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ABSTRACT 

Adhesive bonding i n  t h e  aerospace i n d u s t r y  t y p i c a l l y  u t i l i z e s  autoc laves or  
presses which have considerable thermal mass. As a consequence, t h e  r a t e s  o f  
heatup and cooldown o f  t h e  bonded p a r t s  are l i m i t e d  and t h e  t o t a l  t i m e  and 
cos t  o f  t h e  bonding process a r e  o f t e n  r e l a t i v e l y  high. Many o f  t h e  adhesives 
themselves do n o t  i n h e r e n t l y  r e q u i r e  l o n g  process ing t imes. Bonding cou ld  be 
performed r a p i d l y  i f  t h e  heat was concentrated i n  t h e  bond l i n e s  o r  a t  l e a s t  
i n  t h e  adherends. 

Rapid Adhesive Bonding concepts have been devel oped a t  t h e  NASA Langley 
Research Center t o  u t i l i z e  i n d u c t i o n  h e a t i n g  techniques t o  p rov ide  heat  
d i r e c t l y  t o  t h e  bond l i n e  and/or adherends w i t h o u t  h e a t i n g  t h e  e n t i r e  s t r u c -  
t u r e ,  supports, and f i x t u r e s  o f  a bonding assembly. Bonding t imes f o r  
specimens can be cu t  by a f a c t o r  of 10 t o  100 compared t o  standard press o r  
autoc lave bonding. T h i s  paper reviews t h e  development o f  Rapid Adhesive 
Bonding f o r  l a p  shear specimens ( p e r  ASTM Dl002 and D3163), f o r  aerospace 
panel o r  component bonding, and f o r  f i e l d  r e p a i r  needs o f  m e t a l l i c  and 
advanced f i b e r  r e i n f o r c e d  po lymer ic -mat r ix  composite s t r u c t u r e s .  Equipment 
and procedures are  descr ibed f o r  bonding and r e p a i r i n g  t h i n  sheets, s imp le  
geometries, and honeycomb core panels. Test r e s u l t s  a re  presented f o r  a 
v a r i e t y  o f  adhesives and adherends. Lap shear s t rengths  grea ter  than 4000 p s i  
f o r  t i t a n i u m  adherends and g r e a t e r  than 3000 p s i  f o r  graphi te/epoxy composite 
adherends are r o u t i n e l y  achieved. 

The promise o f  advanced composite and bonded m e t a l l i c  s t r u c t u r e s  f o r  improve- 
ments i n  s t r u c t u r a l  e f f i c i e n c y  and c o s t  i s  l i m i t e d  by c u r r e n t  process ing and 
r e p a i r  technology. Rapid Adhesive Bonding concepts can advance t h a t  tech-  
no logy s i g n i f i c a n t l y .  
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INTRODUCTION 

RAPID ADHESIVE BONDING CONCEPTS DEVELOPMENT AT 
LANGLEY RESEARCH CENTER 

RAPID, ENERGY EFFICIENT, RELIABLE ADHESIVE BONDING TECHNIQUES FOR HIGH 
PERFORMANCE AEROSPACE COMPOSITES AND K T A L S  

0 DEVELOP IN-HOUSE CAPABILITY FOR BONDING OF ADHESIVE SPECIMENS 

0 DEVELOP RAPID PRODUCTION BONDING CONCEPTS AND PROTOTYPES 

0 DEVELOP FIELD REPAIR BONDING CONCEPTS 

APPROACH 

COMBINE LARC AND INDUSTRIAL THERMOSET AND THERMOPLASTIC ADHESIVE 
TECHNOLOGY WITH INDUCTION HEATED JOINING DEVELOPMENTS 

Adhesive bonding o f  m e t a l l i c  and f i b e r  r e i n f o r c e d  p l a s t i c  composite s t r u c t u r a l  
components and specimens u s i n g  thermoset t ing  p h e n o l i c  o r  epoxy adhesives i s  a 
w i d e l y  used technol  ogy i n  t h e  aerospace i n d u s t r y  and thermoset t  i ng mater i  a1 s 
are  r e c e i v i n g  i n c r e a s i n g  a t t e n t i o n .  Adhesive bonding i s  p a r t i c u l a r l y  
impor tan t  f o r  j o i n i n g  composite m a t e r i a l s  because l o a d  t r a n s f e r  paths through 
mechanical fas teners  (such as r i v e t s  o r  b o l t s )  can cause l o c a l  over loads and 
damage i n  t h e  r e l a t i v e l y  b r i t t l e  composites. Most adhesive bonding i s  
performed i n  heated p l a t e n  presses o r  autoc laves which have cons iderab le  
thermal mass, l i m i t i n g  t h e  h e a t i n g  and c o o l i n g  r a t e s  o f  t h e  work consider-  
ab ly .  Thermoplast ic  adhesives and some thermoset t ing  adhesives do no t  
i n h e r e n t l y  r e q u i r e  l o n g  process ing t imes. A few minutes t o  achieve a 
v i s c o s i t y  low enough t o  o b t a i n  f low and w e t t i n g  o f  t h e  adherend surfaces ( p l u s  
a s h o r t  t i m e  f o r  cure f o r  t h e  thermosets) are s u f f i c i e n t .  Some research and 
devel  opment o f  adhesi ve bonding processes u s i  ng i n d u c t i  on h e a t i n g  have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e  ( r e f .  1). These can produce r a p i d  bonds, but  t h e i r  
t y p i c a l  f requencies o f  opera t ion  ( i n  t h e  FlHz range) can l i m i t  depth of pene- 
t r a t i o n  and cause i n t e r n a l  spark ing  i n  g r a p h i t e  f i b e r  r e i n f o r c e d  composites. 

Recoyni z i  ng t h e  economic sav i  ngs poss i  b l  e i f  adhesi ve bondi ng processes f o r  
t y p i c a l  aerospace components cou ld  be accornpl i shed i n  minutes, concepts have 
been developed a t  t h e  Langley Research Center (LaRC) t o  bond a v a r i e t y  o f  
m a t e r i a l s  and geometries, u s i n g  advanced i n d u c t i o n  h e a t i n g  technology a t  KHz 
f requencies.  These concepts a re  des ignated as Rapid Adhesive Bonding (RAB) 
concepts f o r  specimens, components, and f i e l  d r e p a i  r. The techno l  ogy u t i  1 i zes 
a combinat ion o f  aerospace adhesives developed a t  LaRC and by t h e  U. S. aero- 
space i n d u s t r y  w i t h  i n d u c t i  on h e a t i  ng devel  opments f rom LaRC which produced 
1 i ghtwei ght  Deta i  Is o f  t h e  
background, and c r i t e r i a  f o r  these concepts, equipment and bonding procedures, 
and of t h e  t e s t  da ta  which prove t h e  e f f i c a c y  o f  RAB are presented i n  ref.  1. 

compact, energy e f f i c i e n t  p r o t o t y p e  equipment 
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RAPID ADHESIVE BONDING EQUIPMENT 

The rap id  adhesive bonding equipment i s  based on a s e l f - t u n i n g  s o l i d - s t a t e  
power o s c i l l a t o r ,  which may be powered from a v a r i e t y  o f  sources, feeding 
k i l o h e r t z  power t o  a f e r r i t e  to ro id .  
concentrated magnetic f l u x  i n t o  the  specimen o r  component t o  be bonded, 
causing eddy cur ren ts  t o  f low i n  a ferromagnet ic susceptor and/or paramagnetic 
adherends. These currents  heat on ly  the  bond l i n e  o r  i t s  v i c i n i t y .  Feedback 
c i r c u i t s  prov ide a degree o f  s e l f  t un ing  i n  the  oscillator/toroid/specimen 
c i r c u i t ,  which usua l l y  operates a t  30 t o  80 kHz. The power requi red t o  heat 
a 1- in2 bond area t o  temperatures above 8OOOF w i t h i n  approximately 1 minute i s  
<300 watts. Ma in ta in ing  t h e  bond l i n e  temperature a t  350 t o  800°F t y p i c a l l y  
requi res l ess  then 200 watts. Since no la rge  f i x t u r e s  are being heated, t h e  
coo l i ng  r a t e  o f  t he  work i s  rapid,  t y p i c a l l y  l ess  than 2 minutes from the  
bonding temperature t o  below the  glass t r a n s i t i o n  temperature of the adhesive, 
a t  which t ime t h e  bonded specimen/component may be removed from the  RAB 
equipment. The s p e c i f i c  p ro to type equipment f o r  specimen bonding, product ion,  
and f i e l d  repa i r ,  shown i n  the  above photographs, i s  d e t a i l e d  subsequently. 

The t o r o i d  geometry induces a uniform, 
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CONPONENTS OF RAPID ADHESIVE BONDED OVERLAP SHEAR SPECIMEN 
CASTM D1002) 

The components o f  an over lap shear specimen which conforms t o  ASTM D1002 or  
D3163 are shown above. I n  t h i s  example the adherends are h igh-st rength f i b e r -  
re in fo rced  polymeric composites, but  s i m i l a r  adherends o f  aluminum a l l o y  and 
t i t a n i u m  a l l o y  have a lso  been bonded, wi th exce l l en t  r e s u l t s  (descr ibed 
subsequently). A per fo ra ted  s ta in less-s tee l  f o i  1 susceptor sandwiched between 
layers  o f  adhesive i s  the  o ther  component o f  t he  specimen. (F la t tened s tee l  
screen susceptors a lso  work we1 1. ) Adherend surface treatments genera l l y  
cons is t  o f  a so lvent  wipe, a g r i t  b las t ,  and another so lvent  wipe f o r  both 
composite and metal specimens. I f  long-term high-temperature exposures are t o  
be conducted, an oxide treatment should be app l ied  t o  the  t i t a n i u m  a l l o y  
adherends. 

A special  f i x t u r e  was devised t o  a l i g n  the  specimen components p r i o r  t o  
bonding. The f i x t u r e  i s  shown above, It may be fabr ica ted  from any 
nonconducting mater ia l .  I n  t h i s  case t h e  base was machined from Bake l i te ,  
w i t h  cutouts f o r  t he  adherends. I n  the  bonding reg ion the  cutout  i s  deeper 
and f i b rous  ceramic i n s u l a t i o n  topped by a Kaptone f i l m  was used under t h e  
specimen. Another l a y e r  o f  Kaptone, topped by f i b r o u s  i nsu la t i on ,  i s  p laced 
atop the specimen t o  prevent heat conduction losses and t o  avoid bonding o f  
specimen f l a s h i n g  t o  the  t o r o i d  head. This f i x t u r e  and t h e  mater ia ls  used i n  
i t  funct ioned we l l  f o r  bonding temperatures t o  a t  l e a s t  85OoF, s ince t h e  heat 
i s  concentrated i n  the  specimen bond l i nes ,  and the bonding times are 
re1 a t  i ve ly  shor t  
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RAB SPECIFIEN BONDING EQUIPMENT 

The RAB over lap shear specimen bonding equipment i s  shown. Much o f  t h e  
equipment i s  i d e n t i c a l  t o  t h a t  used f o r  conventional bonding, i nc lud ing  a load 
c e l l ,  the temperature recorder, and the  labora tory  press. I n  the  labora tory  
press, the conventional heated p la tens have been replaced by a t o r o i d  induc- 
t i o n  heater. 
specimen f i x t u r e ,  p lac ing  the  f i x t u r e  i n  the  press under t h e  t o r o i d  head, 
apply ing hydrau l i c  pressure, and apply ing the  i nduc t i on  f i e l d  w i t h  the heat ing  
cont ro l .  A thermocouple at tached t o  t h e  susceptor where it protrudes from the  
bond over lap i s  used t o  monitor bond temperature. Typical  bonds are made a t  
pressures from 10 t o  200 psi ,  w i t h  heat ing  ra tes  from 100 t o  1200°F/min., 
shor t  holds a t  bonding temperature, and rap id  coo l ing  t o  temperatures below 
t h e  adhesive Tg. The e n t i r e  process i s  t y p i c a l l y  completed i n  less than 5 
minutes. 
readi  l y  automated, but they are easi  l y  cont ro l  1 ab1 e manual l y  . 

Bonding i s  accomplished by assembling the  specimen i n  the  

Both the  temperature and pressure h i s t o r i e s  on the  specimen could be 

4 23 



TYPICAL RAB OVERLAP SHEAR TEST SPECIMENS 

The appearance o f  t y p i c a l  over lap  shear t e s t  specimens i s  shown. 
specimens were bonded w i t h  commerci a1 l y  avai  1 ab1 e t h e r m o s e t t i n g  adhesi ves , 
u s i n g  moderate pressures, and h e a t i n g  r a t e s  above 5 O O O F  t o  the  bonding temper- 
a ture.  
c l a v e  o r  press bonding. Hold t i m e  a t  bonding temperature was ‘2 minutes. 
Coo l ing  t imes were about 2 minutes t o  temperatures below t h e  Tg o f  t h e  
adhesive, a t  which t i m e  t h e  specimen was removed f o r  t e s t i n g .  

A l l  

Bonding temperatures were about 100°F above those suggested f o r  auto- 

The RT over lap  shear s t r e n g t h  o f  t h e  t i t a n i u m  specimen a t  t h e  upper l e f t  was 
6100 p s i ;  t h e  f a i l u r e  mode was cohesive f a i l u r e  o f  t h e  thermoset adhesive. 
The RT over lap  shear s t r e n g t h  o f  t h e  Gr/Ep specimen a t  t h e  upper r i g h t  was 
4200 p s i ;  t h e  f a i l u r e  mode was adherend delaminat ion.  
i s  shown f o r  t h e  lower  specimen, where a Gr/Ep adherend i s  bonded t o  a 
t i t a n i u m  a l l o y  adherend, 
f o r  such specimens, 

The v e r s a t i l i t y  o f  RAB 

St rengths on t h e  order  o f  3000 p s i  were generated 
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MATERIAL APPLICATIONS FOR R A P I D  ADHESIVE BONDING 
THERMOPLASTIC ADHESJVES 

ADHERE ND S 

T i  / T i  
G r / P I / / G r / P I  

T i  / T i  

T i  / T i  

T i  / T i  

T i / 'T i  

G r/ULTEM/ / 
Gr/ULTErl 

T i  / T i  

T i  / T i  

T i  / T i  

ADHESIVES 
BONDING TEMPERATURE, R e  T. OVERLAP 

TIME PRESSURE; SHEAR STRENGTH, 
O F ,  MIN, P S I  P S I  

I I 

Pl700 800, 2, 80 4600 
(POLYSULFONE) 1 800, 2, 80 1 3900 

PIS02 650, 2, 50 4400 
(POLY IMIDESULFONE) 

TP I 650, 2, 300 6500 
(THERMOPLASTIC POLY IMIDE) 

PEEK 750, 2, 50 6100 
(POLY ETHERETHERKETONE) 

PPY 800, 2, 100 3600 
(POLYPHENYLQUINOXALINE) 

ULTEM 625, 2, 5 5000 
(POLYETHERIMIDE) 

LARC-TPI 450, 3, 100 3500 
(ENDCAPPED WITH SILANE)* 

LINEAR P I  WITH SILOXANE* 450, 3, 100 4400 

HOT MELT POLYIMIDE 450, 3, 100 4000 
(ACETYLENE TERMINATED)" 

*EXPERIMENTAL 

The v e r s a t i l i t y  o f  Rapid Adhesive Bonding has been demonstrated f o r  a number 
o f  adherend combinat ions w i t h  both t h e r m o p l a s t i c  and thermoset t ing  adherends. 
A l l  t h e r m o p l a s t i c  adhesives i n v e s t i g a t e d  t o  date have responded t o  RAB w i t h  
moderate t o  h i g h  l a p  shear s t rengths  a f t e r  shor t  bonding cycles.  The da ta  
shown are  f o r  a number o f  commercial ly a v a i l a b l e  and exper imental  h igh-  
performance aerospace adhesives, u t i l i z e d  i n  f i l m  form o r  on f i b e r g l a s s  c l o t h  
c a r r i e r s  w i t h  a s t e e l  screen o r  p e r f o r a t e d  s t a i n l e s s - s t e e l  f o i l  susceptor i n  
bond l i n e .  I n  o b t a i n i n g  t h i s  adhesive screening data, t h e  sur face t reatments 
on t h e  adherends u s u a l l y  cons is ted  of a methyl a lcoho l  so lvent  wipe, a g r i t  
b l a s t ,  and another so lvent  wipe. It i s  recognized t h a t  more ex tens ive  sur face  
t rea tments  and p o s s i b l y  sur face  p r i m i n g  should be used f o r  optimum bond 
s t r e n g t h  and environmental  res is tance,  but t h e  l a p  shear s t r e n g t h  values shown 
above i n d i c a t e  h i  gh bond s t r e n g t h  p o t e n t  i a1 e 
i n d i c a t e  t h a t ' l o w e r  bond pressures cou ld  be used than those l i s t e d  above t o  
make equal l y  s t r o n g  bonds. 

Cont i n u i  ng bondi ng s t u d i  es 
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ADHERENDS ADHESIVES 

T i  / T i  
T i  /A1 

Gr/Ep//Gr/Ep 

BONDING TEMPERATURE, 
TIME PRESSURE ; 

O F ,  M I N ,  P S I  

T i  / T i  

EC-1386 
(EPOXY PASTE) 

T i  / T i  

415, 3, 10 
415, 3, 10 

MATERIAL APPLICATIONS FOR R A P I D  ADHESIVE BONDING 
THERMOSETTING ADHESIVES 

B I  MALE I M I D E *  

GENERAL PURPOSE EPOXY 

450, 3, 100 2100 

450, 3, 50 5000 

R. T. OVERLAP 
SHEAR STRENGTH, 

P S I  

HT-424 
(EPOXY-PHENOLIC ON 

GLASS CLOTH CARRIER) 

450, 2, 40 
400, 5, 80 
450, 2, 10 

4000 
3300 
3500 

6200 
3200 

~~ ~ 

5600 
4000 

350, 2 ,  10 
350, 2, 10 

~~~ -~ 

AF-163 
(ELASTOHER MOD.EPOXY FILt4) 

*EX P E I? I ME NT AL 

A number o f  t h e r m o s e t t i n g  adhesives have been found t o  make acceptable bonds 
between t i t a n i u m  and composite adherends v i a  RAB. These bonds are achieved by 
h e a t i n g  r a p i d l y  t o  cure temperature and c u r i n g  f o r  s h o r t  t imes a t  temperatures 
cons iderab ly  h i g h e r  than those suggested by t h e  adhesive s u p p l i e r  f o r  
autoc lave o r  press cure. 
w i l l  no t  respond t o  RAB. Each p o t e n t i a l  adhesiveladherend combinat iqn must be 
screened . ) 

( I t  must be noted t h a t  some thermoset t ing  adhesives 

The above t a b l e  l i s t s  t h e  thermoset t ing  adhesives and adherends which have 
responded t o  RAB t o  produce moderate- to-h igh-st rength bonds. Bonding 
c o n d i t i o n s  o f  temperature, hold-t ime, and pressure are given, a long w i t h  
t y p i c a l  room temperature over lap  shear s t rengths.  The h i g h  s t rengths  f o r  t h e  
t i t a n i u m  specimens u s u a l l y  have accompanying cohesive f a i l u r e  modes. F a i l u r e  
modes i n  t h e  composite specimens a r e  t y p i c a l l y  adherend delaminat ion.  
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RAPID ADHESIVE PRODUCTION BONDING EQUIPMENT 
-BOND I N  PROGRESS- 

RAE3 equipment f o r  cont inuous seam bonding o f  over lap  panel assemblies i s  shown 
i n  operat ion.  Two t o r o i d  i n d u c t i o n  heaters  a re  mounted w i t h  a load c e l l  on a 
suppor t  s t r u c t u r e ,  which i n  t u r n  i s  mounted t o  a t ransverse  al ignment s l i d e ,  
That s l i d e  i s  l o c a t e d  on a l o n g i t u d i n a l  t r a v e r s i n g  c a r r i a g e  which t r a v e l s  
a long a standard machine bed. I n  t h i s  photograph, t h e  t o r o i d s  are moving a t  
0.5 i n c h  per mingte above t h e  over lap  between two graphi te/epoxy panels and 
a p p l y i n g  a bonding pressure of  20 p s i  w h i l e  they  are  m e l t i n g  and c u r i n g  t h e  
HT-424 epoxy-phenolic adhesive a t  450OF as they  pass. 
w i t h  a f l a t t e n e d  s t e e l  screen susceptor between them are  i n  t h e  bond l i n e .  

Two l a y e r s  of adhesive 
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R A P I D  ADHESIVE PRODUCTION BONDING 
T300/5208 GRAPHITE/EPOXY PANELS 
HT 424 EPOXY-PHENOLIC ADHESIVE 

NO SUSCEPTOR 
IN BOND LINE 
7 \- STEEL SCREEN SUSCEPTOR 

IN BOND LINE 

Graphite/epoxy panels bonded w i t h  t h e  HT 424 adhesive a r e  shown. 
made w i t h  and w i t h o u t  susceptors i n  t h e  bond l i n e .  
t h i s  a p p l i c a t i o n  o f  RAB i s  t h a t  graphi te/epoxy laminates can be heated 
d i r e c t l y  i n  t h e  i n d u c t i o n  f i e l d  o f  t h e  t o r o i d  heaters.  Some l a p  shear 
specimens, c u t  f rom a graphi  te/epoxy panel bonded w i t h  HT-424 epoxy-phenol i c 
adhesive and w i t h  t h e  s t e e l  screen susceptor,  were t e s t e d  a t  room temperature 
and a t  180OF ( i n  accordance w i t h  ASTM D1002 o r  D3163), Other samples were 
t e s t e d  a t  RT and 180°F a f t e r  1000 thermal cyc les  from -100 t o  +180°F, and a t  
KT and 180OF a f t e r  a 72-hour b o i l i n g  water exposure. The RAB process had no 
degrading e f f e c t  on shear s t r e n g t h  o f  Gr/Ep//HT-424//Gr/Ep bonds, compared t o  
standard bonding, and thermal c y c l i n g  d i d  n o t  s i g n i f i c a n t l y  degrade these 
p r o p e r t i e s .  The water bo i  1 exposure degraded bond s t rengths  about 35 percent 
a t  room temperature and 28 percent  a t  18OOF. Th is  degradat ion i s  approx i -  
mate ly  t h e  same as t h a t  noted f o r  t h e  HT-424 adhesive i n  t h e  adhesive 
s u p p l i e r ' s  1 i t e r a t u r e .  

They were 
An impor tant  f i n d i n g  i n  
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RAPID ADHESIVE PRODUCT%O 
Ti-681-4W T I T A  

LARC-TPI ADHESIVE 

T i tan ium panels bonded w i t h  LaRC-TPI thermoplast ic  po ly imide adhesive are  
shown, 
support atop several layers  o f  f i b rous  i nsu la t i on ,  The panels had prev ious ly  
been cleaned by simple degreasing and g r i t  b las t ing .  
not primed before bonding, A 3/4-inch wide s t r i p  of adhesive tape the length  
o f  the  panel was l a i d  on t h i s  sheet w i t h  P/S-inch p ro t rud ing  along the edge. 
I f  a susceptor was used9 it was placed over the  adhesive and another s t r i p  o f  
adhesive tape placed on it, 
assembly t o  produce a 1/2-inch overlap, t he  length  of the  sheets, 
photograph and the  previous f i g u r e  ind ica te ,  d i s t o r t i o n  i n  these panels 
not excessive, cons ider ing t h a t  uns t i f f ened  sheets were bonded, The d i s t o r -  
t i o n  was on the  same order as t h a t  seen i n  s i m i l a r  panels bonded i n  a press or 
autoclave, 

These panels were made by p lac ing  one sheet of  t i t a n i u m  on the panel 

The t i t a n i u m  sheet 

The o ther  sheet of t i t a n i u m  was then l a i d  on t h i s  
As t h  
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TYPICAL AEROS 
FABRICATED BY RAB 

Panels o r  s t r u c t u r e s  o f  many geometries can be bonded by t h e  RAB process, 
Examples, shown above, a re  s t i f f e n e r s  o r  s t r i n g e r s  on panels, honeycomb core  
panels, r e p a i r  patches, etc.  Simple f i x t u r e s  would have t o  be designed t o  
h o l d  t h e  s p e c i f i c  geometries i n  place. The o n l y  s i g n i f i c a n t  geometric 
l i m i t a t i o n  w i t h  t h e  c u r r e n t  p r o t o t y p e  equipment would be t h a t  one o f  t h e  
adherends must be 1/4 i n c h  o r  l e s s  i n  th ickness  and t h e  t o r o i d s  must t r a v e r s e  
and apply  pressure t o  t h e  o u t e r  sur face  o f  t h a t  adherend. 
screen o r  s t a i n l e s s - s t e e l  f o i l  susceptors i n  t h e  bond l i n e s  o f  po lymer ic  
composite face sheet honeycomb core panels o r  s t i f f e n e d  panels may prov ide  an 
a d d i t i o n a l  advantage f o r  aerospace a p p l i c a t i o n s  - l i g h t n i n g  s t r i k e  
p r o t e c t i o n .  
w i t h  shaped p l a t e n s  i s  advantageous, RAB may s t i l l  have an impor tant  r o l e ,  
RAB can be used i n  a "spot bonding" mode t o  h o l d  p a r t s  i n  p lace  be fore  they  
are  i n s e r t e d  i n t o  t h e  autoc lave o r  press, thus  a l l e v i a t i n g  t h e  need f o r  a good 
deal o f  expensive f i x t u r i n g .  

The use o f  s t e e l  

I n  a very complex s t r u c t u r e ,  where a u t o c l a v i n g  o r  press bonding 
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FIELD REPAIR REQUIREMENTS 

- FAST REPAIR THAT I S  STRUCTURALLY SOUND 

- REPAIR UNDER ALL FIELD CONDITIONS 

- LOW POUER REQUIREMENTS 

- SIMPLE EQUIPMENT REQUIREMENTS 

- EASY EXECUTION OF REPAIR 

- LOU COST 

F i e l d  repa i r  i s  the  most chal lenging area o f  a i r c r a f t  maintenance. 
requirements f o r  repa i r  i n t e g r i t y  and q u a l i t y  are d i f f i c u l t  t o  meet because o f  
the  cons t ra in ts  o f  f i e l d  operations. Bo l ted  or r i v e t e d  m e t a l l i c  panels a re  
c u r r e n t l y  the  most commonly used methods f o r  s t r u c t u r a l  f i e l d  repa i rs  i n  t h e  
aerospace indust ry .  Such repa i r s  u t i l i z e  simple, r e a d i l y  ava i l ab le  equipment 
and are usua l ly  easy t o  accomplish. However bo l ted  o r  r i v e t e d  repa i rs  usua l l y  
encompass areas much l a r g e r  than the  o r i g i n a l  damage, are heavy, and may have 
long-term d u r a b i l i t y  problems. Adhesive bond repa i rs  would be des i rab le  but 
t he  problems of bulky, heavy equipment w i t h  h igh  power requirements l i m i t  t h e  
a p p l i c a b i l i t y  o f  cur ren t  adhesive bonding techniques. 

The 

F i e l d  repa i rs  must be executed i n  the  shor test  poss ib le  t ime w i t h  simple, 
1 i ghtwei ght equipment and 1 ow-power requi rements. The repai  rs  must be 
poss ib le  under severe weather condi t ions i n  p r i m i t i v e  shel ters .  Repair 
mater ia ls  must remain s tab le  and handleable a t  temperatures from below 32OF t o  
120°F. 
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RAB FIELD REPAIR OF HELICOPTEQ VINOSCREEN 

The Rapid Adhesive Bonding concepts descr ibed prev ious ly  have been f u r t h e r  
developed t o  meet t y p i c a l  f i e l d  r e p a i r  requirements. The induct ion-heat ing 
power supply has been engineered i n t o  a "ruggedized" s o l i d - s t a t e  e l e c t r o n i c s  
u n i t ,  i n  a one-cubic-foot package weighing 20 pounds. 
weighing 3 pounds plugs i n t o  t h i s  power supply on a long power cord. The 
maximum power requi red f o r  t he  s i n g l e - t o r o i d  head i s  300 watts, Adhesive 
bonds are a t ta ined  r a p i d l y  by d i r e c t l y  heat ing  the  susceptor and the adhesive 
i n  the  bond l i n e  w i t h  minimal heat ing  o f  t he  s t r u c t u r e  surrounding the  bond 
l i n e .  L i g h t l y  loaded r e p a i r  bonds can be made i n  several minutes a t  an 
average power i n p u t  o f  150 wat ts  on m e t a l l i c ,  polymeric, o r  polymeric-matr ix 
composite secondary s t ructures.  

The r e p a i r  o f  a he l i cop te r  windscreen i n  the  f i e l d  i s  c u r r e n t l y  achieved by 
"s top-dr i  11 i ngl' t h e  cracks emanating from the  damage reg i  on. An ac ry l  i c or  
polycarbonate patch i s  d r i l l e d  w i t h  matching holes and "laced1' t o  the  damaged 
windscreen w i t h  sa fe ty  wire, This patch does not seal out  the  environnent 
du r ing  operations. The above photograph i l l u s t r a t e s  t h e  p o t e n t i a l  f o r  RAR 
f i e l d  r e p a i r  o f  such a windscreen. 
polycarbonate windscreen wi th a -45 ca l  i ber serv ice  p i s t o l  t o  simul a te b a t t l e -  
f i e l d  damage. The polycarbonate patch and a r i n g  of s tee l  susceptor screen 
were cu t  from stock and l a i d  over t h e  holes. The hand-held i nduc t i on  head 
app l ied  t h e  requ i red  pressure whiJe heat ing  the  screen t o  the  m e l t  temperature 
o f  the  polycarbonate, 
patch t o  complete the  bond i n  less  than 10 minutes per hole. 
formed doubler p la tes  over the  cracks emanating from the  b u l l e t  holes t o  
r e s t r a i n  crack propagation. 
t h e  he l i cop te r  i n t e r i o r  from r a i n  and dust dur ing  operations. 
r e p a i r  technique provides a fas te r ,  simpler, s t ronger  r e p a i r  than the  
convent ional  f i e l d  r e p a i r  technique. 

A hand-held bonding gun 

Several "damage holes" were made i n  a 

The head was moved around the  circumference o f  t he  
The patches 

The bonded patches should be e f f e c t i v e  i n  sea l ing  
The RAB f i e l d  
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RAB REPAIR OF FUEL OR HYDRAULIC LINES 

Another p o t e n t i a l  app l i ca t i on  f o r  RAB i s  f i e l d  r e p a i r  o f  hydrau l i c  f l u i d  and 
f u e l  l ines ,  Current f l u i d  l i n e  r e p a i r  procedures o f t e n  u t i l i z e  shr ink sleeves 
( f a b r i c a t e d  from "shape memory'' a l l o y s  and an adhesive). An open flame from a 
t o r c h  i s  o f ten  used t o  heat the  sleeves t o  t he  temperature a t  which they 
shr ink  ( 4 1 5 O F )  and bond t o  the l i n e ,  e f f e c t i n g  the  repai r .  I n  the  conf ined 
spaces o f  an air f rame, fue l  o r  hyd rau l i c  l i n e  vapors from the  damaged l i n e  are 
o f t e n  present; any open flame procedure can .be hazardous. Furthermore, t he  
uneven heat ing  o f  a to rch ing  procedure can overheat the  f i t t i n g s .  
adhesive damage, uneven shrinkage, and warpage o f  the f l u i d  l i n e  can r e s u l t .  

Oxidation, 

The RAB process was inves t i ga ted  as a simple method t o  heat the sleeves more 
un i fo rm ly  and f a r  more sa fe l y  than a t o r c h  process. The r e s u l t s  o f  these 
inves t i ga t i ons  are very promising. The RAB process heated the  f i t t i n g s  
un i fo rm ly  and r a p i d l y  w i t h  minimal e f f e c t  on surrounding areas. The hydrau l i c  
l i n e  repai red by RAB was tes ted  t o  more than tw ice  i t s  ra ted  operat ing 
pressure w i t h  no leakage. 
appears t o  be a very promising a p p l i c a t i o n  f o r  RAR. 

Repair  o f  f l u i d  l i n e s  i n  aerospace s t ruc tu res  
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RAB REPAIR OF GRAPHITE/EPOXY COFIPOSITE LAMINATE 
-_ 

A common a i r c r a f t  s u p p o r t a b i l i t y  requirement i s  t h e  r e p a i r  o f  small  s u r f a c e  
d e f e c t s  such as dents and gouges caused by impacts froin runway debr is ,  minor 
bumps, i n a d v e r t e n t  occurrences d u r i n g  r e p a i r ,  etc.  These are no t  s t r u c t u r a l  
concerns, bu t  must be r e p a i r e d  t o  m a i n t a i n  sur face  i n t e g r i t y  and, i n  many 
cases, aerodynamic smoothness. Rapid Adhesive Bonding techniques can be used 
t o  r e p a i r  such minor defects ,  A patch o f  m e t a l l i c  o r  composite m a t e r i a l ,  
susceptor,  and adhesive can be r e a d i l y  prepared w i t h  s imple hand t o o l s  t o  f i t  
t h e  r e q u i r e d  r e p a i r  geometry. A shor t  bonding c y c l e  u s i n g  t h e  hand-held u n i t  
shown p r e v i o u s l y  i s  a l l  t h a t  i s  r e q u i r e d  t o  wet t h e  sur faces and cure t h e  
adhesive i n t o  a bond w i t h  adequate s t rength .  The r e p a i r e d  sur face  can then be 
smoothed, i f  necessary, w i t h  convent ional  t o o l s  f o r  t h i s  purpose. Such a 
pa tch  on a graphi te/epoxy composite panel sur face  i s  shown above, 
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RAB REPAIR MATERIALS 

A p r e l i m i n a r y  f e a s i b i l i t y  s tudy has begun on a s t r u c t u r a l  RAB r e p a i r  concept 
f o r  a graphi te/epoxy composite panel. The patch i s  composed o f  severa l  
laminated t i t a n i u m  a l l o y  sheets, bonded s e q u e n t i a l l y  u s i n g  AF 163 e lastomer 
m o d i f i e d  epoxy adhesive. 
patch 1 ami n a t i  ons t o  i n d i c a t e  t h a t  t h e  bonding process has achieved t h e  
r e q u i r e d  adhesive cure temperature. 

Co lor  change i n d i c a t o r s  are used on each o f  t h e  
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RAPID ADHESIVE BONDING REPAIR OF Gr/Ep 
COI4POSITE PANEL USING LAMINATED TITANIUM SHEET 

The hand-held RAB u n i t  i s  again u t i l i z e d  i n  per fo rming  t h i s  laminated t i t a n i u m  
sheet r e p a i r .  
he moves t h e  bonding head i n  a pa th  which t r a v e r s e s  t h e  e n t i r e  patch. 
spot has not  reached bonding temperature (as i n d i c a t e d  by a l a c k  o f  c o l o r  
change i n  t h e  temperature i n d i c a t i n g  markings),  he can r e t u r n  t o  t h a t  spot and 
reheat t h e  adhesive. 

Hand-induced bonding pressure i s  a p p l i e d  by t h e  t e c h n i c i a n  as 
I f  a 
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RAR LAMINATED T ITANIUM REPAIR 
OF GRAPHITE/EPOXY PANEL 

The i n i t i a l  f e a s i b i l i t y  specimen o f  a RAB laminated t i t a n i u m  a l l o y  r e p a i r  o f  a 
g r a p h i t e  f i b e r  r e i n f o r c e d  epoxy panel i s  shown. Process f e a s i b i l i t y  was 
demonstrated. Process enhancement s t u d i e s  are i n  progress. S t r u c t u r a l  t e s t s  
on such panels have n o t  y e t  been performed. 
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CONCLUDING REMARKS 

RAPID ADHESIVE BONDING 
Hfgh-Strength Bonds i n  Minutes 

I n  conclusion, Rapid Adhesive Bonding (RAB) concepts and prototype equipment 
have been developed a t  Langley Research Center f o r  specimen bonding, produc- 
t i o n  bonding ( i nc lud ing  depot repa i r ) ,  and f i e l d  repai r .  
t i o n  heat ing methodology t o  prov ide heat d i r e c t l y  t o  the  bond l i n e  and/or 
adherend wi thout  heat ing t h e  e n t i r e  s t ructure,  supports, and f i x t u r e s  o f  a 
bonding assembly. Bonding times f o r  standard ASTM overlap shear specimens can 
be cut  by a fac to r  o f  10 t o  100 compared t o  standard press o r  autoclave 
bonding. High l a p  shear s t rengths can be generated w i th  a 'range of adherend 
mater ia ls  ( i nc lud ing  metals and polymer mat r ix  composites) and adhesives (both 
thermoplast ic  and thermosett ing). Short-term thermal c y c l i n g  and water b o i l  
exposures have shown encouraging envi ronmental s tab i  1 i t y  f o r  these rap id  
bonds, i nc lud ing  those which conta in  s tee l  screen or  s ta in less-s tee l  f o i l  
susceptors i n  the  bond l i nes .  The RAB concepts were extended t o  continuous 
seam bonding o f  m e t a l l i c  and composite panels w i t h  promising r e s u l t s  f o r  
bonding o f  both l i k e  and u n l i k e  adherends, 
such as face sheets o f  f i be r - re in fo rced  polymeric-matrix composites o r  
t i t a n i u m  a l l o y  t o  t i t a n i u m  honeycomb core were proven feasible. 

The inherent p o r t a b i l i t y  o f  RAB equipment suggested t h a t  f i e l d  repa i r  
procedures fo r  adhesive bonding o f  damaged meta l l i c ,  polymeric, o r  composite 
s t ruc tu res  are possible, I n i t i a l  development of these procedures showed t h a t  
patches o f  t i t a n i u m  a l l o y  and graphite/epoxy composite mater ia ls  could be 
bonded i n  the  f i e l d  t o  t y p i c a l  a i r c r a f t  panels. Furthermore, va r ia t i ons  of 
t he  RAB process can be used t o  repa i r  polycarbonate o r  a c r y l i c  windscreen 
mater i  a1 s and hyd rau l i c  t u b i  ng. The promise of advanced composite and bonded 
m e t a l l i c  s t ruc tu res  f o r  improvements i n  s t r u c t u r a l  e f f i c i e n c y  and cost i s  
l i m i t e d  by cur ren t  processing and r e p a i r  technology, 
concepts show promise f o r  s i g n i f i c a n t  technology advances, 

RAB u t i l i z e s  induc- 

Rapid bonding o f  o ther  geometries 

Rapid Adhesive Bonding 
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