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ABSTRACT 

Experimental works were c a r r i e d  out t o  study the  f e a s i b i l i t y  o f  s o l i d - s t a t e  
bonding o f  superp las t ic  aluminum 7475 sheet. Amount o f  deformation, bonding 
time, surface c leaning method and intermediate l a y e r  were the  process param- 
e ters  invest igated.  Other parameters, he ld  constant by the  superp las t ic  
formi  ng cond i t i on  which i s  requi red  t o  ob ta in  a concurrent s o l i d - s t a t e  bond- 
ing, are bonding tempe~ature, bonding pressure and atmosphere. Bond i n t e g r i t y  
was evaluated through metal lographic examination, x-ray l i n e  scan analysis, 
SEM f rac tograph ic  analys is  and l a p  shear tes ts .  The e a r l y  r e s u l t s  o f  t h e  
development program ind ica ted  t h a t  sound s o l i d - s t a t e  bonding was accomplished 
f o r  t h i s  h igh  s t rength  7475 a l l o y  w i t h  s i g n i f i c a n t  amounts o f  deformation. A 
t h i n  in termediate l a y e r  o f  the  s o f t  5052 aluminum a l l o y  aided i n  achieving a 
so l  i d - s t a t e  bonding by reducing the  requi  red amount o f  p l a s t i c  deformation a t  
t h e  in ter face.  Bond s t rength  was s u b s t a n t i a l l y  increased by a post  bond heat 
treatment . 



INTRODUCTION 

Superpl a s t i  c forming o f  t i t a n i u m  combined w i t h  so l  i d - s t a t e  bonding ( f requent ly  
ca l  l e d  SPFIDB) has demonstrated subs tan t i a l  cost  and weight savings i n  f a b r i -  
c a t i  ng a i  r c r a f t  s t ruc tures ,  Superpl a s t i c  formi  ng alumi num i s  a new technology 
emerging i n  aerospace i n d u s t r i e s  t o  form complex net  formed pa r t s  o f  h igh  
s t reng th  aluminum. While t h e  aluminum superp las t i c  forming technology i s  
ready f o r  implementation i n t o  production, t o  date only  l i m i t e d  success has 
been r e a l  i zed i n so l  i d-s ta te  bondi ng o f  a1 umi num especi a1 l y  h igh  s t rength  
aluminum a l l o y ,  The major d i f f i c u l t y  i n  t h e  s o l i d - s t a t e  bonding o f  aluminum 
comes from i t s  tenacious surface oxide f i l m  which cannot be avoided under 
normal manufacturing condi t ions.  As a r e s u l t ,  methods should be developed t o  
achieve i n t i m a t e  m e t a l l i c  contact between f a y i n g  surfaces i n  t he  presence o f  
t h i s  f i l m ,  

A company-funded program was s t a r t e d  t o  study the  f e a s i b i l i t y  o f  s o l i d - s t a t e  
bonding as a concurrent process w i t h  superp las t i c  forming o f  aluminum. The 
e a r l y  phase o f  t h i s  program concentrated on obta in ing  s o l i d - s t a t e  bonding o f  
a1 l o y  7475 sheet a t  superpl a s t i c  forming temperature. Bonding experiments 
were conducted us ing  methods t o  d i s r u p t  t h e  sur face ox ide f i l m  t o  expose a 
c lean metal sur face p r i o r  t o  bonding. Some o f  t h e  bonding parameters i nc lud -  
i ng an i ntermediate l a y e r  as a bonding a i d  were evaluated f o r  use i n  t h e  l a t e r  
phase o f  t h i s  program. Since there  are no standard t e s t  procedures which 
apply t o  s o l i d - s t a t e  bonding, r e l i a b l e  t o o l s  had t o  be selected t o  measure 
bond qua1 i t y  . 



FEATURES OF SOLID-STATE BONDING 

n PRESSURE 

PRESSURE U \ PROTECTED 
ATMOSPHERE 

a JOINT PROPERTIES ARE SAME OR VERY SIMILAR TO THOSE OF BASE ALLOY 

a IT IS APPLICABLE TO UNWELDABLE ALLOYS 

In solid-state bonding two cleaned pieces of metals are put together with 
pressure applied normal to the bond interface at elevated temperature. Bond 
interface has to be protected from oxidation in either vacuum or inert gas. It 
is generally believed that solid-state bonding is completed through two stages. 
At the first stage plastic flow disrupts oxide film to expose the clean metallic 
surface and produces intimate contact. Bonding is establ ished by atomic inter- 
diffusion and recrystal 1 ization and/or grain growth across bond interface at the 
second stage. 



PROCESS PARAMETERS FOR SOLID-STATE 
BONDING 

0 SURFACE CLEANING 

AMOUNT OF DEFORMATION 

INTERMEDIATE LAYER 

BONDING TIME 

POSTBOND HEAT-TREATMENT 

BONDING TEMPERATURE 

BONDING PRESSURE 

ATMOSPHERE 

The process parameters i nves t i ga ted  are  sur face cleaning, amount o f  deforma- 
t i o n ,  in termediate l a y e r  and bonding time. Besides these parameters the re  a re  
th ree  more important  var iab les  i n  t h e  s o l i d - s t a t e  bonding process: bonding 
temperature, bonding pressure and atmosphere; these were kept constant by 
superp las t i c  forming cond i t ions  i n  our bond experiments. 



SURFACE CLEANING PROCEDURE 

VAPOR DEGREASE 
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Surface c leaning o f  t h e  as-received aluminum a l l o y  7475 sheets was s ta r ted  
w i t h  vapor degreasing followed by a l k a l i n e  c leaning t o  remove o i l  and other  
d i  r t s .  Surface oxide f i l m  was removed through a deox id iz ing  process. Mechan- 
i cal  c leaning subsequent t o  chemical c leaning was benef i c i  a1 t o  sol  i d-s ta te  
bonding of a1 l o y  7475. 



LAP SHEAR SPECIMEN 

FLAT BOTTOM NOTCHES (1116 INCH WIDE) 

A s ing le  shear t e s t  was chosen t o  measure bond equa l i t y .  The t e s t  specimen 
was designed t o  break a t  l a p  j o i n t  between two f l a t  bottom notches when it was 
pu1 l e d  lengthwise. 



EFFECTS OF INTERMEDIATE 
LAYERS AND AMOUNT OF 

DEFORMATION ON BOND STRENGTH 
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BARE I 

BOND SHEAR STRENGTH (PSI X 1,000) 

Three d i f f e r e n t  types o f  in termediate l aye rs  were i nves t iga ted  as bonding aids, 
and the  bond s t rength  r e s u l t s  were compared w i t h  sel f -bonding of a l l o y  7475. 
With low bond deformation a t h i n  l a y e r  o f  a l l o y  5052 produced the  h ighest  bond 
strength. E lec t rop la ted s i  1 ver d i d  not a i d  s o l i d - s t a t e  bonding o f  a1 1 oy 7475. 
Bond q u a l i t y  w i t h  a1 l o y  5056 f o i l  as an i n t e r l a y e r  was s l i g h t l y  lower than 
t h a t  w i t h  a l l o y  5052 intermediate layer .  

Bond lap  shear s t rength  was s i g n i f i c a n t l y  increased w i t h  increasing bond de- 
formation from 3% t o  15% i n  terms o f  t o t a l  thickness reduct ion. This deforma- 
t i o n  e f f e c t  on bond s t rength  was most pronounced i n  self-bonding w i thout  us ing  
any intermediate 1 ayer. Since bonding w i t h  h igh  deformation was considered t o  
l i m i t  t he  appl icat ion,  s o l i d - s t a t e  bonding o f  a l l o y  7475 w i t h  a l l o y  5052 Sn- 
termediatc l a y e r  which reduced t h e  amount of required bond deformation was 
selected f o r  f u r t h e r  inves t iga t ion .  



COMPLETION OF SOLID-STATE BONDING 

AS-POLISHED 1WX KELLERS lOOX 

The photomicrographs show a  s o l i d - s t a t e  bond o f  a l l o y  7475 w i t h  the  i n t e r -  
mediate l a y e r  o f  a1 l o y  5052 f o i l  as. a  bonding a id.  Mic ros t ruc ture  i s  
continuous over bond i n t e r f a c e  w i thou t  showing any s i g n i f i c a n t  i n t e r f a c e  voids 
or '  de tec tab le  o r i g i n a l  bond 1  ine .  



CHEMICAL COMPOSITION OF BASE 
AND FILLER ALLOYS 

When the  chemical composition o f  f i l l e r  a l l o y  5052 i s  compared w i t h  t h a t  o f  
base a1 loy  7475, the major d i f fe rences  between two a l l o y s  are t h e  contents o f  
copper and zinc. Therefore, concentrations o f  these two elements were ana- 
lyzed a t  t h e  j o i  n t  area. 

ELEMENTS 
, 

SILICON 

COPPER 

MANGANESE 

MAGNESIUM 

CHROMIUM 

ZINC 

TITANIUM 

ALUMINUM 

ALLOY 7475 (WT. %) 

0.04 

1.45 

0.01 

2.50 

0.20 

5.70 

0.02 

REMAINDER 

ALLOY 5052 (WT. %) 

0.12 

0.04 

0.04 

2.35 

0.20 

0.06 

0.01 

REMAINDER 



ELEMENT DIFFUSION PROFILE 
ACROSS BOND INTERFACE 
(INTERMEDIATE LAYER: A l  5052) 

COPPER ZINC 

X-ray l i n e  scan analyses were made f o r  t he  elements copper and z inc  t o  ob ta in  
q u a l i t a t i v e  d i f f u s i o n  p r o f i l e s ,  A bonded specfmen was placed on a  scanning 
e l e c t r o n  microscope, Using an x-ray 1  i ne scan system, d i f f u s i o n  p r o f i  1  es f o r  
copper and z inc  were determined across the  bond i n te r face .  The s o l i d  wh i te  
l i n e s  i n  the  photos show the  e lec t ron  beam p a t h  f o r  each analysis,  The l i n e  
p r o f i l e  f o r  the  element z inc  shows a  concentrat ion decrease a t  t he  bond area 
where a l l o y  5052 was i n t e r l a y e d  w h i l e  t h e  l i n e  p r o f i l e  f o r  the  element copper 
does not  i n d i c a t e  any change across the  bond 1  i ne. 



QUANTITATIVE ANALYSIS OF ZINC 

100 80 60 40 20 0 20 40 60 80 100 
DISTANCE FROM CENTER OF INTERMEDIATE FOIL (pm) 

With concern over t he  concentrat ion drop o f  z i n c  as seen, q u a n t i t a t i v e  
analyses were performed. Energy d i spe rs i ve  x-ray analyses were conducted 
a t  10 pm steps, then the  data obtained were reduced by a  computer t o  g i ve  
q u a n t i t a t i v e  weight percent. Z inc contents ranged from 4.5 w t  % t o  
5.5 w t  % w h i l e  t h e  o r i g i n a l  z i nc  content was 5.7 w t  % i n  a l l o y  7475 and 
0.06 w t .  % i n  a l l o y  5052. The d i f f u s i o n  p r o f i l e s  c l e a r l y  i n d i c a t e  elements 
i n t e r - d i f f u s e d  across i n te r faces  dur ing  t h e  s o l i d - s t a t e  bonding. Post bond T6 
heat treatment d i d  not s i g n i f i c a n t l y  change the  d i f f u s i o n  p r o f i l e  of z i nc  a t  
t h e  j o i n t .  



MICROSTRUCTURE AND MICROHARDNESS 
OF SOLID-STATE BONDED SPA 7475 

KELLER'S 

NUMBER 
KNQQP HARDNESS 120 112 113 114 110 108 

Knoop hardness numbers a t  t h e  j o i n t  ranged from 108 t o  120, which are somewhat 
lower than t h e  hardness number t h a t  one can expect from the  base a l l o y  7475. 
The microhardness numbers were c lose l y  r e l a t e d  t o  t h e  content o f  z inc. The 
photo shows the  d e t a i l s  o f  mic ros t ruc ture  f o r  p e r f e c t l y  bonded a l l o y  7475 as 
w e l l  as dark indenta t ions  from microhardness tes t ings .  



BONDING TIME VS. BOND STRENGTH 

BONDING TlME (MINUTES) 

The bond experiment s t a r t e d  w i t h  60 minutes bonding time. Bond shear s t rength  
sharply decreased w i t h  reducing the  bonding t ime from 60 minutes t o  30 minutes. 
When t h e  bonding t ime was increased from 60 minutes t o  120 minutes, no change 
o f  bond s t rength  was observed. Although t h e  data are not enough t o  determine 
t h e  optimum bonding time, 60 t o  90 minutes i s  considered t o  be enough bonding 
t ime t o  produce sound bonding o f  a l l o y  7475. 



EFFECT OF POSTBOND HEAT-TREATMENT 
ON BOND STRENGTH 

BARE 
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BOND SHEAR STRENGTH (PSI X 1,000) 

Sol i d - s t a t e  bonded s t r u c t u r e  responded we1 1 t o  postbond T6 hea t - t  reatment w i t h  
subs tan t i  a1 inc rease  o f  bond s t reng th .  The h e a t - t  reatment response was more 
d i s t i n c t  i n  se l f -bond ing  than  i n  t h e  bonding w i t h  t h e  i n te rmed ia te  layer .  
Th is  can be exp la ined  by t h e  z i n c  concen t ra t i on  decrease a t  t h e  j o i n t  when 
a1 l o y  5052 was used as bonding a id .  



SEM FRACTOGRAPHS OF BOND NTERFACE 
BOND SHEAR STRENGTH:15,000 PSI 
SHOWING INSUFFICIENT BONDING 

Fractographic  ana lys is  o f  t h e  f a i l e d  bond i n t e r f a c e  character izes i n t e g r i t y  o f  
- the  s o l i d - s t a t e  bond. Lap-sheared bond specimens were examined on a  scanning 

e lec t ron  microscope f o r  t h i s  purpose. I n  t h e  above f ractographs f r a c t u r e  
occurred along t h e  bond i n te r face ,  and s i g n i f i c a n t  areas o f  t h e  f r a c t u r e d  
sur face are  e s s e n t i a l l y  fea ture less .  These f rac tog raph i c  fea tures  i n d i c a t e  
t h a t  the  bonding was no t  s u f f i c i e n t .  The bond s t reng th  of t h e  shear specimen 
used here was 15,000 ps i .  



SEM FRACTOGRAPHS OF BONDING INTERFACE 
SHOWING SOUND BONDING 

(BOND SHEAR STRENGTH: 30,000 PSI) 

BONDING PLANE = B PLANE B 

Another l a p  sheared specimen which represents  30,000 p s i  bond s t reng th  was 
chosen f o r  SEM f r a c t o g r a p h i c  ana lys is .  Here f r a c t u r e  occurred bo th  a t  bond 
i n t e r f a c e  (Plane B )  and a t  paren t  a l l o y  (Plane A). A secondary crack, which 
i s  i n d i c a t e d  as C, was a l s o  observed a t  t h e  corner  o f  a machined notch. Exam- 
i n a t i o n  o f  Plane B w i t h  h i ghe r  m a g n i f i c a t i o n  revea led  a t y p i c a l  f a i l u r e  mode of 
over load dimpled rup tu re  by mic rovo id  coalescence. Th is  f a i l u r e  mode of duc- 
t i l e  r u p t u r e  i s  a good i n d i c a t o r  f o r  a completed bonding w i t h  good i n t e g r i t y .  



APPLICATIONS FOR SOLID-STATE BONDING 

a ELECTRONIC COMPONENTS 

a NUCLEAR REACTORS 

a MISSILES 

AIRCRAFT STRUCTURES 

- AS A JOINING METMOP FOR 
UNWELPABLE ALLOYS 

- AS A CONCURRENT PROCESS 
WITH 8UPERPLASTIC FORMING 

The app l ica t ions  o f  s o l i d - s t a t e  bonding are found i n  t h e  i ndus t r i es  where 
s t r i ngen t  j o i n t  requirement i s  necessary and h igh  j o i n t  e f f i c i e n c y  i s  re- 
quired. So l id -s ta te  bonding o r  d i f f u s i o n  bonding o f  t i t a n i u m  has been u t i -  
l i z e d  f o r  a i r c r a f t  s t r u c t u r a l  parts. The u l t i m a t e  goal o f  t h i s  program i s  t o  
develop so1 i d - s t a t e  bonding teeh'nology as a  concurrent process w i t h  superpl as- 
t i c  forming o f  h igh  s t rength  a1 1  oy 7475 f o r  a i r c r a f t  s t r u c t u r a l  appl i c a t i  on. 



GRAIN STRUCTURE OF 
SUPERPLASTIC ALUMINUM 7475 

MAG 250X 

The photomicrograph shows a three-d imensional  g r a i n  alumi num 7475 a1 1 oy sheet, 
which was used i n  t h e  bondi ng experiments. Convent ional  a1 umi num a1 1 oy sheets  
a re  no t  superpl  a s t i  c because of coarse g ra ins .  Thermo-mechani c a l  process can 
e f f e c t i v e l y  reduce t h e  g r a i n  s i z e  o f  t h e  7475 a l l o y  t o  a s u f f i c i e n t l y  smal l  
s i z e  and s t a b l e  s t a t e  t o  permi t  t h e  development o f  s u p e r p l a s t i c  deformation. 
The g r a i n  s i z e  of t h e  a l l o y  shown i n  t h e  photo i s  approx imate ly  10 pm. 



DEFORMATION CHARACTERISTICS OF 
SUPERPLASTIC ALUMINUM 7475 

Superpl a s t i  c  behavior i s  character ized by extremely h igh  e longat ion  before 
necking occurs. When a t e n s i l e  specimen o f  f ine-gra ined 7475 a l l o y  was t e s t e d  
a t  960" F a t  a  c o n t r o l l e d  s t r a i n  rate,  t h e  t o t a l  e longat ion  was approximately 
950% a t  f r a c t u r e .  



INTEGRALLY STIFFENED STRUCTURES 
FOR POTENTIAL SPF/SSB APPLICATION 

Supe rp las t i c  forming o f  aluminum w i l l  r e s u l t  i n  r educ t i on  o f  number o f  d e t a i l s  
and fasteners,  which consequently leads t o  cos t  and weight  savings. When t h e  
s o l  i d - s t a t e  bondi ng i s  combi ned w i t h  t h e  superp l  a s t i c  forming process, f u r t h e r  
gains w i  11 be rea l i zed .  Two i n t e g r a l l y  s t i f f e n e d  s t r u c t u r e s  o f  h i gh  s t r e n g t h  
aluminum which were s u p e r p l a s t i c a l l y  formed a re  t h e  examples o f  p o t e n t i a l  
s u p e r p l a s t i c  forming s o l i d - s t a t e  bonding because these formed p a r t s  have t o  be 
eventual  l y  j o i  ned t o  s k i n  sheet. 



CONCLUSIONS 

1. Feasi b i  1 i t y  o f  so l  i d - s t a t e  bonding was demonstrated fo r  superplast ic  
aluminum 7475 sheet. 

2. P l a s t i c  deformation was requ i red  t o  ob ta in  s o l i d - s t a t e  bonding, and bond 
s t rength  increased w i t h  an increase i n  t h e  amount o f  deformation. 

3. A t h i n  in termediate l a y e r  o f  a l l o y  5052 aided t h e  s o l i d - s t a t e  bonding i n  
reducing the  requi  red bond deformation. 
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