e d  a bond dev ia t ion  was used i n  a 
f a t i g u e  t e s t  and i s  r epo r t ed  i n  Sec t ion  8.0. The bond dev ia t ions  i n  two 
of t h r e  t h r e e  demonstration s t r i n g e r s  i s  shown i n  Figure 4-4. The Fokker 
bond t e s t e r  was used t o  monitor p o s s i b l e  bond dev ia t ions  dur ing  t h e  
f a t i g u e  t e s t s .  

D r i l l i n g  and Rive t ing  

D r i l l i n g  of t h e  r e in fo rced  s t r i n g e r  t o  provide ho le s  f o r  attachment of 
t h e  fraine t o  s t r i n g e r  c l i p s  w a s  accomplished on a d e l t a  f l o o r  model d r i l l  
p r e s s  equipped w i t h  a H n r e z  e l e c t r o g r i p  coolant  t r a n s f e r  jacke t  attachment 
suppl ied  wi th  water  coolant  by a p re s su r i zed  spray-mist u n i t .  This machine 



i s  shown i n  F igure  4.5. A diamond g r i t  5/32-inch core d r i l l  was used t o  
d r i l l  t h e  i n i t i a l  ho le  through t h e  boronlepoxy reinforcement  t o  t h e  p o i n t  
of contac t  w i th  t h e  aluminum s t r i n g e r  ( s ee  Figure 4-6). Conventional high 
speed s t e e l  (HSS) d r i l l s  were used t o  d r i l l  through t h e  aluminum s t r i n g e r .  

It was found t h a t  upon r i v e t i n g  assemblies ,  t h e  laminate  s p l i t  o r  
cracked between t h e  r i v e t s  p a r a l l e l  t o  t h e  f i lament  o r i e n t a t i o n  of t h e  re-  
inforcement laminate  a s  shown i n  F igure  4-7. The s p l i t t i n g  of t h e  boron/ 
epoxy s t r i p  i s  due t o  t h e  expansion and/or  bending of t h e  r ive- t  i n  t h e  
hole .  As an a l t e r n a t e  method f o r  f a s t e n i n g ,  Hi-Lok f a s t e n e r s  were evalua- 
t e d .  The diamond g r i t  3/32-inch core d r i l l  was used t o  d r i l l  -the i n i t i a l  
ho le  through t h e  boron/epoxy , and s e v e r a l  h igh  speed s t e e l  d r i l l s  were 
used as reamers.  The ho le  diameter f o r  t h e  Hi-Lok f a s t e n e r s  was 0 ,163  
inches .  The Hi-Lok f a s t e n e r s ,  although s l i g h t l y  heav ie r  t h a n  corresponding 
r i v e t s ,  produced no s p l i t t i n g  o r  cracking i n  t h e  laminate  ( s e e  Figure 4-8) 

For f i e l d  r e p a i r  eva lua t ion ,  f a s t e n e r  ho le s  were d r i l l e d  i n  s e v e r a l  
samples of boron/epoxy reinforcements  w i t h  convent ional  h igh  speed s t e e l  
d r i l l s .  Water was used a s  a  l u b r i c a n t ,  and a  p i l o t  ho le  was i n i t i a l l y  
made. The l i f e  of a d r i l l  i n  t h i s  a p p l i c a t i o n  i s  extremely s h o r t .  An 
average of f o u r  drills were used t o  make one ho le .  The e f f e c t  of boron/ 
epoxy on d r i l l s  is  shown i n  Figure 4-9. 

Assembly of  boron/epow re in fo rced  s t r i n g e r s  t o  aluminum s k i n  panels  
presented  no problems. Squeeze r i v e t i n g  techniques similar t o  t hose  used 
f o r  a l l  aluminum s t r u c t u r e s  were employed. The 20-foot r e in fo rced  s t r i n g e r s  
a r e  shown r i v e t e d  t o  a  r e p r e s e n t a t i v e  s k i n  pane l  i.n Figure 4-10. 

Conclusions and Recommendations 

Fab r i ca t ion  and assembly techniques developed i n  t h i s  program have 
provided t h e  information necessary  t o  produce, i n  l i m i t e d  product ion ,  hybrid 
s t r u c t u r e s  s i m i l a r  t o  t hose  descr ibed  and have reduced t h e  f a b r i c a t i o n  of 
t hose  components t o  a  s ta te-of- the-ar t  manufacturing process .  

It i s  recommended t h a t  f u r t h e r  s t u d i e s  be made on t h e  meaning of 
i n d i c a t e d  bond devia t ions .  











FIGURE 4-5. BORONIEPOXY DRILLING FIXTURE. 
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FIGURE 4-6. DIAMOND CORE DRILL. 
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5.0 TENSILE LOADISTRAIN TEST 

Object ive 

Tke ob jec t ives  of t h e s e  t e s t s  were: (1) t o  ob ta in  comparative t e n s i l e  
t e a t  d a t a  on product ion aluminum s t r i n g e r s  and on s t r i n g e r s  r e in fo rced  
wi-th a boron/epoxy composite, and ( 2 )  t o  determine t h e  load  s t r a i n  curves 
and t h e  e f f e c t i v e  a r e a  modulus (AE) product  f o r  each type  s t r i n g e r .  

Approach 

Tes t  specimens were s t r a i n  gaged and sub jec t ed  t o  t e n s i l e  loading  t o  
f d l u r e ,  Three boron/epoxy specimens were t e s t e d :  two w i t h  r e p r e s e n t a t i v e  
frame t o  s t r i n g e r  c l i p s  and one wi thout  c l i p s .  Three aluminum specimens, 
a l l  wi th  c l i p s ,  were t e s t e d .  Measured s t r a i n s  were used t o  develop load/  
s"cain curves and t h e  area-modulus (AE produc t ) .  V e r i f i c a t i o n  of t h e  
e f f e c t i v e  a r e a  modulus of t h e  bo ron /epoq  s t r i n g e r  i s  necessary t o  a s su re  
t h e  r equ i r ed  t a i l  cone s t i f f n e s s .  

Test  Specimens 

The 24-inch x 6-inch s k i n  s t r i n g e r  t e s t  pane ls  shown i n  F igures  5-1 
and 5-2 cons i s t ed  of  bo th  nonreinforced s t r i n g e r s  w i th  c l i p s  a t t ached  t o  
t h e  s t r i n g e r  midpoint and boron/epoxy r e i n f o r c e d  s t r i n g e r s  b o t h  w i t h  and 
without  c l i p s  a t  t h e  midpoints.  

The boron r e in fo rced  specimens were f a b r i c a t e d  w i t h  f i b e r g l a s s  i n s e r t s  
on one t ape red  end and a l l  boron on t h e  o the r .  

Tes ts  and Resul t s  

S t r a i n  gaged product ion and boron/epoxy r e in fo rced  s t r i n g e r  specimens 
were mounted i n  a s p e c i a l l y  designed t e s t  f i x t u r e  shown i n  Figure 5-3 and 
were t e s t e d  t o  f a i l u r e  a s  shown i n  Figure 5-4. For t h e  nonreinforced 
s t r i n g e r s ,  t h e  t e s t  f i x t u r e  w a s  a l i gned  t o  remove a l l  bending from t h e  
specimen; however, f o r  t h e  boronlepoxy r e in fo rced  specimens it w a s  no t  pos- 
s i b l e  t o  e l imina te  a l l  bending i n  t h e  specimen due t o  a s h i f t  of t h e  n e u t r a l  
ax i s  r e s u l t i n g  from t h e  bonding of  t h e  boron/epoxy reinforcement  t o  t h e  
s t r i n g e r . ,  For t h e s e  specimens t h e  f i x t u r e  was a l igned  t o  e l imina te  bending 
i n  t h e  alwninun,and bending i n  t h e  boron reinforcement w a s  accepted.  



Tens i le  loads were appl ied  i n  increments ,  t o  f a i l u r e ,  and s t r a i n  measure- 
ments were recorded f o r  each load  increment.  The t e s t  r e s u l t s  a r e  tabu- 
l a t e d  i n  Table 5-1, and t h e  s t r a i n s  a r e  p l o t t e d  i n  F igures  5-5 and 5-6. A 
l oad  s t r a i n  curve i s  presented  i n  Figure 5-7. 

Tes ts  of t ens ion  loads r e s u l t e d  i n  t h e  specimens f a i l i n g  at e i t h e r  
t ape red  end. Therefore,  no conclusions could be  made as t o  t h e  r e l a t i v e  
mer i t s  of t h e  g l a s s  t ape red  end o r  of t h e  a l l  boron t ape red  end. 

Discussion 

A l l  t h e  nonreinforced s t r i n g e r  specimens experienced t e n s i l e  f a i l u r e  
i n i t i a t i n g  i n  t h e  s t r i n g e r  a t  t h e  c l i p  r i v e t  ho le  and progress ing  through 
t h e  s t r i n g e r  and s k i n .  

The boron/epoxy s t r i n g e r  specimens experienced two types of f a i l u r e s :  
f a i l u r e  of t h e  bond, and t e n s i o n  f a i l u r e  of t h e  aluminum s t r i n g e r ,  The 
r e in fo rced  s t r i n g e r ,  without  c l i p s ,  experienced f a i l u r e  of t h e  boron/epoxy 
Somposite-to-stringer bond without  subsequent f a i l u r e  of t h e  aluminum 
s t r i n g e r  o r  sk in .  One r e in fo rced  s t r i n g e r ,  wi th  c l i p s  at t h e  midpoint ,  
experienced t e n s i l e  f a i l u r e  i n  t h e  s t r i n g e r  a t  t h e  c l i p  r i v e t  h o l e ,  fo l -  
lowed by a simultaneous f a i l u r e  of bo th  t h e  boron/epoxy bond and t h e  
aluminum sk in .  The second r e in fo rced  s t r i n g e r ,  wi th  c l i p s  a t  t h e  midpoint ,  
experienced a p a r t i a l  f a i l u r e  of  t h e  boron/epoxy-to-stringer bond. Inereas-  
i n g  load  r e s u l t e d  i n  complete bond f a i l u r e  and f r a c t u r e  of t h e  alminun? 
s k i n  and s t r i n g e r  at t h e  c l i p  r i v e t  ho le .  

The l o a d l s t r a i n  curve f o r  t h e  r e in fo rced  s t r i n g e r s  shown i n  Figure 5-7 
i s  presented  i n  terms of l oad  versus s t r a i n  a t  t h e  n e u t r a l  ax i s  of t h e  re-  
i n fo rced  s e c t i o n .  S t r a i n  a t  t h e  n e u t r a l  a x i s  was p l o t t e d  t o  compensate f o r  
t h e  bending experienced i n  t h e  boron/epoxy reinforcement d iscussed  pre- 
v ious ly .  S t r a i n  at t h e  n e u t r a l  a x i s  was obta ined  from p l o t s  of t h e  
measured bending s t r a i n  d i s t r i b u t i o n  ac ros s  t h e  r e in fo rced  s e c t i o n  f o r  each 
loading  increment shown i n  Figures  5-5 and 5-6. 

Analysis 

The t e n s i o n  modulus of t h e  aluminum/skin pane l  was s u b s t a n t i a t e d  by 
t e s t s  and ana lys i s :  

Net a r e a  of aluminum s k i n l s t r i n g e r  i s  0.310 i n .  2 

The c a l c u l a t e d  t ens ion  modlllus i n  t h e  t e s t  pane l  a t  a loa,d of 5,000 
pounds and a s t r a i n  of 1,500 x l o m 6  i n .  / i n .  ( s ee  Figure 5-7) i s  : 



2 Net a r e a  of boron/epoxy r e in fo rced  pane l  i s  0.457 i n .  . 
The t ens ion  modulus and a r e a  modulus product of t h e  boron/epoxy 
r e in fo rced  t e s t  pane l  a t  a load  of  5,000 pounds and a s t r a i n  of  
500 x la-' i n .  / i n .  ( s ee  F igure  5-7) i s  : 

The maximum s k i n l s t r i n g e r  a r e a  of t h e  cu r r en t  a i r c r a f t  i s  0.931 i n .  2 .  

Therefore,  t h e  maximum a r e a  modulus produce (AEIA i s  equa l  t o :  

An e f f e c t i v e  a rea ,based  on AE, i s  an input  i n t o  t h e  computer shea r  and 
Sending ana lys i s  program (see  Reference 1). The a r e a  moment of 
i n e r t i a  and consequently t h e  s t i f f n e s s  i s  an output  of  t h i s  program. 

The boron/epoxy w a s  converted i n t o  an equiva len t  aluminum a r e a  f o r  t h e  
computer program as fol lows:  

Area. of boron/epoxy p lus  s t r i n g e r  and s k i n  i s  0.923 i n .  2 .  

The a r e a  modulus product  f o r  t h e  hybr id  s t r i n g e r  i s  t h e r e f o r e :  

From t h e  above ana lys i s  and t e s t  r e s u l t s ,  it was determined t h a t  t h e  
a r e a  modulus product f o r  t h e  boron/epoxy reinforcement  i s  e s s e n t i a l l y  
equal t o  t h e  maximum cur ren t  a i r c r a f t  a r e a  modulus product .  

The conversion of t h e  reinforcement  i n t o  an equ iva l en t  aluminum a r e a  
y i e l d s  e s s e n t i a l l y  t h e  same a r e a  modulus product as t h a t  s u b s t a n t i a t e d  
by t e s t .  



Conclusions and Recommendations 

Based on t h e  r e s u l t s  of t h e  t e s t s  presented  i n  t h i s  s e c t i o n ,  it is 
concluded t h a t :  

(1) The t e n s i l e  s t r e n g t h  of t h e  boron/epoxy r e in fo rced  s t r i n g e r s  i s  
equ iva l en t  t o  t h a t  of t h e  nonreinforced s t r i n g e r s .  

2 The l i m i t i n g  f a c t o r  i n  t h e  load-carrying a b i l i t y  of t h e  
r e in fo rced  s t r i n g e r  i s  t h e  bond s t r e n g t h .  

(3) The experimental ly  determined area-modulus product f o r  both t h e  
r e in fo rced  and t h e  nonreinforced s t r i n g e r s  agreed wi th  t h e  
t h e o r e t i c a l  va lues .  

( 4 )  The a r e a  modulus product of t h e  r e in fo rced  s t r i n g e r  i s  equi- 
v a l e n t  t o  t h a t  of t h e  cu r r en t  product ion aluminum sk in - s t r i nge r  

( 5 )  No conclusion can be  found from t h e s e  t e s t s  concernilng t h e  
advantage o r  disadvantage of t h e  g l a s s  i n s e r t  i n  t h e  -tapered ends. 

TABLE 5-1. TENSILE TEST RESULTS 

Test  Specimen Boron/Epoxy Cl ips  a t  F a i l u r e  
Remarks No. Number Reinforced Midpoint Load ( lb .)  

1 A1-T1 no Yes 17,000 Figure 5-8 

2 A1-T2 no Yes 16,800 Figure 5-8 

3 A1-T 3 no Yes 16,700 Figure 5-8 

4 B-T1 Yes no 17,000 Figure 5-9 

5 BC-T2 Yes Yes 17,800 Figure 5-10 

6 BC-T3 Yes Yes 16,300" P a r t i a l  bond f a i l u r e ,  
17,500 s t r i n g e r ,  s k i n  and 

bond f a i l u r e  
Figure 5-11 

T - t e n s i o n  

A 1  - aluminum specimen 

B - boron r e in fo rced  specimen 

C - c l i p  
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6.0 RESIDUAL THEWL STRESSES 

Object ive 

Object ives  of t h i s  t e s t  were: (11 t o  determine t h e  thermal  s t r e s s e s  
induced i n  t h e  boron/epoxy r e in fo rced  s t r i n g e r ;  (2)  t o  e s t a b l i s h  t h e  design 
c o e f f i c i e n t s  of thermal  expansion f o r  aluminum and boronlepoq- composite ; 
(3 )  t o  v e r i f y  t h e  ana lys i s  f o r  t h e  p r e d i c t i o n  of thermal  s t r e s s e s ,  

Approach 

An aluminum s t r i n g e r  and a boron/epoxy s t r i p  were instrumented and 
bonded toge the r .  The i n s t r m e n t a t i o n  was then  monitored as t h e  bonded 
p i ece  was cooled from t h e  bonding temperature of +250° F. t o  - - 6 5 O  F. An 
a d d i t i o n a l  "dummy" aluminum s t r i n g e r  and boron/epolry block were instrumen- 
t e d  and monitored over t h e  same temperature range. The "dummys' instrumen- 
t a t i o n  w a s  used t o  determine bo th  t h e  thermal  c o e f f i c i e n t s  of expansion f o r  
t h e  aluminum and t h e  boron and t h e  temperature-induced apparent s t r a i n  
co r r ec t ions  f o r  t h e  s t r a i n  gages used. The ins t rumenta t ion  on t h e  bonded 
p i ece  was used t o  determine t h e  thermal  s t r e s s e s  induced i n  t h e  bonded 
p iece .  

Test  Specimens 

The t e s t  specimens shown i n  Figure 6-1 cons i s t ed  of a 48--inch alumilium 
s t r i n g e r  and a 48-inch by 0.25-inch by 0.75-inch boronlepoxy r e i n f o r c i n g  
s t r i p  f o r  measurement of r e s i d u a l  s t r a i n s .  A "dummy1' a luminm s t r i n g e r  and 
boronlepoxy block f o r  measurement of t h e  c o e f f i c i e n t  of thermal  e x p a n s i o ~  
a r e  a l s o  shown i n  Figure 6-1. 

Tes t ing  and Resul t s  

The aluminum s t r i n g e r  and t h e  boron/epoxy r e i n f o r c i n g  s t i - ip  were 
s t r a i n  gaged p r i o r  t o  bonding and were p laced  i n  a cur ing  oven md bonded 
toge the r .  The s t rain-gaged "dummyr1 s t r i p s  were p laced  i n  t h e  oven at t h e  
same t ime.  A f t e r  a one-hour cur ing  pe r iod  a t  +250° F . ,  t h e  specimens were 
cooled t o  room temperature w i th  oven temperature and specimen s t r a i n  
measurements p e r i o d i c a l l y  recorded.  



The r e in fo rced  s t r i n g e r  was in spec t ed  by t h e  Fokker bond t e s t ,  and no 
bond deviations were found. The r e in fo rced  and "dummy" s t r i p s  were then  
p laced  i n  an environmental chamber shown i n  Figure 6-2 and were cooled t o  
-65" F, The temperatures  were h e l d  u n t i l  t h e  specimen and chamber were i n  
e q u i l i b r i u n ,  and s t r a i n  and temperature measurements were p e r i o d i c a l l y  
recorded,  

The r e s u l t i n g  thermal  s t r a i n s ,  co r r ec t ed  f o r  temperature-induced 
apparent s t r a i n s ,  a r e  shown i n  F igure  6-3. The a n a l y t i c a l l y  p r e d i c t e d  
induced thermal  s t r a i n s  a r e  a l s o  shown i n  Figure 6-3. Test  dev ia t ions  
from p red ic t ed  values i n  t h e  reg ion  of cure t o  room temperature may be  
a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  temperature r ead  was t h a t  of t h e  oven upon 
cool ing and not  n e c e s s a r i l y  t h a t  of t h e  specimen. 

Discussion 

The s k r a i n  gages used i n  t h e s e  t e s t s  were self-temperature-compensating 
gages. These gages, when bonded t o  a m a t e r i a l  having t h e  same c o e f f i c i e n t  
of thermal  expansion as t h e  gage, w i l l  compensate f o r  s t r a i n s  r e s u l t i n g  
from thermal  expansion o r  con t r ac t ion  of t h e  m a t e r i a l .  Limits  a r e  def ined  
by a t emperature-induced apparent s t r a i n  curve supp l i ed  wi th  each type  of 
gage, 

The s t r a i n  gages bonded on t h e  "dummy" aluminum s t r i n g e r  had a compen- 
s a t i n g  temperature c o e f f i c i e n t  of 1 3  x 10'~ i n . I i n . 1 ' ~ .  The output  from 
t h e s e  gages was examined over t h e  e n t i r e  temperature range of +250° F. t o  
-65' F. and was found t o  be w e l l  w i t h i n  t h e  l i m i t s  def ined  by t h e  tempera- 
tare-i.n&aced apparent s t r a i n  curve f o r  t h i s  type  gage. From t h e s e  r e s u l t s  
it was concluded t h a t  t h e  thermal  c o e f f i c i e n t  of thermal  expansion f o r  t h e  
aLuLl?um s t r i n g e r  was 1 3  x i n .  / i n .  /O F. 

The s t r a i n  gages bonded on t h e  boron epoxy "dummy" block had a compen- 6 
s a t i n g  temperature coe f f i c i en t  of 5 x 10- i n .  1 i n . P  F. This  v d u ~  w a s  
somewhat h ighe r  t han  t h e  design value f o r  boron of 2.0 - 3.0 x 10' 
i n , / i n . / o  F, and r e s u l t e d  i n  t h e  measured s t r a i n  output  be ing  o u t s i d e  
"ce l i m i t s  def ined  by t h e  temperature-induced apparent s t r a i n  curve. 
The thermal c o e f f i c i e n t  of expansion f o r  t h e  boron w a s  t hen  determined i n  
t he  fol lowing manner. The t h e o r e t i c a l  temperature s t r a i n  output  f o r  t h e  
wibonded s t r a i n  gage was c a l c u l a t e d  f o r  t h e  temperature range. The measured 
s t r a l n  output was t h e n  s u b t r a c t e d  from t h e  t h e o r e t i c a l  s t r a i n  gage output .  
The d i f f e r e n t i a l  i n  s t r a i n  was a t t r i b u t e d  t o  s t r a i n  i n  t h e  "dummy" boron 
block.  This d i f f e r ence  i n  s t r a i n  w a s  d iv ided  by t h e  change i n  temperature 
t o  ob ta in  a c o e f f i c i e n t  of thermal  expansion of 2.14 x loe6 i n . / i n . I o  F. 

The "dW" aluminum and boron gages were a l s o  used t o  determine t h e  
co r r ec t ions  f o r  t h e  temperature-induced apparent s t r a i n  i n  t h e  bonded 
a l ~ m i n u ~ / b o r o n  composite s t r i n g e r .  Since t h e  "dumnry" gages were s e l f -  
temgerature compensating, t h e r e  should have been no measured output  from 
t 5 e  "dummy" over t h e  e n t i r e  temperature range.  Both t h e  aluminum and t h e  



boron "dummy" gage outputs  were examined s e p a r a t e l y ,  and t h e  co r r ec t ions  
r equ i r ed  t o  n u l l  t h e  gage output at each temperature were a l s o  app l i ed  t o  
t h e  same type  gage on t h e  bonded specimen at t h a t  temperature.  

The bonded specimen was in spec t ed  by t h e  Fokker Bond Tes t e r  and no 
bond dev ia t ions  were found. 

Analysis  

The p r e d i c t e d  induced thermal  s t r a i n s  i n  t h e  components o f  t h e  hybrid 
s t r i n g e r s  a r e  shown i n  Figure 6-3. The thermal  adhesive shea r  s t r e s s  peaks 
t o  a maximum at t h e  ends of an untapered j o i n t  as shown i n  Figure 6-ii and 
diminishes t o  zero  over  t h e  ma jo r i t y  of t h e  reinforcement  l eng th .  At t h e  
same t ime ,  t h e  d i r e c t  s t r e s s e s  i n  t h e  adherends a r e  zero a t  t h e  ends of t h e  
j o i n t  and reach a  constant  maximum value  over t h e  ma jo r i t y  of t h e  
reinforcement length .  

The a n a l y s i s  of t h e  model shown i n  Figure 6-4 r e s u l t s  i n  a second order 
l i n e a r  d i f f e r e n t i a l  equat ion from which t h e  fo l lowing  e q u a t i o ~ s  f o r  t h e  
t h r e e  component s t r e s s e s  a r e  formed: 

E I ~ A ~ E ~ A T ( ~ ~  - c l ~  ) 
where k = 

(ABEB + AAEA) 

,$2 = (Gab) ( ABEB + AAEA) 
ta ABEBAAEA 

where 
Ga = adhesive shea r  modulus 

b = j o i n t  width 

ta = adhesive th i ckness  

AA = c ros s - sec t iona l  a r e a  of adherend A 

AB = c ros s - sec t iona l  a r e a  of adherend B 
EA = t e n s i l e  modulus of adherend A 



Eg = t e n s i l e  modulus of adherend B 

GA = shea r  modulus of adherend A 

GB = shea r  modulus of adherend B 

a~ = thermal  c o e f f i c i e n t  of expansion of adherend A 

ag = thermal  c o e f f i c i e n t  of  expansion of adherend B 

AT = change i n  temperature 

The maximum values of thermal  s t r e s s  a r e :  
L when x = (2) "8 = (uB) m a .  

UA = (aA) m a .  

Psinh (%) 
s i n h  ( P L )  1 

if (DL) > 5 ,  then  s i n h  ( P L )  

then 

when X = 0 ,  ? = ('C)rnax 

A ~ k p  cosh ( P L )  - cosh ( 0 )  - -  
( T  )ma -- b s i n h  ( P L )  

cosh (UL) - 1 - 
if (vL! > 5 then ,  sinh ( p L )  - 1 

FLgure 6-5 i l l u s t r a t e s  t h e  sequence, i n  chronologica l  o rde r ,  of t h e  f a b r i -  
cation versus temperature h i s t o r y  t o  which t h e  r e in fo rced  s t r i n g e r / s k i n  as- 
sembly i s  most l i k e l y  t o  be  subjec ted .  The i n t e r n a l  loads of t h i s  assembly 
a re  eomp~ted  f o r  each of t h e  t h r e e  components. These component loads PSTR, 
Pg, and FSE: f o r  a lwninm s t r i n g e r s ,  boron/epoxy reinforcement and aluminum 
s k i n  r e spec t ive ly  a r e  given by t h e  fol lowing equat ions .  



where 

PSTR = l oad  i n  t h e  aluminum s t r i n g e r  

PB = l oad  i n  t h e  boron/epoxy 

PSK = l oad  i n  t h e  aluminum s k i n  

AT is  t h e  temperature change from cur ing  t h e  bond between 
t h e  boron/epoxy and t h e  aluminum s t r i n g e r  a t  250' F. 
and cool ing t h e  assembly t o  room temperature 73' F .  

AT* is  t h e  temperature change from 70' F.  when t h e  s k i n  i s  
r i v e t e d  t o  t h e  r e in fo rced  s t r i n g e r  t o  t h e  minimum 
environmental temperature of t h e  CH-54B ( - 6 5 O  F.). 

Conclusions 

Based on t h e  r e s u l t s  of t h e  t e s t  p resented  i n  t h i s  s e c t i o n ,  it i s  
concluded t h a t :  

(1) The c o e f f i c i e n t  of thermal  expansion of t h e  aluminum s t r i n g e r  
0 

is  1 3  x l o w 6  i n .  / i n .  / F. 

( 2 )  The c o e f f i c i e n t  of thermal  expansion of t h e  boron/epoxy 
composite reinforcement i s  2.14 x i n .  / i n .  PF. 

(3)  Both experimental ly  determined c o e f f i c i e n t s  of thermal. 
expansion agree favorably wi th  p r e s e n t l y  used design va lues .  



(4) The discrepancy i n  t h e  p red ic t ed  versus t e s t e d  induced thermal  
s t r e s s e s  a t  r a i s e d  temperatures i s  a t t r i b u t e d  t o  t h e  measurement 
of oven temperature and not specimen temperature. 

(5) Thermal s t r e s s e s  can be p red ic t ed  a n a l y t i c a l l y  f o r  design. 

It i s  recommended t h a t  i n  f u t u r e  temperature v e r i f i c a t i o n  t e s t s  
tkermocouples be placed on t h e  specimen t o  assure  co r rec t  temperature 
and s t r a i n  gage cor re l a t ion .  
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7.0 SHEAR AND COMPRESSIOX TESTS 

Object ive 

The ob jec t ive  of t h e s e  t e s t s  w a s  t o  o b t a i n  comparative shea r  and 
compression t e s t  d a t a  on product ion aluminum and boron/epoxy r e in fo rced  
s k i n  s t r i n g e r  panels .  

Approach 

Shear and compressive a x i a l  loads  were app l i ed  t o  t h e  s p e c i a l l y  
desf gned shea r  and compression r e in fo rced  and nonreinforced specimens, and 
t h e  r e s u l t i n g  f a i l u r e  loads  and modes of f a i l u r e  were recorded and 
compared. 

Tes t  Specimens 

The shear  and compression t e s t  specimens were b a s i c a l l y  20-inch by 
30-inch panels  as  shown i n  Figures  7-1 and 7-2. The boron/epoxy re in-  
forced  specimens were f a b r i c a t e d  wi th  f i b e r g l a s s  i n s e r t s  on one tapered  
end and a l l  boron on t h e  o the r .  

Two shea r  t e s t  specimens were f a b r i c a t e d  w i t h  boron/epoxy r e i n f  orced 
s t r i n g e r s  and two were of convent ional  cons t ruc t ion .  

Two compression t e s t  specimens were f a b r i c a t e d  w i t h  boron/epoxy re in-  
forced  s t r i n g e r s  and two were of convent ional  cons t ruc t ion .  The ends of 
5hese specimens were p o t t e d  t o  f a c i l i t a t e  l oad  in t roduc t ion .  The boron/ 
epoxy reinforcement was te rmina ted  be fo re  t h e  p o t t e d  end t o  s imula te  t h e  
proposed a i r c r a f t  cons t ruc t ion .  

The po t t ed  ends were mi l l ed  p a r a l l e l  wi th  each o t h e r  t o  w i t h i n  a 
t o l e rance  of -0.000 t o  +0.005 inches .  

Tes ts  and Resu l t s  

Shear pariel t e s t s  were performed on bo th  t h e  product ion and t h e  boron/ 
epoxy r e in fo rced  s t r i n g e r  pane ls  us ing  a  p i c t u r e  frame shea r  t e s t  f i x t u r e  



mounted i n  t h e  S t a t e c  Test ing Machine as shown i n  Figure 7-3. The t e s t  
loads were appl ied  i n  increments t o  f a i l u r e .  The t e s t  r e s u l t s  a re  
summarized i n  Table 7-1. 

Compression t e s t s  were performed on both  t h e  production and the  boron/ 
epoxy re in fo rced  s t r i n g e r  panels  i n  t h e  S t a t e c  Test ing Machine as shown i n  
Figure 7-4. A photograph of an untes ted  compression panel  wi th  t h e  s t r a i n  
gage loca t ions  i s  shown i n  Figure 7-5. Incremental t e s t  loads were applied 
t o  f a i l u r e .  The t e s t  r e s u l t s  a re  t abu la t ed  i n  Table 7-2. The photographs 
of t e s t e d  panels  a re  i d e n t i f i e d  i n  Figures 7-6 through 7-11 and are 
cross referenced wi th  t h e  t e s t  r e s u l t s  i n  Tables 7-1 and 7-2. 

Discussion 

Both t h e  current  production aluminum and boron/epoxy re inforced  shear  
panels  experienced sk in  shear  f a i l u r e s  a t  t h e  edge r i v e t  holes and a t  t h e  
poin t  of load  in t roduct ion .  The f a i l u r e  mode and load  magnitude f o r  both 
types of panels  were e s s e n t i a l l y  t h e  same. The average f a i l i n g  load f o r  
t h e  conventional aluminum shear  panel  was 25,500 pounds while  t h a t  ?re- 
d i c t e d  by analys is  was 28,800 pounds. 

The two conventional design compression panels  f a i l e d  a t  loads of 
23,300 and 22,900 pounds with f a i l u r e  r e s u l t i n g  from l o c a l  c r ipp l ing  near  
t h e  midpoint of t h e  nonreinforced s t r i n g e r s .  The two boron/epoxy re in-  
forced s t r i n g e r  panels  f a i l e d  a t  loads of 34,500 and 29,500 pounds w i t h  
f a i l u r e  r e s u l t i n g  from l o c a l  c r ipp l ing  of t h e  re inforced  s t r i n g e r  at t h e  
tapered  end of t h e  boron/epoxy reinforcement.  

The p red ic t ed  loads f o r  t h e  nonreinforced assemblies were 25,500 
pounds and 29,400 pounds r e spec t ive ly .  The f a i l u r e  mode of t h e  reinforced 
panel  was p red ic t ed  t o  b e  i n  t h e  aluminum s t r i n g e r  a t  t h e  terminat ion of 
t h e  boron/epoxy reinforcement,  thereby permi t t ing  t h e  use of conventional 
a n a l y t i c a l  formulas. 

Conclusions and Recommendations 

Based on t h e  r e s u l t s  of t h e  t e s t s  presented  i n  t h i s  s e c t i o n ,  it i s  
concluded t h a t  : 

(1) The shear  s t r eng th  of t h e  boron/epoxy reinforced s t r i n g e r  panels 
i s  equivalent  t o  t h e  shear.  s t r eng th  of t h e  nonreinforced s t r i n g e r  
panels .  



(2) The compressive s t r e n g t h  of t h e  boron/epoxy r e in fo rced  s t r i n g e r  
pane l  i s  equal  t o  o r  g r e a t e r  t h a n  t h e  compressive s t r e n g t h  of t h e  
nonreinforced s t r i n g e r  pane ls .  

( 3 )  F a i l u r e  of t h e  compression and shea r  pane ls  was such t h a t  no 
conelusions can be made a s  t o  t h e  performance of  t h e  f i b e r g l a s s  
i n s e r t s  i n  t h e  t ape red  ends. 

TABLE 7-1: SHEAR PPLiVEL TEST RESULTS 

Specimen 
Nurdber 

Spe eimen 
Nwdber 

Boron/Epoxy F a i l u r e  
Reinforced Load ( lb .  

Remarks 

no 26,000 Figure 7-6 

no 25,000 

yes 26,600 

Yes 27,600 Figures  7-7, 7-8 

TABLE 7-2: COMPRESSION PANEL TEST RESULTS 

Boron /Epoxy F a i l u r e  
Reinforced Load ( lb . )  

Remarks 

no 23,300 

no 22,900 Figure 7- 9 

Yes 34,500 Figures  7-10 

Yes 29 , 500 Figures  7-11 

S = shear  

P = pane l  

A = aluminum 

B = boron/epoxy 

C = compression 
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FIGURE 7-3. SHEAR PANEL TEST SET-UP. 
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FIGURE 7-6. SHEAR FAILURE OF NONREINFORCED TEST PANEL. 
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F I G U R E  7-7. SHEAR F A I L U R E  O F  BORONJEPOXY REINFORCED S T R I N G E R  TEST PANEL. 

8 5 



FIGURE 7-8. DETAIL OF SHEAR FAILURE OF BORON/EPOXY REINFORCED STRINGER 
TEST PANEL. 









8.0 FATIGUE 

Object ive 

Th.e ob jec t ives  of t h i s  p o r t i o n  of t h e  program were: (1) t o  eva lua t e  
t h e  e f f e c t  of repea ted  loadings  on bo th  t h e  all-aluminum s t r i n g e r  s t r u c t u r e  
and t h e  boron/epow re in fo rced  s t r i n g e r  s t r u c t u r e ,  and ( 2 )  t o  a s su re  t h a t  
t h e  f a t i g u e  l i f e  i s  s u f f i c i e n t  f o r  t h e  l i f e t i m e  of t h e  a i r c r a f t .  

Approach 

The e f f e c t s  of repea ted  loads  were i n v e s t i g a t e d  by f a t i g u e  t e s t i n g  
sk in - s t r i nge r  specimens r e p r e s e n t a t i v e  of bo th  t h e  all-aluminum and t h e  
boron/epoxy r e in fo rced  aluminum t a i l  cone cons t ruc t ion .  A l l  t e s t s  were 
tens ion- tens ion  (with r a t i o  minimum load  t o  maximum load  R = + . l o ) .  The 
t e s t  loads were based on a c t u a l  f l i g h t  s t r a i n  gage measurements and in-  
cluded t h e  maximum measured v i b r a t o r y  loads and t h e  maximum ground-air- 
ground cycle  loads .  Four of  t h e  boron-reinforced specimens were sub jec t ed  
t o  loads equiva len t  t o  t h e  measured i n - f l i g h t  loads  f o r  a t  l e a s t  fou r  t imes  
t h e  design l i f e .  The o t h e r  specimens, inc luding  t h e  t h r e e  a l l  aluminum 
ones, were sub jec t ed  t o  loads g r e a t e r  t han  t h e  measured i n - f l i g h t  loads t o  
a"; l e a s t  t h e  number of cycles  occurr ing  i n  t h e  a n t i c i p a t e d  10,000 hours o r  
t h e  f i f t e e n  yea r s  l i f e t i m e  of t h e  a i r c r a f t .  

Tes t  Specimens 

Nine 24-inch by 6-inch sk in - s t r i nge r  specimens were f a b r i c a t e d  and 
t e s t e d :  t h r e e  boron/epoxy r e in fo rced  wi th  c l i p s ;  t h r e e  boron/epoxy without  
c l i p s ;  and t h r e e  aluminum specimens w i t h  c l i p s .  The t e s t  specimen i s  shown 
i n  Figure 5-1, 

Test  and Resul t s  

The t e s t  l oad  schedules  a r e  l i s t e d  i n  Table 8-1, and a  summary of t h e  
t e s t  r e s u i t s  i s  included i n  Table 8-2. The r e s u l t s  a r e  a l s o  shown i n  t h e  
S--J!T diagram of Figure 8-1 which i l l u s t r a t e s  that t h e  specimens sub jec t ed  
t o  loads equiva len t  t o  t h e  measured i n - f l i g h t  loads  ( l o a d  schedules  
C D ) meet o r  exceed t h e  l i f e  f a c t o r  c r i t e r i a  of f o u r  (4). Figure 8-1 



a l s o  shows t h a t  t h e  specimens sub jec t ed  t o  loads  g r e a t e r  than  t h e  measured 
i n - f l i g h t  loads  ( l o a d  schedules  A and B )  exh ib i t ed  l i v e s  equiva len t  t o  
10,000 hours o r  f i f t e e n  years  of a i r c r a f t  s e r v i c e .  

Strain-gaged aluminum and boron/epoxy r e in fo rced  sk in - s t r i nge r  
specimens were sub jec t ed  t o  c y c l i c  t e n s i l e  ( f a t i g u e )  loading  f o r  a  prede- 
termined number o f  cycles  as  shown i n  Table 8-1. The specimens were testedi 
i n  an Ivy-20 Fa t igue  Test  Machine as shown i n  Figure 8-2. Steady and v i -  
b r a t o r y  t e n s i l e  loads were app l i ed ,  and t h e  r e s u l t i n g  s t r a i n  measurements 
were recorded. As d i scussed  p rev ious ly ,  it was not  p o s s i b l e  t o  e l imina te  
a l l  bending i n  t h e  r e in fo rced  specimens ( s e e  Sec t ion  5 . 0 ) .  These specimens 
were t e s t e d  i n  t h e  same manner a s  t h e  s t a t i c  specimens by e l imina t ing  bend- 
i n g  i n  t h e  aluminum and accept ing  bending i n  t h e  boron reinforcement ,  
Vibra tory  s t r a i n  readings and p e r i o d i c  i n spec t ions  of t h e  boron/epoxy r e in -  
forced  s t r i n g e r  wi th  a  Fokker Bond Tes t e r  were used as  an i n d i c a t i o n  of 
bond devia t ion .  A t y p i c a l  p l o t  of s t r a i n  reading  versus n m b e r  of cyc les  
i s  shown i n  Figure 8-3. 

Bond devia t ions  were de t ec t ed  i n  a l l  f a t i g u e  t e s t s ,  i n  some cases  w e l l  
be fo re  s t r a i n  devia t ions  occurred.  I n  t e s t  pane l  BCF-3, a  bond dev ia t ion  
was de t ec t ed  before  t e s t i n g  of t h e  s t r i n g e r .  The bond dev ia t ion  d id  not  
propagate  o r  cause f u r t h e r  problems during t h e  t e s t i n g  of t h e  specimen. 
The number of cycles  at which a change i n  s t r a i n  occurred was noted ,  
although t h e  load  was maintained by t h e  specimen f o r  many more cyc l e s ,  The 
number of cyc les  t o  s t r a i n  dev ia t ion  and t o  specimen f a i l u r e  o r  t e s t  termi-  
na t ion  and t h e i r  r a t i o s  t o  t h e  a c t u a l  number of cyc les  appl ied  i n  13,003 
hours of opera t ion  a r e  included i n  Table 8-3. The boron/epoxy t e s t  spec i -  
mens and t h e i r  f a i l u r e  modes a r e  shown i n  Figures  8-4 through 8-9 and a r e  
cross-referenced i n  Table 8-2. 

Discussion 

Previous experience shows t h a t  t h e  C H - 5 4 ~  a i r c r a f t  f l i e s  600 - 700 
hours p e r  yea r .  The airframe l i f e  was thus  conserva t ive ly  es t imated  a t  
10,000 hours o r  approximately f i f t e e n  yea r s  of  opera t ions .  The t e s t  loads 
used were based  on t h e  measured-in-flight s t r e s s e s .  The envelope of  t h e s e  
s t r e s s e s  i s  shown i n  Figure 8-10. The i n - f l i g h t  v i b r a t o r y  s t r e s s e s  i n  
l e v e l  f l i g h t  a r e  g e n e r d l y  l e s s  t han  t1 ,000 p s i ,  and t h e  h ighes t  recorded 
v ib ra to ry  s t r e s s  i s  t1,750 p s i  occur r ing  i n  an a u t o r o t a t i o n a l  condi t ion  
a t  100 knots  wi th  t h e  maximum r o t o r  rpm. This  f l i g h t  condi t ion  occurs f o r  
.24% of t h e  a i r c r a f t  t ime wi th  a  frequency of 4.2 cyc les  pe r  second, T h u s ,  
t h e  low s t r e s s  /high cycle  f l i g h t  condi t ion  produces 364,000 load  cycles  i n  
10,000 hours of  a i r c r a f t  opera t ion .  

The h igh  s t r e s s / l ow cycle  repea ted  s t r e s s  i s  ob ta ined  from t h e  eondi- 
t i o n  of l i f t - o f f  (5,640 p s i )  t o  a climb a t  70 knots  and 9,000 feet, 
(-9,500 p s i ) ,  thus  t h e  repea ted  l o a d  ranges from 5,640 t o  -9,500 p s i  
(-1,930 27,570 ps i ) .  The ground-air-ground frequency i s  2.38 



cycles per  f1igh.t hour,  which i n  10,000 hours of a i r c r a f t  s e rv ice  produces 
23,800 cycles of repeated loading.  

The gross a rea  of t h e  aluminum sk in  and s t r i n g e r  i s  .331 square inches ,  
and t h e  t e s t  loads were the re fo re  t h e  s t r e s s e s  times the  s t r i n g e r  a r e a  of 
-331. 

The v ib ra to ry  s t r e s s  versus s teady s t r e s s  diagram of Figure 8-11 
ind ica te s  t h e  a c t u a l  s t r e s s e s  and t h e  s t r e s s e s  used f o r  t e s t .  The R = + . l o  
l i n e  was used f o r  t e s t i n g .  The t e s t  schedule i s  shown i n  Table 8-1, and 
the  loading cases denoted by condit ions A through D .  Schedule A i s  more 
severe than t h e  a c t u a l  ground-air-ground cycles because of i t s  h igher  
s teady s t r e s s .  The Goodman Diagram included i n  Fig .  8-11 i s  a l i n e  of 
constant f a t i g u e  damage f o r  aluminum a l l o y  s t r u c t u r e  wi th  a  y i e l d  s t r e n g t h  
of k7,000 p s i .  Thus Schedule C ,  which i s  t h e  poin t  on t h e  Goodman Diagram 
f o r  R = +,lo, i s  equivalent  t o  t h e  measured ground-air-ground cycle s t r e s s e s .  
T'le high cycle-low s t r e s s  i n - f l i g h t  f a t i g u e  s t r e s s e s  a re  c lose  t o  t h e  R = 
+',10 l i n e  and thus  t h e  v ib ra to ry  s t r e s s  of Schedule D i s  maintained a t  t h e  
l e v e l  of t h e  i n - f l i g h t  v ib ra to ry  s t r e s s  of 1,750 p s i .  Fatigue t e s t s  of 
aLwninum a l l o y  s t r u c t u r e s  show considerable s c a t t e r  of t h e  f a t i g u e  s t r eng th .  
S t a t i s t i c a l  analys is  shows t h a t  t h e  s t r eng th  f o r  a high r e l i a b i l i t y  ( .999) 
i s  only 61% of t h e  mean s t r eng th .  Thus, t h e  loads of t e s t  Schedule B a r e  
those of SeheduILe D increased  by a f a c t o r  of 1 / .61 o r  1.64. 

The ground-air-ground s t r e s s  cycle includes t h e  most severe t ake  o f f ,  
i c - f l i g h t  , and landing condit ions and t h e  i n - f l i g h t  v ib ra to ry  s t r e s s e s  a re  
t h e  maximum measured. It would thus  be t o o  severe a  condit ion t o  sub jec t  
each specimen t o  both type load  schedules. Thus s ince  each t e s t  specimen 
i s  subjec ted  t o  constant  loading only, no cummulative damage due t o  v a r i a b l e  
Load l e v e l s  occurs.  

I n i t i a l l y ,  t h e  concept of t e s t i n g  was t o  provide a  s t a t i s t i c a l  com 
pLarlson with t h e  known f a t i g u e  d a t a  f o r  aluminum cons t ruc t ion .  However, 
t he re  i s  i n s u f f i c i e n t  s t a t i s t i c a l  information on bonded j o i n t s  t o  make a 
v a l i d  c r i t e r i a ,  and it was decided t h a t  a  c r i t e r i a  of a  l i f e  f a c t o r  of  4 
wculd be more than  s u f f i c i e n t  t o  assure  t h e  i n t e g r i t y  of t h e  s t r u c t u r e .  

A l l  of the nonreinforced s t r i n g e r s  completed t h e  requi red  f a t i g u e  
t e s t i n g  and were r e t i r e d  a t  t h e  completion of each t e s t .  

A l l  of t h e  r e in fo rced  specimens e q e r i e n c e d  changes i n  t h e  i n t e g r i t y  
of t h e  boron composite-to-stringer bond during t e s t i n g .  These changes 
ranged from a devia t ion  of t h e  bond i n  t h e  tapered  load  t r a n s f e r  region of 
t h e  boron t o  disbond of some areas of t h e  boron reinforcement.  

It was d i f f i c u l t  t o  determine where t h e  bond devia t ions  i n i t i a t e d  with- 
i n  t h e  boron composite; however, most of t h e  changes were i n i t i a l l y  de tec ted  
i n  t h e  tapered  load  t r a n s f e r  region a t  t h e  end of t h e  constant  boron 
composite sec t ion .  



No bond f a i l u r e s  were de tec ted  i n  t h e  a r e a  of t h e  c l i p  attachment 
holes .  For these  reasons t h e  t ape red  load  t r a n s f e r  region was considered 
t h e  c r i t i c a l  s e c t i o n  i n  f a t igue .  From Table 8-3 f o r  t h e  t e s t s  with equi- 
va len t  t a i l  cone s t r e s s e s  and increased  number of cycles (Load Schedules 
C and D ) ,  it i s  seen t h a t :  

(1) The r a t i o  of applied t e s t  cycles  t o  s e r v i c e  cycles ranged from 
4 . 1  t o  7.3 with no s t r a i n  devia t ion  occurr ing.  

( 2 )  For t h e  t e s t s  wi th  increased  loads ( ~ o a d  Schedules A and B), t h e  
number of appl ied  cycles exceeded t h e  se rv ice  cycles ,  though i n  
t h e  case of specimens BF-1 ( ~ e s t  No. 4 )  and BF-2 ( ~ e s t  No. 51, 
s t r a i n  devia t ions  d i d  occur. It i s  emphasized t h a t ,  even though 
s t r a i n  deviat ions ind ica t ing  some l o s s  of load  t r a n s f e r  c a p a b i l i t y  
wi th in  t h e  bond were de tec ted ,  a l l  t h e  boron reinfoireed s t r i n g e r s  
success fu l ly  c a r r i e d  t h e  f a t i g u e  loads ,  thus  showing t h a t  a 
se rv ice  l i f e  of 10,000 hours o r  approximately f i f t e e n  years  i s  
a t t a i n a b l e .  

Conclusions and Recommendations 

Based on t h e  r e s u l t s  of t h e  f a t i g u e  t e s t s  it i s  concluded t h a t :  

( 1 )  Both t h e  all-aluminum and t h e  boron-reinforced s t r u c t u r e s  have 
s a t i s f a c t o r y  se rv ice  l i f e .  

( 2 )  The attachment of c l i p s  t o  t h e  re inforced  s t r i n g e r s  has no 
adverse e f f e c t  on t h e  reinforcement bond i n t e g r i t y .  

( 3 )  The boron/epoxy composite r e in fo rced  s t r i n g e r  specimens 
experienced bond devia t ions  a s  a  r e s u l t  of f a t i g u e  t e s t i n g .  

(4) Location of bond devia t ion  o r i g i n  i s  d i f f i c u l t ;  however, 
t h e  tapered  load  t r a n s f e r  region  of t h e  boron composite 
appears t o  be t h e  c r i t i c a l  s ec t ion  i n  f a t i g u e .  

( 5 )  The devia t ions  of t h e  bond s t r e n g t h  d i d  not  reduce t h e  o v e r a l l  
f a t i g u e  s t r eng th  of t h e  s t r u c t u r e  below t h e  a n t i c i p a t e d  
10,000 hours of se rv ice  usage. 

Based on t h e  r e s u l t s  of t h e  t e s t s  presented i n  t h i s  s e c t i o n ,  it i s  
recommended t h a t  design analys is  and t e s t i n g  be performed t o  determine 
more s p e c i f i c a l l y  t h e  load  t r a n s f e r  c h a r a c t e r i s t i c s  of a  t y p i c a l  ta-gered 
boron/epoxy j o i n t  . 



T
A
B
L
E
 8
-
1
 
F
A
T
I
G
U
E
 T
E
S
T
 L
OA
D 
S
C
H
F
D
U
L
E
S
 

S
C
H
E
D
U
L
E
 

C
O
N
D
I
T
I
O
N
 

A
P
P
L
I
E
D
 
S'
I'
NE
SS
 

.A
PP
LI
ED
 L
OA
D 

M
A
X
I
M
U
M
 
L
O
W
 

NU
MB
ER
 
OF
 
C
Y
C
L
E
S
 

p
s
i
 

lb
s

. 
1
'0
s 

. 
x
 1
0-
6 

G
ro

u
n

d
-A

ir
-G

ro
u

n
d

, 
A

 
A

c
tu

a
l 

A
m

p
li

tu
d

e
, 

9
2
5
0
 

7
5
7
0
 

3
0
8
0
 
i
 

2
5
2
0
 

56
00

 
.I

7
3

 
In

c
re

a
se

d
 C

y
c
le

s 

In
-F

li
g

h
t 

V
ib

ra
to

ry
, 

B
 

In
c

re
a

se
d

 L
o

ad
, 

3
5
1
0
 
i
 

2
8
7
0
 

11
80

 2
 

9
6
0
 

2
1
4
0
 

A
c

tu
a

l 
C

y
c

le
s.

 

G
ro

u
n
d
-A

ir
-G

ro
u
n
d
 

C 
E

q
u

iv
a

le
n

t 
A

m
p

li
tu

d
e,

 
74

60
 i

 
6
1
2
0
 

2
4
7
5
 

2
 

2
0
2
5
 

45
00

 
\O

 
In

c
re

a
se

d
 C

y
c

le
s.

 
C

 

In
-F

li
g

h
t 

V
ib

ra
to

ry
, 

D
 

A
c

tu
a

l 
L

o
ad

, 
2
1
4
0
 

2 
1

7
5

0
 

71
0 

2 
5
8
0
 

1
2

9
0

 
In

c
re

a
se

d
 C

y
c

le
s.

 



TA
B

LE
 

8
-2

. 
FA

T
IG

U
E

 
T

E
ST

 
R

E
SU

L
T

S 

T
e

s
t 

S
p

ec
im

en
 

B
o

ro
n

/E
p

o
x

y
 

C
li

p
s
 

a
t 

L
o
ad

 
A

p
p

li
e

d
 

T
e

st
 

M
o.

 
R

o
. 

R
e

in
fo

rc
e

d
 

M
id

p
o

in
t 

S
c

h
e

d
u

le
 

C
y

c
le

s 
x
 

R
em

ar
k

s 

1
 

A
1

 F
-1

 
n

o
 

Y
es

 
A

 
0

.1
7

5
 

T
e

st
 

st
o

p
p

e
d

 a
f

te
r

 r
e

a
c

h
in

g
 

re
q

u
ir

e
d

 c
y

c
le

s
. 

Y
es

 
B

 
0.

36
5 

T
e

st
 

st
o

p
p

e
d

 a
f

te
r

 r
e

a
c

h
in

g
 

re
q

u
ir

e
d

 c
y

c
le

s
. 

Y
es

 
A

 
0

.1
7

5
 

T
e

st
 

st
o

p
p

e
d

 a
f

te
r

 r
e

a
c

h
in

g
 

re
q

u
ir

e
d

 c
y

c
le

s
. 

4
 

B
 

F
-1

 
Y

es
 

n
o

 
A

 
0

.1
5

9
 

C
ra

c
k

e
d

 s
tr

in
g

e
r 

th
ro

u
g

h
 

a
tt

a
c

h
- 

m
en

t 
b

o
lt

 h
o

le
. 

F
ig

u
re

 
8-

4.
 

w
 

\n
 

5 
B

 
F

-2
 

Y
es

 
n

o
 

B
 

1
.5

4
1

 
T

e
st

 
st

o
p

p
e

d
 a

t
 1

.5
 x

 
lo

6 
c

y
c

le
s
. 

F
ig

u
re

 
8-

5 
. 

6 
BC

 
F

-1
 

Y
es

 
Y

es
 

C 
0

.1
7

5
 

T
e

st
 

st
o

p
p

e
d

 a
t
 r

e
q

u
ir

e
d

 c
y

c
le

s
. 

F
ig

u
re

 
8-

6.
 

7 
BC

 
F

-2
 

Y
es

 
Y

es
 

D
 

1
.5

0
0

 
T

e
s
t 

st
o

p
p

e
d

 a
t
 r

e
q

u
ir

e
d

 c
y

c
le

s
. 

F
ig

u
re

 
8-

7.
 

8
 

BC
 

F
-3

 
Y

es
 

Y
es

 
C 

0
 .1

2
7

 
C

ra
c
k

e
d

 s
tr

in
g

e
r 

th
ro

u
g

h
 

a
tt

a
c

h
- 

m
en

t 
b

o
lt

 h
o

le
. 

F
ig

u
re

 
8-

8.
 

9 
BC
 

F
-4

 
y

e
s 

y
e

s 
D

 
1
,
5
0
0
 

T
e

st
 

st
o

p
p

e
d

 a
t 

re
q

u
-i

re
d

 c
y

c
le

s
, 

F
ig

u
re

 
8-
9.
 

A
l

 .-
 

a
,

l
~

n
~

m
 

F
 

- 
fa

ti
g

u
e

 
B

 
- 

b
o

ro
n

 
re

in
fo

rc
e

d
 

BC
 
- 

b
o

ro
n

 
re

in
fo

rc
e

d
 w
i
t
h
 

c
li

p
 







FIGURE 8-2. FATIGUE TEST SET-UP. 



F
I
G
U
R
E
 
8-
3.
 

K
E
A
S
U
R
E
D
 V
IB
RA
TO
RY
 
S
T
R
A
I
N
 V
ER
SU
S 
C
Y
C
L
E
S
 F
OR
 
BO
RO
N/
EP
OX
Y 
RE
IN
FO
RC
ED
 
S
T
R
I
N
G
E
R
,
 







2 
0 
H 
E-l 

Fi 0 
u 

F! 
H 

ki 
& 
E-l 
ul 
El 
E-l 



E i  
V1 
W 
E-i 

I2 
F? 
ffi 

W 
ffi 

3 
H 
Fi 







FIGURE 8-10. ENVELOPE OF MEASURED IN-FLIGHT STRESSES. 
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9.0 SERVICEABILITY 

Object ive 

The ob jec t ive  of this s tudy  was t o  determine a method of i n spec t ing  
t h e  bond i n t e g r i t y  of t h e  boron/epoxy r e in fo rced  s t r i n g e r s  i n  t h e  f i e l d  
a~>d t o  e s t a b l i s h  a f i e l d  r e p a i r  procedure t o  fol low i n  t h e  event  of  
d l  sb onds . 

Approach 

For f i e l d  i n s p e c t i o n ,  t h e  co in  t a p  method of determining bond devia- 
t i o n s  i s  recommended. This method has been used i n  t h i s  program f o r  i n -  
s2ec t ing  a l l  t e s t  specimens be fo re  and a f t e r  t e s t i n g .  The r e s u l t s  have 
been confirmed .by use of t h e  Fokker Bond Tes t e r .  

Three types  of disbond a r e  assumed and t h e i r  recommended f i e l d  r e p a i r s  
outlined. The assumed disbond types  a r e :  complete s t r i n g e r  disbond over 
tile e n t i r e  l e n g t h ,  no bond between frames, and no bond a t  a t ape red  end. 
T'le var ious assumed disbond cases  a r e  shown i n  Figure 9-1. 

The s t a t i c  s t r e n g t h  c a p a b i l i t y  of t h e  t a i l  cone i s  maintained i n  t h e  
event of complete o r  p a r t i a l  disbond i n  one o r  a l l  r e in fo rced  s t r i n g e r s  
a s  shown i n  t h e  ana lys i s  of Reference 1. 

F i e l d  Repairs 

I n  t h e  event  of a disbond over t h e  e n t i r e  l eng th  of s t r i n g e r ,  a s t e e l  
s t r q  one inch  wide and 0.25 inches  t h i c k  can be  r i v e t e d  t o  t h e  s k i n  and 
s t r i n g e r ,  Tne s t r a p  m a t e r i a l  i s  t o  be 4130, $25,000 H.T. s t e e l .  A 
conventional. pr imer,  used wi th  d i s s i m i l a r  me ta l s ,  i s  t o  be  used. 

This type  of r e p a i r  w i l l  maintain t h e  s t i f f n e s s  of t h e  assumed disbond 
reinforcement ,  The r e p a i r  i s  not needed f o r  s t a t i c  s t r e n g t h .  The loose  
boron s t r i p s  w i l l  be h e l d  i n  p l ace  by t h e  Hi-Lok f a s t e n e r s  a t  t h e  fuse lage  
frames, 

I n  t h e  event  of a disbond between frames, it i s  recommended t h a t  a 
Hi-Lok f a s t e n e r  be  i n s e r t e d  i n  t h e  p r e d r i l l e d  ho le  made i n  t h e  boron/epoxy 



reinforcement .  A convet iona l  d r i l l  i s  a l l  t h a t  i s  r equ i r ed  a s  t h e  d r i l l  
must go through only t h e  aluminum s t r i n g e r .  

The boron/epoxy reinforcement  has  a c r i t i c a l  column l eng th  of 
approximately t e n  inches .  The Hi-Lok f a s t e n e r  w i l l  provide t h e  necessary 
column support .  The load  t r a n s f e r  between t h e  boron/epoxy reinforcement  
and aluminum s t r i n g e r  i s  l o x  when away from t h e  ends,  and t h e  disbond i s  
not  expected t o  propagate  based upon t h e  r e s u l t s  of t h e  f a t i g u e  t e s t  made 
w i t h  a debonded a r e a ,  Reference Sec t ion  8. 

I n  t h e  event  of a disbond at a t ape red  boron/epoxy end, a room 
temperature bond i s  t o  be made. A clamp i s  t o  be  app l i ed  t o  t h e  s t r i n g e r  
at t h e  frame and t h e  boron/epoxy p r i e d  away from t h e  s t r i n g e r  as shown i n  
Figure 9-2. The sur face  i s  t o  be  cleaned w i t h  t r i c h l o r e t h y l e n e  and bonded 
wi th  ADX-372 Hysol adhesive. The s t r i n g e r  i s  t o  be clamped u n t i l  t h e  bond 
i s  cured. The recommended cure cyc le  v a r i e s  from 15  minutes a t  250' F. t o  
72 hours at room temperature.  







10.0 SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

T a i l  Cone Design/Analysis 

The t a i l  cone of t h e  CH-54B h e l i c o p t e r  w a s  redesigned t o  use bonded 
boron/epoxy s t i f fened aluminum s t r i n g e r s  and reduced th ickness  sk ins .  It 
was shown t h a t  p o s i t i v e  margins of s a f e t y  e x i s t e d  i n  a l l  f l i g h t  condit ions 
even with complete and p a r t i a l l y  debonded reinforcement.  Minor modifica- 
t l o n s  t o  t h e  o r i g i n a l  design,  i n  t h e  form of sk in  gages and panel  b reake r s ,  
were requi red ,  The s t r u c t u r a l  s t i f f n e s s  of t h e  p resen t  CH-54~ was 
maintained with t h e  boron/epoxy re inforced  s t r i n g e r s .  

A f l i g h t  t e s t  program i s  planned f o r  Phase I1 t o  confirm t h e  s t r u c t u r a l  
i c t e g r i t y  and t a i l  cone s t i f f n e s s  ana lys i s .  

The t a p e r  geometry of t h e  boron/epoxy reinforcement ,  developed i n  t h i s  
s tudy,  was such t h a t  t h e  adhesive shear  s t r e s s e s  and adherend d i r e c t  
s t r e s s e s  were of an acceptable magnitude. The i n s e r t i o n  of two l a y e r s  of 
=ti d i r e c t i o n a l  f i b e r g l a s s  /epoxy at t h e  ends of t h e  t ape red  j o i n t  reduced 
t h e  peak adhesive shear  s t r e s s  by approximately 53 p e r  cent .  The f ibe r -  
g lass  i n s e r t  i s  recommended f o r  f a b r i c a t i o n  i n t o  t h e  prototype r e in fo rced  
s-bringers . 

The maximum adhesive shear  s t r e s s  i n  t h e  12.5-inch-long t a p e r  
recommended f o r  t h e  t a i l  cone cons t ruc t ion  i s  equal  t o  o r  l e s s  than  t h e  
t e s t e d  4-inch t ape r .  

Fabr ica t ion  

The f a b r i c a t i o n  and assembly of r ep resen ta t ive  boron/epoxy re in fo rced  
s t r i n g e r s  have provided t h e  t e c h n i c a l  information,  t o o l i n g ,  and s t r u c t u r a l  
confidence f o r  t h e  production of prototype p a r t s .  

The r e s i d u a l  s t r e s s e s  i n  t h e  hybr id  boron epoxy/aluminum s t r i n g e r s  
were found t o  be r e a d i l y  p red ic t ab le  by ana lys i s .  These s t r e s s e s  were 
included i n  t h e  s t r u c t u r a l  ana lys i s  of t h e  t a i l  cone. 

Bond deviat ions were determined by t h e  coin t a p  and Fokker bond t e s t  
~ e t h o d  of tnspect ion .  Although some of t h e s e  devia t ions  were i d e n t i f i e d  
with s p e c i f i c  types  of bond discrepancies (voids ,  p e e l  ply) , considerable 
R&D i s  needed i n  t h i s  a r e a  t o  p o s i t i v e l y  r e l a t e  adhesive bond s t r u c t u r a l  
i n t e g r i t y  t o  s p e c i f i c  u l t r a s o n i c  ind ica t ions .  



F i e l d  inspect ion  and r e p a i r  of t h e  boron/epoxy re inforced  s t r i n g e r  
can be made using conventional equipment and ma te r i a l s .  

Test ing 

The t e n s i l e  s t r e n g t h  of t h e  boron/epoxy re in fo rced  and nonreinforced 
s t r i n g e r s  were found t o  be  t h e  same. The e l a s t i c  s t r a i n  of t h e  reiiiforceCi 
specimens, however, was found t o  be one-third t h a t  of t h e  aluminum 
specimens . 

The experimentally determined a r e a  modulus product f o r  t h e  re inforced  
and nonreinforced s t r i n g e r  agreed with t h e  p red ic t ed  va lues .  The propor- 
t i o n s  of t h e  boron/epoxy reinforcement i s  such t h a t  t h e  a r e a  modulus of 
t h e  r e in fo rced  s t r i n g e r  i s  equivalent  t o  t h a t  of t h e  current  production 
aluminum s k i n l s t r i n g e r  combination. 

The shear  and compression s t r eng ths  of t h e  t e s t e d  boron/epoxy 
re inforced  panels  were found t o  be  equal  t o  o r  s l i g h t l y  b e t t e r  than  
conventional aluminum panels .  The l i m i t i n g  f a c t o r  i n  t h e  hybr id  panel. 
t e s t s  was t h e  b a s i c  aluminum s t r u c t u r e .  I n  t h e  shear  t e s t ,  f a i l u r e  
occurred by aluminum sk in  t e a r i n g  at t h e  r i v e t s .  I n  t h e  compression t e s t ,  
l o c a l  c r ipp l ing  of t h e  aluminum s t r i n g e r s  was t h e  f a i l u r e  mode. 

For f u t u r e  designs it i s  recommended t h a t  combined shear  axial. 
load t e s t s  be made and c o r r e l a t e d  wi th  ana lys i s .  

Fatigue t e s t s  of t h e  boron/epoxy re inforced  s t r i n g e r s  showed t h a t  
these  members when subjec ted  t o  loads equivalent  t o  t h e  measured i n - f l i g h t  
loads meet o r  exceed a l i f e  f a c t o r  of four .  The specimens sub j e c ~ e d  t o  
loads g r e a t e r  than  t h e  measured i n - f l i g h t  loads exhib i ted  l i v e s  equivalent  
t o  10,000 hours o r  f i f t e e n  years  of a i r c r a f t  s e rv ice .  

The noted bond deviat ions d id  not reduce t h e  o v e r a l l  f a t i g u e  s t r eng th  
of t h e  s t r u c t u r e  below t h e  a n t i c i p a t e d  se rv ice  useage. 

The attachment of c l i p s  t o  t h e  re inforced  s t r i n g e r s  had no adverse 
e f f e c t  on t h e  f a t i g u e  behavior of t h e  s t r i n g e r s .  
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