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ABSTRACT

T ransverse  t e n s i l e  s t r e n g th  p r o p e r t i e s  o f  b o ro n -f i lam en t 

r e in fo rc e d  aluminum com posites w ith  v a r io u s  h e a t  t re a tm e n ts  and 

s t r e s s  r e l i e f  cy c le s  were s tud ied  in  an e f f o r t  to  determ ine the 

p rocedures  n e ce ssa ry  to  improve th e se  p r o p e r t i e s .  T en s i le  sp e c i­

mens were f a b r ic a te d  by chem ica lly  e tch in g  to  f r e e  the  f i lam en t 

ends o u ts id e  the  reduced gage leng th  s e c t io n  and by bonding of 

m eta l  g r ip s  with adhesive  onto the  ends of the  specimens. I n i t i a l l y  

a range of s t r a i n  r a t e s  was used to  determ ine the  optimum s t r a i n
. i •

r a t e  to use fo r  t h i s  experim ent. The d a ta  were e v a lu a te d  in  terms 

o f p e rc en t  e lo n g a t io n ,  y ie ld  s t r e n g th ,  u l t im a te  t e n s i l e  s t r e n g th ,  

modulus o f  e l a s t i c i t y ,  and the  mode o f  f a i l u r e .  The experim en ta l 

r e s u l t s  in d ic a te d  th a t  the  T6 h e a t  tre a tm en t provided the  h ig h e s t  

t r a n s v e r se  s t r e n g th  p r o p e r t i e s  of the e leven  d i f f e r e n t  procedures 

e v a lu a te d .

x



CHAPTER I

INTRODUCTION

The t r a n s v e r s e  s t r e n g th  p r o p e r t i e s ,  o f u n i d i r e c t i o n a l l y  r e i n ­

forced  boron-alnminum m a tr ix  com posites , has been much lower than 

expec ted , accord ing  to  e a r ly  i n v e s t i g a to r s  in  1969, This b ehav io r  has 

been a t t r i b u t e d  to  lo n g i tu d in a l  s p l i t t i n g  in  the  boron f i la m e n ts ,  w ith  

the  cracks  consequently  p ropaga ting  in to  the  m eta l  m a tr ix  causing p r e ­

mature t e n s i l e  f a i l u r e .  The s p l i t s  a re  in h e re n t  in  the  f i l a m e n ts ,  due 

to  the  h igh  tem pera tu re  o f  vapor d e p o s i t io n  of the  boron onto the  1/2 

m il tu n g s ten  w ire  co re . This i s  due to  the  therm al c o n t r a c t io n  d i f f e r ­

ences between the two m a te r i a l s  when they  coo l. These c racks  have a lso  

developed during  vapor d e p o s i t io n  o f  c o a t in g s  such as s i l i c o n  ca rb ide  

o r  boron n i t r i d e  on the  boron which a re  ap p lied  to  in c re a s e  the  chemical 

c o m p a t ib i l i ty  of the f i la m e n ts  w ith  the  m a tr ix  a t  h igh  tem perature  

exposure.

Recent i n d u s t r i a l  programs to  re so lv e  t h i s  s p l i t t i n g  problem 

have produced a 5 ,6  m il-d iam e te r  boron f i lam e n t  which i s  rep o r ted  to  

have r e l a t i v e l y  few s p l i t s  such th a t  h ig h e r ,  t r a n s v e r se  s t r e n g th  p ro p e r ­

t i e s  can be r e a l i z e d  ( k r e id e r ,D a rd i ,  and Prewd, 1970) K re id e r ,  e t  a l , , 

re p o r te d  on a t e n s i l e  specimen p re p a ra t io n  technique where the m eta l 

m a tr ix  around the f i lam e n t  ends, o f  t r a n s v e r se  t e n s i l e  specimens, a re  

chem ically  e tched  to  remove the m e ta l .  This produces a reduced gage 

leng th  t e n s i l e  specimen w ith  the f i la m e n ts  ex tend ing  out the  s id es

1
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2
beyond the  gage leng th  t e s t  p o r t io n  o f  the specimen. The r e s u l t  i s  

th a t  c racks  in  the  f i l a m e n ts  a t  the  ends t h a t  developed during  shearing  

of the specimens are  removed from the t e s t  a rea  o f the specimen.

Other very  r e c e n t  i n d u s t r i a l  e f f o r t s  on t h i s  s p l i t t i n g  problem 

have r e s u l t e d  in  development of g la s s  core  and ca rb o n -f i la m e n t  core 

upon which the  boron i s  vapor d e p o s ited .  These types  of boron f i lam en t 

are  rep o r te d  to  have l e s s  therm al c o n t r a c t io n  d i f f e r e n c e s  and conse­

q u en tly  fewer in h e re n t  c rack s  o r  s p l i t s .

For the  re se a rc h  program re p o r te d  h e re in ,  the  only  a v a i la b le  

improved f i lam e n ts  were th e  5 .6  m il  d iam eter  boron w ith o u t  a co a t in g .

This type f i la m e n t ,  t h e r e f o r e ,  was used w ith  the two most common
u ’ .

aluminum a l lo y s  (6061 and 2024) and were f a b r ic a te d  in to  a tw o-f ilam en t

la y e r  composite us ing  a d i f f u s io n  method in  a h e a te d -p la te n  p re s s .  The

f a b r i c a t i o n  of the p an e ls  was performed by Harvey Aluminum Company, one

o f  the forem ost deve lopers  of f i lam en t r e in fo rc e d  m eta l com posites ,

s ince  f a b r i c a t io n  was no t w i th in  the  scope o f  t h i s  re sea rc h  e f f o r t .

To e v a lu a te  o th e r  methods to  improve t ra n s v e r se  s t re n g th  p ro p e r ­

t i e s ,  assuming once aga in  th a t  the  s t re n g th  depended on the  m a tr ix  and no t 

the  s p l i t t i n g  of f i l a m e n ts ,  v a r io u s  therm al trea tm en t techn iques  were, used 

on the  m a tr ix .  These methods used were n a tu r a l  and a r t i f i c i a l  ag ing , 

s o lu t io n  h e a t  t re a tm e n t ,  therm al s t r e s s  r e l i e f ,  therm al c y c lin g  as a 

s t r e s s . - r e l i e f  p ro ced u re , and s t r a i n  cy c l in g  as a s t r e s s - r e l i e f  p rocedure.



CHAPTER 2

. LITERATURE SURVEY

_ 2 . 1  C r i t i c a l  Areas fo r 'T ra n s v e rs e  S tren g th  

Transverse  s t r e n g th  of u n i d i r e c t i o n a l l y  re in fo rc e d  b o ro n - f ib e r -  

aluminum-matrix com posites has been o f  concern fo r  many a p p l ic a t io n s  

s ince  low t ra n s v e r se  s t r e n g th s  o r  the  o rd e r  o f  12,000 p s i  to  22,000 

p s i  have been exper ienced , as  re p o r te d  by C h r is t ia n  (1969)- and 

Dolowy (1969b)» These a p p l ic a t io n s  u t i l i z i n g  a composite w ith  lo n g i ­

tu d in a l  t e n s i l e  s t r e n g th s  in  excess o f  200 k s i  in  the  d i r e c t io n  o f  the 

boron f i b e r s ,  a lso  have need fo r  t r a n s v e r se  s t r e n g th s  which would be a t  

l e a s t  e q u a l  to  the  co nven tiona l aluminum s t re n g th  o f  45 to  65 k s i  

(6061 and 2024, r e s p e c t iv e ly ) .  S p e c if ic  a p p l ic a t io n s  such as a i r c r a f t  

o r  m is s i l e  s t r u c t u r a l  members in c lu d in g  o u te r  sk ins  need good t r a n s v e r se  

s t r e n g th  p r o p e r t i e s ,  A dsit  and F o re s t  (1969) re p o r te d  on t e s t i n g  

performed a t  Convair on aluminum-boron com posites f o r  s t r u c t u r a l  

s t r i n g e r s  to  r e in fo r c e  and s t i f f e n  sk in  s t r u c tu r e s .  T ransverse  com­

p re s s io n  t e s t s  were performed to  e s t a b l i s h  d e s ig n  s t r e n g th s  to  be 

expected from aluminum-boron com posites, C h r is t ia n  (1969) re p o r te d  on 

r e s u l t s  of a Convair study p rogram .fo r components fo r  the  F - l l l  fu se lag e  

in v o lv in g  twelve major s t r u c t u r a l  components in c lu d in g  bu lkheads , fram es, 

longerons , door p a n e ls ,  shear p a n e ls ,  f i t t i n g s ,  and a shear beam. In  

most c a se s ,  s u b s t a n t i a l  w eight sav ings , rang ing  from 18% to  60%, were 

i d e n t i f i e d  by t h i s  s tudy. In  s e v e ra l  c a se s ,  however, the  low shear 

and t r a n s v e r se  s t r e n g th  of the composite prevented  a s i g n i f i c a n t
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weight sav ing . In  o th e r  c a se s ,  i t  was apparen t th a t  the weight payoff

could be s u b s t a n t i a l l y  in c re a se d ,  by a f a c to r  o f two in  some case s ,  i f  

t r a n s v e r se  p r o p e r t i e s  could  be in c re ase d  by r e l a t i v e l y  small amounts,

The Convair D iv is io n  o f General Dynamics C orpora tion  has been 

f l i g h t  t e s t i n g  aluminum-boron-composite access  doors on F-102, F-106, 

and F - l l l  a i r p la n e s  and has been f a b r i c a t i n g  and e v a lu a t in g  aluminum-boron 

composite s a t e l l i t e  payload a d ap te rs  o f c o n ic a l  shape 60 Inches in  

d iam eter  and 42 inches  in  len g th .

Another a p p l i c a t io n  where low t ra n s v e r s e  s t r e n g th  has been of 

concern, i s  fo r  a i r c r a f t  gas tu rb in e  compressor and fan  b lade  usage. 

T sa re f f  (1969) o f  the A l l i s o n  D iv is io n  of General Motors C orpora tion  

ev a lu a ted  t r a n s v e r s e  s t r e n g th  p r o p e r t i e s  o f  aluminum-boron composites 

s ince  the  b lad es  exper ience  a c a n t i le v e r -b e a m -fa t ig u e  type load ing .

A lloy 7178 was used fo r  the  m a tr ix  in  these  te s ts ,  and a t r a n s v e r se  

t e n s i l e  s t r e n g th  of 43 k s i  was re p o r te d ,  mainly due to  the  h igh  shear 

s t r e n g th  of the  s o lu t io n  t r e a t e d  and aged 7178 m a tr ix .  A xia l f i lam e n t  

s p l i t t i n g  was observed in  these  t e s t s  due to  the in h e re n t  r a d i a l  sub­

su rface  c racks  in  the f i la m e n ts ,

K r e id e r ,e t  a l ,  , (1970) o f  the ,..Pratt & Whitney A i r c r a f t  D iv is io n  o f  

United A i r c r a f t  C orpora tion  has a lso  been e v a lu a t in g  aluminum-boron

composite t r a n s v e r s e  s t r e n g th  fo r  t h i r d - s t a g e  compressor b lad es  th a t
oare  exposed to  a 600 F, o p e ra t in g  tem pera tu re . The b la d es  in  these  

tu rb in e  eng ines  a lso  experience  the c a n t i le v e r -b e a m -fa t ig u e - ty p e  

load ing . I t  was r e p o r te d  th a t  a l l  the  f i lam e n ts  in  the  f r a c tu r e  p lane

showed s p l i t t i n g  in  the  t r a n s v e r se  t e s t s .

I



Hanby (1971a) re p o r te d  th a t  NASA's planned space s h u t t l e  w i l l  

h e lp  to. m a in ta in  the  p re s e n t  h igh  i n t e r e s t  and a c t i v i t y  in  the  develop­

ment o f .aluminum-boron com posites, Hanby a lso  re p o r te d  t h a t  the  

Hamilton Standard D iv is io n  of United A i r c r a f t  C orpo ra tion  has been 

e v a lu a t in g  aluminum-boron composites fo r  h e l i c o p te r  b la d es  and p r o p e l l e r  

b lad es  and the Bendix C orpora tion  has been e v a lu a t in g  t h i s  m a te r ia l
>i * ■ - • -f o r  land ing  g e a r s ,"

I t  was concluded from these  r e p o r t s  th a t  t r a n s v e r s e  s t r e n g th  o f 

u n id i r e c t i o n a l  boron fiber-alum inum  m a tr ix  composites i s  o f  utmost 

importance to  the  success of th ese  v a r io u s  a p p l i c a t io n s ,  and th a t  much 

t e s t  e f f o r t  i s  be ing  e x e r ted  in  R&D programs to  improve t h i s  p ro p e r ty ,

2 ,2  Boron F ilam ents

One of the param eters  o f  aluminum-boron com posites th a t  i s  be ing

e v a lu a ted  and improved i s  the  boron f i lam en t i t s e l f .  O r ig in a l  boron

f i la m e n ts  c o n s is te d  o f  boron vapor d ep o s i ted  from a boron t r i c h l o r i d e

(h a l id e )  and hydrogen gas m ix ture  on to  a o n e -h a lf  m il  d iam eter

tu ngs ten  w ire s u b s t r a t e .  This continuous f i lam en t has a t e n s i l e  s t r e n g th
6of about 450 KSI and a modulus o f e l a s t i c i t y  of about 56 x 10 p s i ,  .

One problem a s s o c ia te d  w ith  t h i s  type of f i lam en t du ring  f i lam en t 

f a b r i c a t io n  has been the therm al c o n t r a c t io n  d i f f e r e n c e  between the 

tu n g s te n  w ire core and the d ep o s ited  boron. This d i f f e r e n c e  has caused 

subsurface  r a d i a l  c racks  i n  the  boron th a t  a re  d e t r im e n ta l  to  composite 

p h y s ica l  p r o p e r t i e s .  T ransverse  t e s t i n g  almost always r e s u l t s  in  

s p l i t t i n g  o f the  f i lam e n ts  on the f r a c tu r e  p lane , th u s  l im i t in g  the 

t r a n s v e r se  t e n s i l e  s t r e n g th  o f the  com posite, as r e p o r te d  by Long (1969)



and Hanby (1971b)o Use of a s i l i c o n - c a r b id e  co a tin g  on the  boron 

f i l a m e n t , to  decrease  chem ical r e a c t io n  between the  aluminum m a tr ix  and 

the  boron a t  h igh  te m p e ra tu re 5 has in c re a se d  the  problem w ith  a d d i t io n a l  

r a d i a l  c racks  c re a te d  during  a p p l ic a t io n  o f  the c o a t in g  on the filam ent*

Two new developments in  boron f i la m e n ts  are the  use o f  a g la s s -  

based core s u b s t r a te  and a carbon monofilament core s u b s t r a t e  upon 

which th e  boron i s  vapor deposited* These com binations provide  a low 

d e n s i ty  fo r  the  continuous f i lam e n t  as w e ll  as o f f e r  a lower c o s t  

p o t e n t i a l .  I t  has been found w ith th ese  types  of f i la m e n ts  t h a t  r a d i a l  

c racks  a re  s u b s t a n t i a l l y  reduced. This i s  e s p e c i a l l y  im portan t in  

t r a n s v e r s e  s t r e n g th  where premature f a i l u r e  has been a t t r i b u t e d  to the  

p ro p ag a tio n  o f  the  r a d i a l  c rack  in to  the  m eta l m a tr ix  thus  reducing  

t r a n s v e r s e  s t r e n g th .  The average p r o p e r t i e s  o f these  g la s s  o r  carbon 

core f i lam e n ts  tend to  be lower (300 KSI t e n s i l e  s t r e n g th )  than  those 

o f  the b o ro n -o n - tu n g s ten  type , b u t due to the  lower d e n s i ty ,  the 

s p e c i f i c  s t r e n g th  and modulus a re  about comparable in  the  boron-on- 

tu n g s ten  composite.

Another re c e n t  development in  boron f i lam e n ts  i s  a 5 .6 -m i l -  

d iam eter boron f i lam e n t  w ith  the boron vapor dep o sited  on a o n e -h a lf -  

m il-d iam e te r  tu n g s te n  w ire .  No c o a t in g  i s  used on t h i s  type o f  f i lam e n t  

in  an e f f o r t  to  reduce r a d i a l  s p l i t s *  In fo rm ation  concern ing  the 

f a b r i c a t io n  p ro cesses  u t i l i z e d  fo r  t h i s  f i lam en t t h a t  make i t  have 

l e s s  tendency to s p l i t  i s  no t a v a i l a b le .  Usage of t h i s  type of 

f i la m e n t ,  however> in  aluminum m a tr ix  composites was r e p o r te d  by K re id e r ,  

e t  al» 9(1970), where 49 KSI t r a n s v e r se  t e n s i l e  s t r e n g th  was r e p o r te d  

(2024 m a tr ix )  w ith  no f i lam e n t  s p l i t t i n g  in  the. t e s t  specimens.
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I t  was concluded t h a t  f u l l  p o t e n t i a l  s t r e n g th  o f  the aluminum

has n o t been r e a l i z e d  d u rin g  t r a n s v e r s e  t e s t i n g  s ince  the  f i lam e n ts

s p l i t  w ith  the c racks  p ro p ag a tin g  in to  the  m a tr ix  thus  causing  low

tra n s v e r se  t e n s i l e  s t r e n g th  o f  the m a tr ix .  T he re fo re , to  improve

composite t r a n s v e r s e  s tren g th ^  the  f i la m e n t  s p l i t t i n g  had to  be

e lim in a te d  so th a t  the  t r a n s v e r s e  s t r e n g th  could once ag a in  be dependent

upon the maximum s t re n g th  t h a t  could be developed in  th e  m a tr ix .  For

t h i s  rea so n , the  5 .6  m il  d iam eter  f i la m e n ts  produced by AVCO were

u t i l i z e d  in  the  re se a rc h  program re p o r te d  h e re in .

2 .3  P ro cesses  o f  Composite M anufacture 

There a re  v a r io u s  p ro cesses  t h a t  a re  being  used to f a b r i c a te  

m a ta l - m a t r ix - com posites . Experim enta l methods in c lu d e  e l e c t r o p l a t i n g ,  

powder m e ta l lu rg y ,  e x p lo s iv e  bonding, and vapor d e p o s i t io n .  For most 

sm all re s e a rc h  programs, i t  i s  u s u a l ly  most convenien t to use h o t  

p re s s in g ,  plasma sp ray in g ,  or l i q u id  i n f i l t r a t i o n ,  which produce h ig h e r  

tem perature  exposure for the  f i lam e n t  w ith  subsequent u n d e s ira b le  

i n t e r - m e t a l l i c  compounds c re a te d  a t  th e  f i la m e n t-m a tr ix  i n t e r f a c e .  

However, Lockheed A i r c r a f t  has developed a continuous c a s t in g  method 

where the f i lam e n t  (p r o te c te d  by a boron n i t r i d e  c o a tin g )  co n tac ts  

m olten aluminum. This p ro cess  pe rm its  f a b r i c a t io n  of com posites w ith  

f i lam e n t  c o n ten ts  to  70% by volume, and reduces  the o v e r a l l  f a b r i c a t io n  

c o s t s .  Most commercial f a b r i c a t i o n ,  though, o f  aluminum-boron com posites 

has been by d i f f u s io n  bonding to  reduce the  tem perature  to  which the  

f i lam e n ts  a re  exposed during  f a b r i c a t i o n .



A p ro cess in g  techn ique  review  was p resen ted  by Cornsweet (1971) 

which o u t l in e d  many p r a c t i c a l  p o s s i b i l i t i e s  f o r  advanced f a b r i c a t io n  

methods f o r  aluminum-boron com posites . However, they  were too numerous 

and had too many v a r i a t i o n s  to  in c lu d e  in  t h i s  l i t e r a t u r e  survey.

The m anufacture  o f com posites i s  a complex procedure beyond the  

scope of t h i s  t e s t  program. So, to avoid f a b r i c a t in g  composites th a t  

could produce q u es t io n ab le  r e s u l t s ,  a major m anufactu rer  o f  com posites , 

Harvey Aluminum Company, was co n tac ted  and they agreed to  f a b r i c a te  th e  

composite p ane ls  fo r  t h i s  program us ing  bo th  2024 and 6061 aluminum, 

a l lo y s  w ith  the AVCO.5,6-mil f i l a m e n ts .  These pane ls  were f a b r ic a te d

us in g  the d i f f u s io n  bonding p ro c e ss ,  d e t a i l s  of which a re  n o t  a v a i l a b le .
• : V

2 .4  Volume P e rcen t o f  F ilam ents  

Another f a c to r  t h a t  in f lu e n c e s  t ra n s v e r se  t e n s i l e  s t re n g th  i s  

the  volume p e rc en t  o f  f i la m e n ts  p re s e n t  in  the  com posite. A study 

re p o r te d  by Lin , Chen, and D ibenedetto  (1969) developed the  s e t  o f 

t e n s i l e  curves shown in  F igure  1 fo r  annea led , as w e ll  a s ,  aged boron- 

6061 aluminum com posite. The modulus curves fo r  the  m a te r i a l  a re  

shown in  F igure  2. Lenoe ( 1967a) showed d a ta  of modulus v e rsu s  volume 

p e rc en t  boron as shown in  F igure  3. Davis (1969s) o f Harvey Aluminum 

Company a lso  re p o r te d  on t r a n s v e r se  t e n s i l e  s t re n g th  in f lu en ced  by 

volume p e rc en t  f i l a m e n ts  as shown in  Table 1,

As v e r i f i e d  by the  t e s t  d a ta  from the above fo u r  sources , 

t r a n s v e r s e  t e n s i l e  s t r e n g th  i s  g r e a t ly  in f lu en ced  by volume p e rcen t  

o f f i la m e n ts .
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Table 1, T ransverse  T en s i le  S treng th  (Davis, 1969)

M atr ix
Average T ransverse  T en s ile  S tren g th s  (KSI)*

10 v /o  B 25 v /o  B 40 v /o  B 50 v /o  B

1100 8.5 20.8 12.9 10.5

6061 16.0 . 7.7 13.7 14.5

2024 30.0 15.3 14.9 . 12.8

A ll  f a i l u r e s  con ta ined  lo n g i tu d in a l  s p l i t  f i la m e n ts ,

h ' " '
x The t r a n s v e r s e  t e n s i l e  s t r e n g th  decreases  as  f i lam e n t  volume 

p e rc en t  increases>  This i s  most l i k e l y  due to the  in c re a s e  of f i lam e n t  

s p l i t t i n g  as  the pe rcen tage  of f i lam e n ts  inc reases , .  The t ra n s v e rse  

modulus, however, in c re a s e s  w ith  in c re a s e  o f  f i lam e n t  a d d i t io n  to the  

composite. This in c re a se  in  modulus i s  the  r e s u l t  o f the  Law of 

M ixtures w ith  the  boron f i la m e n ts  having  a h ig h e r  modulus than  the 

aluminum m a tr ix ,  so th a t  in c re a s in g  the  percen tage  o f  f i la m e n ts  

in c re a s e s  the  composite t r a n s v e r s e  modulus. For th e  re s e a rc h  program 

fo r  t h i s  t h e s i s ,  volume p e rc e n ts  of 25% and 50% were chosen fo r  study.

2.5 S t r e s s  R e l ie f  by Thermal Cycling 

T ay lo r,  Shimizu and Dolowy (1969) of The Marquardt C orpora tion  

ev a lu a ted  the  e f f e c t  of tem pera ture  cy c l in g  on r e l i e f  o f  r e s id u a l  

s t r e s s e s  in  composites o f A lloys 1145 and 6061 w ith boron f i lam en t 

re in fo rcem en t.  The fo llow ing  cy c le s  were u t i l i z e d :
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a. 20 cy c le s  from 70°F, to  700°F. 

b» 284°F» f o r  24 hou rs ,  

c , 338°F. f o r  24 hours ,

/ I t  was concluded by Taylor, e t  a l , 9 however, t h a t  the  therm al

c y c l in g  degraded the  s t r e n g th  o f  the  composite, A r e p o r t  by Hamilton

and E bert  (1969) d iscu ssed  a t e s t  program to  reduce o r a l t e r  r e s id u a l  

s t r e s s e s .  I t  was found t h a t  p re s  t r a i n  was e f f e c t i v e  i n  improving 

t e n s i l e  s t r e n g th  by 20%, Davis (1969) ev a lu a ted  a s t r e s s  r e l i e f  

cycle  on 6061 a l l o y  m a tr ix  c o n s i s t in g  of 200°F, fo r  16 hours  followed 

by a slow coo l.  This produced a t r a n s v e r s e  s t re n g th  o f  17,000 p s i  

( f o r  37 v /o  B) which was much lower than the  T6 c o n d i t io n  of 31,900 p s i .

I t  was decided  to  u t i l i z e  s t r e s s  r e l i e f  cy c le s  o f  284°F. fo r

24 hours  and 338°F, fo r  24 h o u rs ,  as w e l l  as the 20 c y c le s  o f  70°F. to 

700OF. in  t h i s  t h e s i s  t e s t  program.

R esidua l s t r e s s  measurements were made by Lenoe (1967b) by 

machining o f f  one s ide  o f  a composite and then  m easuring the amount of 

fo rce  re q u ire d  to  s t r a ig h t e n  out the  warped composite. The t e s t  da ta

f o r  fo u r  samples f o r  v a r io u s  th ic k n e sse s  are  shown in  F igu re  4,

• - ■ ■ -•

2 ,6  Heat Treatment and Aging

Shimizu and Dolowy (1969) o f  The Marquardt C orpora tion  re p o r te d

on v a r io u s  therm al t re a tm e n ts  and t h e i r  e f f e c t  on t r a n s v e r s e  s t r e n g th .

The study  showed th a t  the  h ig h e s t  t r a n s v e r se  s t r e n g th  was in  the range

o f  12 to  16 KSI f o r  the  T6 t r e a tm e n t ; however, i t  was f e l t  t h a t  the ‘

d a ta  were not r e p r e s e n ta t iv e  o f the  t r u e  c a p a b i l i t y  o f  the  composite.
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This was due to the  s e n s i t i v i t y  o f t r a n s v e r se  t e s t s  to edge e f f e c t s ,  

o f  s p l i t s  in  the f i b e r  ends due to f a b r i c a t i o n .

Swanson and Hancock (1971) a lso  eva lua ted  v a r io u s  h e a t  t re a tm e n ts  

fo r  30 v /o  boron-7075 aluminum and found th a t  the T6 c o n d i t io n  produced 

the h ig h e s t  UTS. The t e s t  d a ta  a re  shown in  F igure  5; however, the 

t r a n s v e r s e  specimens f a i l e d  by lo n g i tu d in a l  s p l i t t i n g  o f  the  f i lam e n ts .

Hanby (1971b) re p o r te d  on some ve ry  re c e n t  re se a rc h  conducted 

a t  Midwest Research I n s t i t u t e  t h a t  ev a lu a ted  v a r io u s  h e a t  t re a tm en ts  

and t h e i r  e f f e c t  upon t r a n s v e r s e  t e n s i l e  p r o p e r t i e s  o f  7075 aluminum 

m a tr ix  w ith  30 v /o  boron f i l a m e n ts .  These d a ta  in d ic a te d  th a t  the 

s tan d a rd  T6 trea tm en t produced the h ig h e s t  s t re n g th  as shown in  

F igure  6 a lthough f r a c tu r e s  con ta ined  ex cess iv e  boron f i la m e n t  s p l i t t i n g ,  

su gges ting  th a t  the  com posite ’ s t r a n s v e r s e  s t re n g th  was l im ite d  by the  

p r o p e r t i e s  o f  the f i la m e n ts  ( s p l i t t i n g ) .

400 ..  40
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F igure  5. Filam ent O r ie n ta t io n  vs. U ltim ate  T ens ile  S tren g th  and Young's 
Modulus fo r  Composite Specimens of 7075-T6 and 7075-0 
Aluminum-Boron (Swanson and Hancock, 1971)
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Many o f the  o th e r  r e p o r t s  in  the  l i t e r a t u r e  survey re p o r te d  

h e r e in  ev a lu a ted  the  e f f e c t  o f  T4 and T6 h e a t  t re a tm en t and aging p ro ­

cedures  on the  t r a n s v e r s e  t e n s i l e  s t r e n g th .  Iri a l l  c a s e s ,  the  T4 and 

T6 c o n d i t io n s  were re p o r te d  to be b e n e f i c i a l ,  so th a t  th e se  t re a tm en ts  

were in c luded  in  t h i s  experim ent. ,

' * v • 2 .7  Cold R o lling

A 10% re d u c t io n  by cold  r o l l i n g  t r a n s v e r se  to the f i lam e n ts  

was re p o r te d  by T ay lo r,  e t  a l .  (1969) to show an in c re a s e  in  t r a n s v e r se  

s t r e n g th .  C h r i s t i a n  (1969) r e p o r te d  on t e s t  d a ta  where 3%.t ra n s v e rse  

co ld  r o l l i n g  decreased  t r a n s v e r s e  t e n s i l e  s t re n g th  of 6061 a l lo y  

composite as shown in  F igure  7. C h r i s t i a n  a lso  re p o r te d  t h a t  5-6% 

o f  co ld  working on t h i s  composite s t r u c tu r e  r e s u l t e d  in  m a t r ix  c ra z in g .  

Dolowy and Taylor (1969) d e sc r ib e d  t r a n s v e r s e  10% co ld  r o l l i n g  o f  

6061 m a tr ix -b o ro n  composite th a t  in c re ase d  the  lo n g i tu d in a l  t e n s i l e  

s t r e n g th  by 30 KSI; however, the e f f e c t  upon t r a n s v e r se  s t r e n g th  was 

no t d e sc r ib e d .  Another r e p o r t  o f the e f f e c t  of t r a n s v e r s e  co ld  r o l l i n g  

upon lo n g i tu d in a l  t e n s i l e  s t r e n g th  was re p o r te d  by G e tten  and Ebert 

(1969) w ith  the  t e s t  r e s u l t s  p lo t t e d  as shown in  F igure  8.

Dolowy (1969a) re p o r te d  th a t  a lthough t r a n s v e r s e  10% cold 

r o l l i n g  in c reased  lo n g i tu d in a l  u l t im a te  t e n s i l e  s t r e n g th  by 10%, the 

t r a n s v e r se  u l t im a te  t e n s i l e  s t r e n g th  was reduced fo r  the  6061 m a tr ix  

composite. F o re s t  (1968) o f Convair re p o r te d  th a t  com posites ob ta ined  

from both  M arquardt and Harvey Aluminum C orpora tion  showed cold  

working was a c tu a l ly  d e l e t e r io u s  to t r a n s v e r s e  s t r e n g th .
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A review  o f  the a v a i l a b le  d a ta  o f  the  e f f e c t  o f  t r a n s v e r s e  

t e n s i l e  s t r e n g th  o f  t r a n s v e r s e  co ld  r o l l i n g  seemed to  in d ic a te  t h a t  

t h i s  t h e s i s  t e s t  program should e v a lu a te  a t  l e a s t  5% and 10% t ra n s v e r se  

co ld  r o l l i n g ,

/  v . 2 ,8  P r e - s t r e t c h in g  of F ilam ents

A review  o f the l i t e r a t u r e  in  regard  to re se a rc h  in  p re ­

s t r e t c h i n g  the f i l a m e n ts  du ring  composite f a b r i c a t i o n  in d ic a te d  th a t  

no e f f o r t  has been e x e r te d  to  e v a lu a te  t h i s  v a r i a b l e .  Since the  p re ­

s t r e t c h in g  i s  a common procedure  used in  p r e - s t r e s s e d  c o n c re te ,  i t  

would seem l o g ic a l  t h a t  the  same p r e - s t r e t c h i n g  would be b e n e f i c i a l  

to  aluminum m a tr ix  com posites. However, a lthough t h i s  technique, i s  

w i th in  the  realm  of. f a b r i c a t i o n  of com posites , i t  was n o t  considered  

fo r  t h i s  t e s t  program s ince  only  p o s t - f a b r i c a t i o n  v a r i a b l e s  were to be 

ev a lu a te d  in  t h i s  program. .

2 .9  S t r e s s  R e l ie f  by S tr e s s  Cycling 

No re fe re n c e  could be found in  the l i t e r a t u r e  f o r  m eta l m a tr ix  

composites where s t r e s s  cy c l in g  had been ev a lu a ted  as a method fo r  

s t r e s s  r e l i e f .  This method, however, h a s  been used f o r  m e ta ls  and i t  

was f e l t  t h a t  t h i s  method may be b e n e f i c i a l  to  t r a n s v e r s e  t e n s i l e  

s t r e n g th  of the aluminum-boron composite m a te r ia l s  to  be t e s t e d  in  

t h i s  t h e s i s .  A s t r e s s  c y c l in g  o f  10% o f  the u l t im a te  t e n s i l e  s t re n g th  

( t r a n s v e r s e )  was used in  t h i s  th e s i s  w ith  te n  cy c le s  a p p l ie d  from no 

load to  10% of the  UTS, p r i o r  to  the specimens being  t e s t e d  to f a i l u r e .



2,10  M a tr ix - to -F ib e r  Bond

No re fe re n c e  could be found in  the  l i t e r a t u r e  where m a tr ix -  

t o - f i b e r  bond was ev a lu a te d  in  r e l a t i o n  to  t ra n s v e r se  s t r e n g th  

p r o p e r t i e s .  F a i lu r e  mode up to  t h i s  time has been s p l i t t i n g  o f  the 

f i b e r s  where the  s p l i t s  p ropagated  in to  the  aluminum m a tr ix  causing 

premature f a i l u r e  o f  the  m a tr ix .  However9 w ith  the  new g la s s  core and 

carbon monofilament core f i l a m e n ts ,  as w e ll  as  the new 5 .6 -m i l -  . 

d iam eter f i l a m e n ts ,  r e l a t i v e l y 1 few s p l i t s  o f  the  boron i s  experienced . 

T here fo re , h ig h e r  t r a n s v e r s e  s t r e n g th s  have been o b ta in ed  from the 

m a tr ix .  Even w ith  the  h ig h e r  s t r e n g th s ,  no mention has  been found of 

bond f a i l u r e s  between the  m a tr ix  and the  f i la m e n ts .

There have been s e v e ra l  r e p o r t s  in  the  l i t e r a t u r e  e v a lu a t in g  

the  chemical r e a c t io n  between the aluminum m a tr ix  and the  boron 

f i la m e n ts  a s s o c ia te d  w ith  h ig h - tem p e ra tu re  exposure. The i n t e r -  

m e ta l l i c  compounds found a t  the  m a t r ix - f ib e r  i n t e r f a c e ,  degrade the 

bond s t r e n g th  o f  the  m a tr ix  to  the f i la m e n t .  These r e p o r t s  have 

a ttem pted  to  i d e n t i f y  the  i n t e r m e t a l l i c  compounds, degree o f  boron 

a t t a c k  o r  decom position, and use o f  c o a t in g s  such as s i l i c o n  carb ide  

on the  boron f i lam e n t  to  decrease  th e  f i la m e n t-m a tr ix  r e a c t io n .  

However, th e re  were no d a ta  found in  the  l i t e r a t u r e  sea rch  r e l a t i n g  

t r a n s v e r s e  t e n s i l e  s t r e n g th  to bond s t r e n g th  of th e  m a t r ix  to  the . 

f i la m e n t .

I t  was decided th a t  t h i s  bond f a c to r  was no t to  be w ith in  the 

scope o f  t h i s  t h e s i s  program u n le ss  th e  bond f a c to r  became a prominent 

mode of f a i l u r e  in  the  t e s t s  to be perform ed.



2,11 A d d itio n  of T ransverse  F ib e rs  

The l i t e r a t u r e  search  d is c lo se d  th a t  s e v e ra l  programs had 

ev a lu a te d  the e f f e c t  o f  adding a small pe rcen tage  (5%) o f  s t a i n l e s s  

s t e e l  f i la m e n ts  in  the  t r a n s v e r se  d i r e c t i o n  to in c re a se  t r a n s v e r se  

t e n s i l e  s t r e n g th ,  C h r i s t i a n  (1969) d iscu ssed  the usage, o f 5% by 

volume o f  AM-355 s t a i n l e s s  s t e e l  w ife  ( c ro s s - p l ie d )  in  6061 aluminum 

m a tr ix .  These com posites produced d a ta  as shown below in  Table 2, 

w ith the  t r a n s v e r s e  s t r e n g th  approxim ate ly  twice t h a t  r e p o r te d  by 

C h r i s t i a n  (1969).

Dolowy (1969b) re p o r te d  a lso  about double the t r a n s v e r s e  

t e n s i l e  s t r e n g th  to  30-43 KSI w ith  the  a d d i t io n  o f 5% s t a i n l e s s  s t e e l  

t r a n s v e r se  w ire .

Again, t h i s  f a c to r  o f  adding t r a n s v e r s e  f i la m e n ts  or wire to 

in c re a se  t r a n s v e r s e  t e n s i l e  s t r e n g th  i s  a f a c to r  invo lved  in  f a b r i c a ­

t i o n  of the  com posites and th e re fo re  was n o t conside red  to be w ith in  

the  scope of t h i s  t h e s i s .  This t h e s i s  ev a lu a ted  only  p o s t - f a b r i c a ­

t io n  v a r i a b le s  th a t  a f f e c t  t r a n s v e r se  p r o p e r t i e s .

2L12 Summary of L i t e r a tu r e  Search 

The fo rego ing  l i t e r a t u r e  survey was developed in  some d e t a i l  

i n  an e f f o r t  to  take  in  th e  wide scope o f  experim en ta l work c a r r ie d  

ou t in  the  a rea  o f t r a n s v e r s e  p r o p e r t i e s  o f  b o ro n - f i la m e n t- re in fo rc e d  

aluminum com posites . In  the  course of s o r t in g  ou t the  many approache 

used by the  i n v e s t i g a t o r s ,  i t  became e v id en t  th a t  th e re  was no common 

agreement about which approaches produce the b e s t  r e s u l t s .



Table 2. Mechanical P r o p e r t ie s  of Al-B-SS Composites

Long. T ensile Trans. T ens ile Shear
C ondition Ftu(KSI) E(MSI) Ftu(KSI Fty(KSI) E(MSI) F s u (K SI)

A1-35B-5SS: 

F . 115(80.8) 22.5(15,820) 42 .7 (30 .0 ) 19 .1(13 .5) 11.5(8 ,080) 24 .2(17 .0)

ST&A 124(87.1) 23.3(16 ,380) 41 .3 (29 .0 ) 29 .3(20 .6) 13 .9(9 ,770) . 22 .6 (15 .9 )

A1-45B-5SS:

F 175(123) 29.7(20,880) 36 .2(25 .4) 15 .0(10 .5) 14.2(9 ,980) 18.4(12 .9) •

ST&A . 159(112) 31 .3(22,000) 32 .1(22 .5) 2 3 .0 (16 .2 ) 15 .8(1 ,110) 19.2(13.5)

2NOTE: A ll  f ig u r e s  in  p a ren th ese s  are  kgf/mm .

N>K>
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This was p a r t i c u l a r l y  t ru e  since, some t e s t  r e s u l t s  c o n t r a d ic t  r e s u l t s  

from o th e r  i n v e s t ig a to r s .  Thus, a t  t h i s  ju n c tu re ,  i t . a p p e a r s  th a t  a l l  

the  p o s t - f a b r i c a t i o n  approaches should be in v e s t ig a te d  in  t h i s  t h e s i s  

w i th in  the l im i t s  o f  th e  m a te r ia l  a v a i l a b le .  There were s e v e ra l  

a n a l y t i c a l  s tu d ie s  made o f  composites and t r a n s v e r se  s t r e n g th  p r o p e r t i e s  

such as th a t  by Chen and Lin  (1968) and E bert  (1970). However, an 

a n a l y t i c a l  s tudy  o f  composites was n o t  w i th in  the  scope o f  t h i s  t e s t  

e f f o r t  and no a n a ly s is  was made o f  the  a n a l y t i c a l  s tu d ie s .



CHAPTER 3

OBJECTIVES OF THIS INVESTIGATION

. / The g e n e ra l  purpose o f  t h i s  in v e s t ig a t i o n  was. to  s tudy the 

t r a n s v e r s e  p h y s ic a l  p r o p e r t i e s  possessed  by b o ro n -f i lam en t-u n i-” 

d i re c t io n a l ly - re in fo rc e d -a lu m in u m -m a tr ix  composites w ith  v a r io u s  p o s t-  

f a b r i c a t i o n  t re a tm e n ts  to  determ ine the  n a tu re  of the r e l a t io n s h ip  

between the p o s t - t r e a tm e n ts  and the b ehav io r  r e s u l t i n g  from these  

t re a tm e n ts .

The d e ta i le d  o b je c t iv e s  o f  t h i s  s tudy  were:

1, To determ ine the  e f f e c t iv e n e s s  of a n e w  t ra n s v e r s e  t e n s i l e  

specimen p r e p a ra t io n  techn ique  f i r s t  re p o r te d  by K re ider  ?e t  a l „ 5(1970) 

improving t r a n s v e r s e  s t r e n g th .  This techn ique  invo lves  the  f re e in g

of th e  f i lam e n t  ends a t  the edges o f  the specimen by chem ica lly  e tc h ­

ing  the aluminum away from the machined edges. This techn ique  reduces 

the p o s s i b i l i t y  of c racks  a t  the  ends of the  f i lam e n ts  (c re a ted  during 

specimen machining) p ro p ag a tin g  in to  the  reduced gage len g th  s e c t io n  

o f  the specimen.

2. To e v a lu a te  observed behav io r  of the t r a n s v e r s e  s t re n g th  

p r o p e r t i e s  w ith  the  p o s t - t r e a tm e n ts  o f  s o lu t io n  h e a t  treatm ent., 

n a tu r a l  and a r t i f i c i a l  ag ing , c o l d - r o l l i n g ,  therm al s t r e s s  r e l i e f  

c y c le s ,  and s t r a i n  c y c l in g  fo r  s t r e s s  r e l i e f .  These p ro c e sse s  were 

ev a lu a ted  in  an e f f o r t  to  improve the  t ra n s v e r se  s t r e n g th  p r o p e r t ie s  . 

o f  the  com posites.

24



3» To e v a lu a te  the  new 5 , G -m il-d iam eter boron f i lam e n ts  

re p o r te d  to  produce t r a n s v e r s e  t e n s i l e  specimens th a t  do no t f a i l  

p rem atu re ly  from f i lam e n t  s p l i t t i n g .



CHAPTER' 4

THEORETICAL CONSIDERATIONS RELATED TO 

TRANSVERSE STRENGTH IMPROVEMENT.

The two most commonly used aluminum a l lo y s  a re  6061 and 2024; 

th e r e f o r e , these  a l lo y s  were ev a lu a ted  in  t h i s  t h e s i s .  These a l lo y s  

have nominal com positions as in d ic a te d  in  Table 3.

Table 3. A lloy  Compositions

A lloy Si Cu Mn Mg Cr A1

6061 0.6% 0.25% - - 1.0% 0.25% 97.9%

2024 0.5% 4.5% 0.6% 1.5% 0.1% 92.8%

The 6061 a l lo y  i s  popular s ince  i t  i s  c h a ra c te r iz e d  by e x c e l l e n t  

c o r ro s io n  r e s i s t a n c e  and i s  more workable than o th e r  h e a t - t r e a t a b l e  

a l lo y s .  The 2024 a l lo y  develops the  h ig h e s t  s t r e n g th s  o f  any n a t u r a l l y  

aged aluminum-copper a l lo y .

4M P r e c i p i t a t i o n  Hardening Process 

The g e n e ra l  p r in c ip le  of p r e c i p i t a t i o n  harden ing  i s  to make use 

of the  s u p e r s a tu ra t io n  c o n d i t io n  t h a t  e x i s t s  when a s o l id  s o lu t io n  i s  

p reserved  by a ra p id  coo ling  p ro c e ss .  This i s  p rom inen tly  encountered  

with low carbon s t e e l ,  b e ry l l iu m  copper, p r e c i p i t a t i o n  harden ing  s t e e l s ,

26
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and most p rom inen tly  w ith  many o f  the  aluminum a l lo y s .  Super s a tu r a t i o n  

can only  be induced when the phase diagram has a so l id  s o l u b i l i t y  l in e  

th a t  has a s i g n i f i c a n t l y  p o s i t iv e  s lo p e ,  th a t  i s ,  s o l u b i l i t y  in c re a se s  

w ith  in c re a s in g  te m p e ra tu re , The s o l id  s o l u b i l i t y  l i n e  se p a ra te s  the 

s in g le -p h ase  (n) re g io n  from the two-phase reg io n  of the phase diagram. 

Since the  m a tr ix  m a te r i a l s  in  t h i s  th e s i s  a re  two p r e c i p i t a ­

t i o n  harden ing  aluminum a l lo y s ,  the  p r e c i p i t a t i o n  harden ing  p rocess  

w i l l  be de fined  s p e c i f i c a l l y  fo r  th ese  m a te r i a l s .  The p r e c i p i t a t i o n  

harden ing  p rocess  i s  d iv id ed  in to  th re e  b a s ic  s tep s  as fo llow s:

a, S o lu t io n * h ea t  t re a tm en t s t e p - - I n  t h i s  p ro c e ss ,  i t  i s  n e c e s ­

sary  to  h e a t  the a l l o y  in to  the  s o l id  s o lu t io n  tem perature  

range fo r  a time long enough to  perm it s o l id  s t a t e  d i f f u s io n  

p ro cesses  to  occur and produce a com pletely  homogeneous so l id  

s o lu t io n .  I t  i s  im p era tiv e  t h a t  the  s o lu t io n  h e a t  t rea tm en t 

tem pera tu re  never exceeds the  e u t e c t i c  tem peratu re  to p reven t 

m e lt in g  of the  e u t e c t i c  t h a t  may be p re s e n t  along the g ra in  

b o u n d ar ie s .  This i s  known in  i n d u s t r i a l  h e a t  t r e a t i n g  as 

"burning  the a l l o y , ” The s o lu t io n  h e a t  t re a tm e n t  tem perature  

fo r  6061 a l lo y  i s  985°F, and fo r  2024 a l lo y  i s  920°F, Times 

re q u ire d  f o r  t h i s  p ro cess  a re  a fu n c t io n  of the  th ic k n e ss  o f  

the  m a te r i a l ,  and the  in h e re n t  d i f f u s io n  c o e f f i c i e n t s  of the 

a l lo y in g  e lem en ts ,

b. P r e s e rv a t io n  o f  a homogeneous s o l id  s o lu t i o n --The, s t a t e  o f  

s u p e r s a tu r a t io n  i s  produced by r a p id ly  co o lin g  (w ater quench) 

the  s o l id  s o lu t io n  a l lo y  to  p rev en t  p r e c i p i t a t i o n  o f  the  now- 

excess in s o lu b le  p h a se ,
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go Aging to enhance m echanical p r o p e r t i e s --Aging may be 

de fined  as  a h e a t  t re a tm e n t  o f the s u p e r sa tu ra te d  a l lo y  th a t  

u t i l i z e s  a tem p e ra tu re / t im e  combination s u f f i c i e n t  to p re ­

c i p i t a t e  the  c r i t i c a l  s ize  sub-m icroscopic  p a r t i c l e s  th a t  

produce optimum p r o p e r t i e s  of s t r e n g th  and d u c t i l i t y *  C u rre n t ly  

accep ted  theo ry  e x p la in s  t h i s  hardening  and s t re n g th en in g  

phenomenon as a r e s u l t  o f the  fo rm ation  of G u in ie r -P re s to n  

Zones along the jlOOj- p lan es  (tw o-dim ensional p l a t e l e t s  one 

atom th ic k  and 30 to  50 Angstroms in  d iam eter fo r  GP [ l ]  zones 

and s e v e ra l  atoms th ic k  fo r  th re e -d im en s io n a l  GP [2 ]  zones),

(Van.Horn, 1967). D is lo c a t io n  theo ry  accep ts  the  G uin ie r-  

P re s to n  th eo ry  and e x p la in s  the  o p t im iz a t io n  o f  s t re n g th  and 

ha rdness  by the  impeding o f  d i s lo c a t io n  movement when the 

l im i t in g  ra d iu s  of the  d i s lo c a t io n  loop i s  equa l to  the 

d is ta n c e  between zones (approx im ate ly  100 Angstroms). In  o rd e r  

f o r  the  d i s lo c a t io n  to p ro g res s  through the aluminum l a t t i c e ,  

i t  i s  n e ce ssa ry  f o r  the  d i s lo c a t io n  to shear th e  zone, th a t  i s ,  

to overcome the  e l a s t i c  s t r a i n  energy produced in  the aluminum 

l a t t i c e  by the  coheren t p l a t e l e t s  o f fo re ig n  atoms ( p r e c ip i t a t e  

as a G u in ie r -P re s to n  Zone); o r ,  i t  i s  n ece ssa ry  to  g l id e  by , 

overcoming the i n t e r a c t i o n  energy of the zone*

In  the case of the  2024 a l lo y ,  o rd in a ry  room tem peratu re  

(70O-9 0 °F .) i s  h igh  enough to perm it p r e c i p i t a t i o n  to occur a t  a s i g ­

n i f i c a n t  ra te*  This c o n d i t io n  i s  d e sc r ib ed  as 2024-T4 and i s  r e p r e s e n ta ­

tive . o f  the  " n a tu r a l  aging" p ro c e ss .  In  the  2024 a l l o y ,  the  magnesium 

a d d i t io n  a c c e le r a te s  and i n t e n s i f i e s  the  n a tu r a l  aging and the
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p r e c i p i t a t i o n  zones a re  b e l ie v ed  to  c o n s i s t  o f  groups o f magnesium 

and copper atoms. The apparen t a c c e le r a t io n  of the n a t u r a l  aging by 

the  a d d i t io n  o f  magnesium may r e s u l t  from complex i n t e r a c t i o n s  between 

vacan c ies  and the two s o lu te s ,
i '

In  th e  case o f  the  6061 a lloy^  i t  i s  n ecessa ry  to  " a r t i f i c i a l l y  

age" the  a l lo y  a t  e le v a te d  tem perature  in  o rder to achieve  optimum 

p r e c i p i t a t i o n  c o n d i t io n s .  In  a r t i f i c i a l  aging (hea t t re a tm en t)  o f the  

6061 a l lo y  to o b ta in  the  T-6 c o n d i t io n ,  a tem perature  cycle  of 320°F, 

fo r  18 hours  i s  u t i l i z e d .  In  a r t i f i c i a l  aging of the  2024 a l lo y  to 

o b ta in  the  T-6 c o n d i t io n ,  a tem perature  cyc le  o f  375°F. f o r  9 hours 

i s  u t i l i z e d .
: i ■ -

4 ,2  Cold R o lling  Process 

M etals  and a l lo y s  can be s tren g th en ed  by cold  working ( s t r a i n  

harden ing) below the  r e c r y s t a l l i z a t i o n  tem pera tu re . C e r ta in  p r e c ip i -  

ta t io n -h a rd e n a b le  a l lo y s  can be f u r t h e r  strengthened: by aging a f t e r  

cold  working.

Work harden ing  causes  the g e n e ra t io n  and m u l t i p l i c a t i o n  o f  

d i s lo c a t io n s  and the subsequent locking  (impeding o f movement) of th e se  

d i s lo c a t io n s  due to  e l a s t i c  i n t e r a c t i o n  of the d i s lo c a t io n  s t r a i n  f i e l d s .  

Severa l o f  the lock ing  mechanisms a re  as fo llow s:

a. There can be both i n t e r a c t i o n s  w ith  s t r a i n  f i e l d s  of d i s ­

lo c a t io n s  p a r a l l e l  to each o th e r  as w ell as i n t e r a c t i o n s  of 

the  s t r a i n  f i e l d  of a d i s lo c a t io n  w ith  f o r e s t  d i s lo c a t io n s .

b. There can be e l a s t i c  i n t e r a c t i o n  with s t r e s s  f i e l d s  o f

t
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p ile d -u p  groups o f  d i s lo c a t io n s  c r e a t in g  C ottre ll-L om er: 

s e s s i l e  d i s lo c a t io n s ,

c y  There can be e l a s t i c  i n t e r a c t i o n  w ith  s t r e s s  f i e l d s  of 

h igh  energy d i s lo c a t io n  networks and ta n g le s ,

d. There can be e l a s t i c  i n t e r a c t i o n  w ith " d e b r is "  produced 

by d i s lo c a t io n  movement. Debris  c o n s i s t s  of edge d i s lo c a t io n  

d ip o le s  and loops,

e . There can be energy re q u ire d  to form a jog a t  a d i s lo c a ­

t i o n  i n t e r s e c t i o n ,

f . There can be energy re q u ire d  to  form v acan c ies  and i n t e r ­

s t i t i a l  atoms by n o n -co n se rv a tio n  motion o f jo g s  on screw
. 'i . ■ . .. '

d i s lo c a t io n s .

The a d d i t io n a l  energy  re q u ire d  to  produce d i s lo c a t io n  movement, 

as d e sc r ib ed  above, i s  the  major c o n t r ib u t in g  f a c to r  f o r  the  in c re ase  

of s t r e n g th  r e a l i z e d  in  s t r a i n  ha rden ing ,

4 ,3  Thermal S t r e s s  R e l ie f  

Thermal s t r e s s  r e l i e f  i s  a h e a t  trea tm en t t h a t  tends  to  

un ifo rm ly  r e d i s t r i b u t e  the  s t r e s s  f i e l d s  thereby  p re v e n t in g  premature 

f a i l u r e  t h a t  could occur i f  h ig h ly  s t r e s s e d  lo c a l  c o n d i t io n s  e x is te d .  

This i s  accomplished because the  h ig h e r  tem perature  p e rm its  lo c a l iz e d  

movement of in d iv id u a l  d i s lo c a t io n s  (movement s t a r t s  and i s  most 

a c t iv e  a t  h igh  s t r e s s  c e n t e r s ) .  During the movement and m ig ra t io n  of 

the  d i s lo c a t io n s ,  a n n ih i l a t i o n  o f  d i s lo c a t io n s ,  g l id e ,  movement along 

low angle  g ra in  b o u n d a r ie s ,  and r e l i e f  of v io le n t  ta n g le s  ( s t r e s s  

c o n c e n tra t io n s )  i s  r e a l i z e d .



■ / . ■ . . -

31
The b a s ic  cause o f these  h igh  s t r e s s  c o n c e n tra t io n s  i s  due to  

the  d i f f e r e n c e  in  the  therm al c o n t r a c t io n  r a t e s  between the  boron 

f i lam e n ts  and the aluminum m a tr ix  when the composite i s  cooled from 

the  fu s io n  tem pera tu re . The aluminum t r i e s  to c o n t r a c t  more than  the  

boron, and th e re fo re ,  s t r e s s  c o n c e n tra t io n s  a re  e s t a b l i s h e d  a t  the  

in t e r f a c e .  The therm al s t r e s s  r e l i e f  th e re fo re  has a tendency to 

r e l i e v e  these  h igh  s t r e s s  c e n te r s  a t  the bond in te r f a c e  between the 

boron f i lam e n t  and the  aluminum m a tr ix  as w e ll  as a t  o th e r  p o in ts  w i th in  

the  m a tr ix ,

4 ,4  S t r a in  Cycling 

11 The s t r a i n  c y c l in g  p rocess  accom plishes the  same s t r e s s  r e l i e f  

as does the  therm al s t r e s s  r e l i e f  p ro c e ss .  However, in s te a d  o f  u s ing  

e le v a te d  tem peratu re  to  prov ide  the  energy to  a llow  d i s lo c a t io n  move­

ment, t h i s  p ro cess  uses  sm all t e n s i l e  s t r a i n  c y c lin g  a p p l ic a t io n s  

(10% of UTS) w i th in  the  e l a s t i c  range to provide  the  energy fo r  the 

d i s lo c a t io n  movement,



CHAPTER 5

EXPERIMENTAL PROCEDURE

In  t h i s  in v e s t ig a t io n *  t e n s i l e  specimens o f  the  aluminum- 

boron com posites were prepared  by .shearing*  c o ld - r o l l i n g  o r th e rm a lly  

t re a t in g *  masking* chemical etching* and adhesive bonding. Eleven 

(11) d i f f e r e n t  t re a tm en t c o n d i t io n s  were chosen to p ro v id e . th e  e x p e r i ­

m ental data* and t e s t s  were performed on th re e  specimens f o r  each 

c o n d it io n  f o r  bo th  25% and 50% boron in  6061 and 2024 aluminum a l lo y  

m a tr ix e s .  The t re a tm e n t  c o n d i t io n s  c o n s is te d  of 5% and 10% cold  r o l l ­

ing (T3) w ith  and w ith o u t  a d d i t io n a l  h e a t  t re a tm en t (T36)* n a tu r a l  

age harden ing  (T 4 )* a r t i f i c i a l  age harden ing  (T6)* two therm al s t r e s s  

r e l i e f  procedures* one t h e r m a l - c y c l i n g - s t r e s s - r e l i e f  procedure* and 

one s t r a i n - c y c l i n g - s t r e s s - r e l i e f  p rocedure . The t e s t  c o n d i t io n s  a re  

t a b u la te d  in  Table 4,

T en s ile  specimens of one-inch  gage leng th  were used throughout* 

th e reb y  making the. term " p u l l in g  speed" e q u iv a le n t  in  magnitude to 

s t r a i n  r a t e .  Aluminum pads were epoxy adhesive bonded on each s ide  

o f each end of the  specimens so th a t  g r ip  a reas  were provided f o r  the 

In s t ro n  s e r r a t e d  jaws,

5 ,1  M a te r ia l

One panel 0,022 inch th ic k  of each 6061 and 2024 aluminum 

a l lo y  co n ta in in g  25% by volume of boron f i lam e n ts  was o b ta ined  from 

Harvey E ngineering  L a b o ra to r ie s  fo r  Research and Development*

32



Table 4. Aluminum 6061-F Composite Test Results

Condition Heat
Treatment

Stress
R e lie f

Percent
Boron
(Vol.)

Elongation  
at Break

Yield
Strength

Ultimate
Strengtl

a Tensile
i

Modulus o f  , 
E la s t ic i t y  x 10 _ Comments of Fracture Appearance

7= Ave PSI Ave PSI Ave PSI Ave

Annealed
(T-0)

None None 257= 2.0
1.45
1.1

1.52
11,730
12,400
12,450

12,190
19,050
17,900
16,850

17,950
8.9

10.75
12.7

11.1

507= 0.45
0.32
0.60

0.46
9,800
5,680

11,800
9,090

11,200
6,300

13,000
10,200

15.25 
11.55
12.25

13.0 |
Annealed
Soln,
Treat

Age at R. To 
for 4 days 
(T-4)

None 257= 1.4
1.33
1.52

1.42
23.600
25.600 
22,750

23,980
28,800
30.500
29.500

29,600
12.90
14.70
13.10

13.6
i1

507= 0.69
0.57
0.84

0.70
23,400
21,000
20,900

21,800
25,500
21,000
26,700

24,400
20.35
19.6
20.15

20.0

Annealed
Solne
Treat

320°F„ 
18 hrs. 
(T-6)

None 257= 1.45
1.40
1.37

1.42
40,800
39,600
31,500

37,300
40,800
39,600
31,500

37,300
14.9
15.0
12.2

14.0
One fibei

I
r s p l i t  1007=.

507= 0.92
0.48
0.55

0.65
33,400
15,800
18,900

22,700
33,400
15,800
18,900

22,700
19.25
17.50
18.20

18.3
i

One f ib er  s p l i t  90%.
One fib er  s p l i t  60%.1;

Annealed
Soln.
Treat

320°F; 
18 hr s.. 
(T-6)

284°F. 
24 hrs.

257= 0.89
0.90
1.32

1.04
23,000
22,300
31,700

25,700
23,000
22,300
31,700

25,700
13.7 
13.15
12.7

13.2
One fibe

i)
r s p l i t  407=.

507= 0.88
0.88
0.76

0.84
29,000
29,700
26,500

28,400
29,000
29,700
26,500

28,400
17.5
19.2
17.8

18.2

Annealed
Soln.
Treat

320°F 
18 hrs.  
(T-6)

338°F. 
24 hrs .

257= 1.20
1.30
1.30

1.27
33,400
32,800
36,100

34,100
33,400
32,800
36,100

34,100
14.7 
13.35
14.7

14.2

507= 0.68
0.81
0.63

0.71
21,500
29,600
21,700

24,300
21,500
29,600
21,700

24,300
16.8
19.4
18.3

18.2
One fibe  
No fib er  
One fibe

r s p l i t  1007=.
s p l i t s ,  

b s p l i t  607=.



Table 4 (continued)

Annealed 
So In. 
Treat

320°F. 
18 hrs. 
(T-6)

20 cyc les  
70°F. to 
700°F.

25% 1.50
1.29
1.70

1.52
12,300
13,500
12,800

12,900
18,200
18,900
20,200

19,100
10.85
11.9
11.65

11.5

j

50% 0.69
0.69 0.69 7,250

8,160 7,705 10,550
11,400 10,980 12.0

11.8 11.9

Anneal 
So In. 
Treat 
Cold Roll 
5%
(T-3)

None None 25% 1.42
1.11
1.70

1.41
28,000
21,600
26,600

25,400
32.200
26.200 
34,300

30,900
12.55
12.7
12.8

12.7
One fib< 
One fib< 
No fibe:

pr s p l i t  15%. 
pr s p l i t  80%. 
: s p l i t s .

50% 0.71
0.79
1.05

0.85
- 23,900 

27,400 
24,500

25,300
25.000
31.000 
32,700

29,600
18.9
23.4
18.5

20.3
One fibi 
No fibej 
No fibei

i t  s p l i t  25%. 
r s p l i t s ,  
r s p l i t s .

Anneal 
So In. 
Treat 
Cold Roll 
5%

320°F. 
18 hrs .  
(T-36)

None 25% 1.67
1.10
1.41

1.39
44,300
30,800
39,900

38,300
44,300
30,800
39,900

38,300
14.05
15.3
15.0

14.8

I
One f ib er  s p l i t  15%. 
No f ib er  s p l i t s .

i

50% 0.50
0.88 0.88 14,300

29,200 29,200 14,300
29,200 29,200 15.15

17.5 17.5
!

One f ib er  s p l i t  50%. 
No f ib er  s p l i t s .

i
Anneal 
So In. 
Treat 
Cold Roll 
10%
(T-3)

None None 25% 1.22
0.90
1.02

1.05
26,300
16,950
23,000

22,100
28,900
18,400
24,700

24,000
13.05
11.5 
13.4

12.7
No fibej 
No fib e  
No fibe:

: s p l i t s .  
: s p l i t s .  
: s p l i t s .

50% 0.70
0.65
0.65

0.67
16,200
17,700
18,900

17,600
16,200
17,700
18,900

17,600
12.3
14.4
15.4

14.0
No fib e  
One f ib  
No fib e

r s p l i t s ,  
kr s p l i t  30%. 
: s p l i t s .

Anneal 
So In. 
Treat 
Cold Roll 
10%

320°F. 
18 hrs.  
(T-36)

None 25% 0.98
1.07
0.98

1.01
24,350
24,400
24,600

24,450
24,350
24,400
24,600

24,450
13.2  
12.1
13.3

12.9

50% 0.60
0.80 0.70 17,800

21,900 19,800 17,800
21.900 19,800 15.7

14.5 15.1 No f ib e  
One fib!

r s p l i t s .  • 
ar s p l i t  40%.
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a d iv i s io n  o f Harvey Aluminum5 In c .  S ec tions  1 -1 /2  inches  by 4 inches  

were sheared from th ese  p an e ls  w ith  the  f i lam e n ts  in  the  l~ l /2 ~ in c b  

d i r e c t i o n .  These s e c t io n s  then  were p rocessed  by s o lu t io n  t re a t in g ^ ,  

c o l d - r o l l i n g ,  age ha rd en in g , o r  s t r e s s  r e l i e f  as r e q u i r e d .

5 .2  T en s ile  Specimen F a b r ic a t io n

T est specimens 1/2 inch by 4 inches  were sheared  from each o f  

the  c o n d it io n ed  s e c t io n s .  For specimens to  co n ta in  50% by volume 

f i l a m e n ts ,  the  th ic k n e s s  of the m a te r i a l  was chem ica lly  e tched  from th e  

o r i g i n a l  0 ,0 2 2 -in ch  th ic k n e ss  to  approx im ate ly  a 0 ,0 1 3 - in ch  th ic k n e s s ,  

on ly  in  the  necked down p o r t io n  o f  the  specimen ( th e  g r ip  a reas  were 

masked w ith  Scotch No. 56 Mylar Masking Tape) . D i f f i c u l t y  was ex­

p e r ien ced  w ith  t h i s  e tch in g  o p e ra t io n  s ince  some o f the  specimens 

( p a r t i c u l a r l y  the  2024 specimens) had a tendency to p i t  and e tch  

unevenly. The o r i g i n a l  e tc h a n t  was composed of fo u r  volumes HC1, 

one volume HF, and twelve volumes o f  w a te r .  The e tc h a n t  was changed, 

to  a 0 ,1  normal NAOH s o lu t io n .  However, the  aluminum p i t t e d  j u s t  as 

bad ly  w ith  t h i s  a l t e r n a t e  e tc h a n t .  For t h i s  reason , much o f the 50%- 

boron-com posite  s t r e n g th  d a ta  a re  lower than expec ted .

The nex t .specimen o p e ra t io n  in  f a b r i c a t i o n  c o n s is te d  of masking 

the  reduced-w idth  s e c t io n  o f the  specimens. I t  was found th a t  a 

Teflon p r e s s u r e - s e n s i t i v e  tape was adequate  fo r  masking specimens 

which were n o t h e a t  t r e a t e d .  . However, the  hardened aluminum a l lo y s  

re q u ire d  longer e tc h in g  tim es and t h i s  in c reased  the  tape  exposure time 

in  the  e tc h a n t .  The tape  adhesive could  no t r e s i s t  th e se  longer 

e tch in g  tim es. An Eastman-Kodak p h o to - s e n s i t iv e  maskant, P h o to -R es is t
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Type 3) was u t i l i z e d  to  p rov ide  adequate  masking f o r  the  long e tch in g  

tim es (as  long as 45 m inutes) , The p an e ls  which con ta in ed  50 volume 

p e rc en t  boron (where the  su r fa ce s  were e tched  to the  0 ,0135-inch  

th ic k n e ss )  were so rough t h a t  two c o a ts  o f  the  Photo R e s is t  were re q u ire d  

fo r  p ro te c t io n *  The s te p s  in  the  f a b r i c a t io n  a re  d e sc r ib e d  in  

F igure  9* The completed t e s t  specimen i s  shown in  F igure  10*

5*3 M e ta l lo g rap h ic  Examination 

During v a r io u s  phases o f  the  f a b r i c a t i o n  o f  t e s t  specimens 

and a f t e r  t e n s i l e  t e s t s ,  sample p ie c e s  were taken  from th e  composite 

m a te r ia l  and from t e n s i l e  specimens f o r  m icroscopic  exam ination  and 

e v a lu a t io n  o f  m ic ro s tru c tu re s*  These sample c r o s s - s e c t io n s  a re  shown 

in  F igu re  11* There was no v i s u a l  in d ic a t io n  o f d e t e r i o r a t i o n  of the  

boron f i la m e n ts  w ith  long h e a t  exposures* There was some d i f f i c u l t y  

in  g r in d in g  and p o l i s h in g  th ese  m e ta l lo g ra p h ic  samples due to  the 

r e l a t i v e  s o f tn e s s  o f the  aluminum compared to  the ha rd n ess  of the 

boron. The aluminum had a tendency to be undercut from the  su rface  

of the  boron,, and the boron had a tendency to propagate  c racks  or 

c r e a te  new c racks  during  th e  g r in d in g  and po lish ing*  One sample was 

ground down 1/4 inch f rom .the  i n i t i a l  p o l ish e d  su rfa ce  b u t  the  c rack in g  

tendency p e r s i s t e d .

5 ,4  Measurement o f  T e n s ile  S treng th  

The t e n s i l e  t e s t i n g  was perform ed w ith  an I n s t r o n  Table Model 

No* 1130 U n iv e rsa l  T es t in g  Machine, u s in g  a 1000 pound load  c e l l .  

I n i t i a l l y  to  determ ine what s t r a i n  r a t e  should  be u sed , t e n s i l e  t e s t s



25% Boron Specimens 50% Boron Specimens 

Mask Grip Areas 

Etch Thickness .

Clean With Alcohol 

Apply P hoto-E tch , A ir Dry 15 Minutes 

Bake Photo-Etch a t  160°F fo r  30 Minutes 

Apply Mask and Expose to U l t r a v i o l e t  L igh t 

D isso lve  the  Exposed Photo-E tch  w ith  T r ic h lo ro e th y le n e  

( « 3 5 ‘°F) fo r  1 Minute 

Dry the  Photo-Etch a t  160°F f o r  15 Minutes

TRepeat the  Photo-E tch  Proces 

a Second Time

!
Etch the  Exposed Edges of the  Specimens

t
Clean w ith  Alcohol to  Stop E tching 

Remove Photo-E tch  w ith  M ethyl-E thyl-K etone 

Remove Masking Tape from Grip Areas

Epoxy Bond Aluminum Pads to  Grip Areas

F igure  9. Flow Chart o f  P rocesses  Performed to F a b r ic a te  T ens ile  
Test Specimens
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1" Typ.

3" Rad. Typ.

1" Gage Length

3/8

Free Ends of 
F ib e rs
(Aluminum Etched 
Away)

1/2

Scale 1%:1
Figure  10. C o n fig u ra t io n  of Typica l T en s ile  Specimen



Radial Cracks

6061 Composite

Figure 11. Photomicrographs o f Composite C ross-section s  
«  100X.
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were performed on both  6061-^F and 2024-0 t e s t  specimens ( a l l  25% 

boron in  the  a s - r e c e iv e d  c o n d i t io n )  u s in g  s t r a i n  r a t e s  o f  2, 0 .2 ,

0 .0 5 , 0 .0 2 , 0 .01 , and 0.005 u s in g  an I n s t r o n  Model No. TT-C U n iversa l  

T es t in g  Machine. The p e rc en t  e lo n g a t io n  d id  not e s s e n t i a l l y  change 

r e g a rd le s s  o f  which s t r a i n  r a t e  was used . A s t r a i n  r a t e  o f  0 .2  in /m in . 

was s e le c te d  s ince  t h i s  was the  s low est r a t e  th a t  could be performed 

w ith  the  Model 1130 I n s t r o n .  The t e s t  d a ta  fo r  t h i s  i n i t i a l  s t r a i n -  

r a t e  i n v e s t i g a t i o n  a re  t a b u la te d  i n  Table 5.

Table 5. S t r a i n  Rate E v a lu a tio n

S t r a in
Rate

In/Min

Y ield  
S tre n g th ,  KSI

U ltim ate  
S tren g th ,  KSI

P ercen t 
Elongation,7o •

6061-F 2024-0 6061-F 2024-0 6061-F 2024-0

2 .0 11.80 11.80 - 1.50 -

0 .2 12.70 15.15 16.70 23.40 1.44 2.00
0.05 13.35 20.00 14.95 21.65 1.25 0.95
0.02 13.25 21.40 14.90 24.90 1.38 1.12
0.01 12.50 15.15 16.95 22.05 1.48 1.09
0.005 11.70 13.35 16.00 23.80 ' 1.25 1.40

A ll  f u r t h e r  t e s t i n g  was performed on the Model 1130 In s t ro n ,  

u s ing  0 .2  inches /m inu te  load ing  r a t e  and 20 in ches /m inu te  c h a r t  s p e e d , . 

w ith  the  1000 pound load  c e l l  s e t  fo r  500 pounds f u l l  s c a le .  Elonga­

t io n  was measured by the d is ta n c e  measured on the c h a r t  times the 

r a t i o  o f  the  c ro ss -h ead  t r a v e l  speed d iv id ed  by the  c h a r t  speed which 

then produced e lo n g a t io n  in  terms o f  in /m in  s ince  the  specimen gage 

leng th  was one inch .



CHAPTER 6

RESULTS AND DISCUSSION '

The r e s u l t s  o b ta in ed  in  t h i s  i n v e s t ig a t i o n  a re  p re sen te d  and. . 

d iscu ssed  i n  the  fo llow ing  o rde r:

F i r s t s  the  d i r e c t ly -o b s e r v e d  v a lu e s  o f p e rc en t  e lo n g a t io n ,  

y ie ld  s t r e n g th ,  u l t im a te  t e n s i l e  s t r e n g th ,  and modulus o f  e l a s t i c i t y  

a re  p re sen te d .

Second, v i s u a l  o b se rv a t io n  o f  the  f r a c tu r e s  i s  d e sc r ib e d ,

s ince  s e v e ra l  modes o f f a i l u r e  can be p re s e n t ,  such as f i lam e n t

s p l i t t i n g ,  unbonding a t  f i la m e n t-m a tr ix  i n t e r f a c e ,  and m a tr ix  f a i l u r e .

T h ird , a c o r r e l a t i o n  i s  then  made of the  t e s t  r e s u l t s  and the 

t re a tm en t c o n d i t io n in g  used on the v a r io u s  specimens.

6 ,1  Test Data R esu lts

For each t e s t  specimen, the p e rc e n t  e lo n g a t io n  a t  f r a c tu r e ,  

the  y ie ld  s t r e n g th ,  the u l t im a te  t e n s i l e  s t r e n g th ,  and the  modulus of 

e l a s t i c i t y  were c a lc u la te d .  The c a lc u la te d  r e s u l t s  were then  ta b u la te d  

and a re  shown in  Table 4 fo r  the  6061 composite and in  Table 6 fo r  the

2024 composite.

The modulus d a ta  were found to  be below the expec ted  range by 

a f a c to r  of about f i v e ,  due p robably  t o  the  e lo n g a t io n  o f  the  epoxy 

adhesive used to bond the  aluminum pads in  the g r ip  a re a s  o f  the 

specimens.
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Table 6, Aluminum 2024-0 Composite Test Results
!

Condition Heat
Treatment

Stress
R elie f

Percent
Boron
(Vol.)

Elongation  
at Break

Yield
Strength

Ultimate
Strength

Tensile Modulus o f  ̂
E la s t i c i t y  x 10

I
Comment's o f Fracture Appearance

% Ave PSI Ave PSI Ave PSI Ave

Annealed
(T-0)

None None 25% 1.55
1.35
1.02

1.31
18,600
19,900
17,200

18,600
29,000
33,500
23,400

28,600
12.5 
12.9
14.5

13.3

i

50% 1.05
0.71
0.78

0.85
21,700
20,800
19,800

20,800
28,200
22,100
22,100

24,100
16.4
17.0
16.1

16.5
i!

. One fib!

I
i

er s p l i t  80%.

Soln.
Treat

Age 4 days 
at RT. 
(T-4)

None 25% 1.55 
. 1.62 
1.60

1.59
48,900
47,700
45,500

47,400
48,900
47,700
45,500

47,400
16.7
15.6
15.1

15.8

50% 0.90
1.09
1.15

1.05
33.300 
32,400
41.300

35,700
33.300 
32,400
41.300

35,700
19.6
15.7 
19.1

18.1

Soln.
Treat

375°F.
9 hrs.  
(T-6) '

None 25% 1.92
1.57
1.88

1.79
53,500
44,400
49,900

49,300
53,500
44,400
49,900

49,300
14.7
15.0
14.0

14.6 One fit)!er s p l i t  50%.

50% 0.77
0.97
0.81

0.85
27,200
36,300
29,400

31,000
27,200
36,300
29,400

31,000
18.8
19.9
19.3

19.3
One fib  

One fib

er s p l i t  90%. 

er s p l i t  100%.*

Soln.
Treat

375°F. 
9 hrs.  
(T-6)

284°F. 
24 hrs .

25% 1.40
1.48
1.60

1.49
41,800
47.000
53.000

47,300
41,800
47.000
53.000

47,300
15.9
16.9 
17.7

16.8
1 /

50% 0.98
0.80
0.89

0.89
35,500
32,800
36,100

34,800
35,500
32,800
36,100

34,800
19.3 
21.7
21.4

20.8

Soln.
Treat

375°F. 
9 hrs.  
(T-6)

338°F. 
24 hrs.

25% 1.22
1.17
1.20

1.19
40,600
38,200
36,100

38,300
40,600
38,200
36,100

38,300
17.6
17.3
16.1

17.0

50% 0.93
1.19
1.05

1.06
35.100
44.100 
41,000

40,100
35.100
44.100 
41,000

40,100
20.0
19.7
20.8

20.2

*  F i b e r  s p l i t  i n  n e c k d o w n  s e c t i o n  b u t  n o t  i n  e t c h e d  a r e a s  a t  e n d s 9 i n d i c a t i n g  n o  e n d  s p l i t s  w e r e  p r e s e n t  b e f o r e  t e n s i l e  t e s t *



Table 6 (continued)

Soln.
Treat

375°F. 
9 hrs.  
(T-6)

20 cyc les  
70°F.to  
700°F.

25% 1.88
1.50
1.90

1.76
15,200
16.500
14.500

15,400
24.800
24.800 
25,100

24,900
14.4
13.5 
12.8

13.6

1 ________________________
507= 1.14

0.88
1.35

1.12
14,500
15.700
15.700

15,300
23,950
21,600
24,100

23,200
14.0
16.7
14.6

15.1

Soln. 
Treat 
Cold Roll 
5%
(T-3)

None None 257= 1.67
1.42
1.38

1.49
23.400 
25,800
27.400

25,500
31,200
30,600
29,700

30,500
11.5 
12.0
11.6

11.7

507= 0.88
0.63
0.84

0.78
20,600
16,850
20,600

26,000
24,200
16,850
22,700

21,300
15.6
14.2
15.4

15.1
No f ib er  
One fibe: 
No f ib er

s p l i t s .
• s p l i t  100%. 
s p l i t s .

Soln, 
Treat 
Cold Roll
57=

375°F. 
12 hrs. 
(T-81)

None 257= 1.64
1.53
1.70

1.62
38,400
39,000
44,500

40,600
42.000
39.000
46.000

42,300
14.4
14.3
14.7

14.5

507= 0.70
0.85
0.71

0.75
20,200
25,700
22,600

22,800
20,200
25,700
22,600

22,800
15.3
16.1
16.9

16.1

Soln. 
Treat 
Cold Roll 
107=
(T-3)

None None 257= 1.50
1.52
1.62

1.55
35,000
39,900
40,400

38,400
35,000
39,900
40,400

38,400
12.3
13.9
13.2

13.1

507= 0.57
0.72 0.64 15,600

19,100 17,300 15,600
19,100 17,300 14.5

14.1 14.3

Soln. 
Treat 
Cold Roll 
107=

375°F. 
12 hrs.  
(T-81)

None 257= 1.38
1.38
1.38

1.38
35,200
33.300
32.300

33,600
35,200
33.300
32.300

33,600
13.5
12.8
12.4

12.9

507= **

Soln.
Treat

375°F. 
12 hrs.

Stretch
Cycle
Ten Cycles 
107= UTS

- 257= 
(Stretch  
350 lb s . )

1.63
1.41
1.42

1.49
50,500
38,600
27,600

38,900
50,500
40.000
34.000

41,500
16.4
15.6
13.6

15.2
Both fib«irs s p l i t  507= & 1007=.

507=
(Stretch  
15 lb s . )

1.08
0.83
0.75

0.89
40,400
32,800
29,000

34,100
40,400
32,800
29,000

34,100
19.8
21.0
20.5

20.4
One fibe] 
Both fib< 
One fibei

I ' 
r s p l i t  1007=.
p s  s p l i t  50%.
• s p l i t  100%.

** A ll  specimens were ruined due to severe p i t t in g  during chemical etching o f  th ickness.
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To support t h i s  h y p o th e s is ,  aluminum specimens were machined 

from 6061-T4 (.025 m il th ic k )  and 2024-T3 (.032 m il th ic k )  and aluminum 

pads were epoxy adhesive  bonded to  them in  the  same manner used f o r  the  

composite t e s t  specimens. T en s ile  t e s t s  performed u s in g  id e n t i c a l  

procedures  as those used f o r  t e s t i n g  the  composite specimens, produced 

the d a ta  shown in  Table 7.

Table 7. Modulus o f E l a s t i c i t y '  o f  Aluminum Specimens w ith  Epoxy 
Bonded G rips

M a te r ia l Modulus 
o f  E l a s t i c i t y

Average Modulus 
o f  E l a s t i c i t y

6061 
(.025" th ic k )

1.9 x 106
1.92 x 106

1.94 x 106

2024 
(.032" th ic k )

1.88 x 106
1.86, x 106

1.83 x 106

Comparing the  modulus measured on the aluminum specimens to 

the  known modulus o f  10.0 x 10^ p s i ,  i t  i s  shown th a t  a r a t i o  of 5 .3  

i s  needed to  c o r r e c t  the  modulus v a lu es  determined fo r  the  composite 

specimens, because of the  e lo n g a t io n  in  the epoxy. The modulus v a lu es  

i n  the graphs a re  c o r re c te d  by t h i s  r a t i o .  I t  w as ' u n fo r tu n a te  t h a t  an 

ex tensom eter was not a v a i l a b le  to  a t t a c h  d i r e c t l y  to  the  specimens.

Photographs of the t e n s i l e  t e s t  specimens a re  shown in  F igure  12. 

The top photograph shows a completed t e s t  specimen w ith  the  aluminum



A l u m i n u m  G r i p  P a dE p o x y  A d h e s i v e

Exposed Boron F ilam ent Ends

Aluminum M atrix

Figure  12. Photographs o f  T en s ile  Test Specimen



m a tr ix  e tched  away from the  boron f i la m e n t  ends in  the  a re a  o f  the 

gage len g th .  The top photograph a lso  shows the epoxy bonded aluminum . 

pads used  f o r  the  s e r r a t e d  t e s t  jaws o f  the I n s t r o n  t e s t  machine th a t  

p reven ted  jaw te e th  damage to  the  com posite. The o th e r  two photographs 

in  F ig u re  12 show e n la rg ed  views o f  the  t e s t  specimen,

•6 ,2  E f f e c t  o f  Thermal C ondition ing  

The - e f f e c t s  of- the  v a r io u s  ag ing , h e a t  t re a tm e n t ,  and thermal 

s t r e s s  r e l i e f  p rocedures  on the  boron re in fo r c e d  aluminum com posites , 

a re  shown in  F igure  13 fo r  y ie ld  s t r e n g th  and in  F igure  14 fo r  u l t im a te  

t e n s i l e  s t r e n g th  f o r  2024 m a tr ix .  In  bo th  the  y ie ld  s t r e n g th  as w e l l  

■ as the  u l t im a te  t e n s i l e  s t r e n g th ,  the  s tan d a rd  T6 t re a tm e n t  of the 

25%"f i la m e n t  a l lo y  produced the h ig h e s t  s t r e n g th s ,  w ith  th e  therm al 

c y c l in g  of 70°F, to  700°F, producing the  lowest s t r e n g th s .  The lower 

T6 s t r e n g th s  shown by the  50% boron specimens a re  b e l ie v e d  due to  the  

p i t t i n g  problem experienced  du rin g  chem ical e tch in g  o f the  specimen 

th ic k n e ss .  F igure  15 shows th e  y ie ld  s t r e n g th  fo r  6061 m a tr ix  and 

F igure  16 shows the u l t im a te  t e n s i l e  s t r e n g th  fo r  6061 m a tr ix ,  and 

aga in  the s tan d a rd  T6 tre a tm e n t  produced the  h ig h e s t  s t r e n g th s  o f a l l  

the  t re a tm e n ts  t e s t e d ,  .

A p lo t  of the  t r a n s v e r se  y i e ld  s t r e n g th  and t e n s i l e  u l t im a te  

s t r e n g th  v e rsu s  p e rc en t  f i lam e n t  re in fo rcem en t fo r  2024-T6 aluminum 

m a tr ix  i s  shown in  F igure  17, A s im i la r  p lo t  fo r  2024-T4 i s  shown in  

F igure  18, For the  aluminum m a tr ix  o f  6061-T6, a p l o t  o f  the  t r a n s -  

ve rse  y ie ld  s t r e n g th  and t e n s i l e  u l t im a te  s t re n g th  v e rsu s  p e rcen t
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. 53
f i lam e n t  re in fo rcem en t,  i s  shown in  F i g u r e .19, The m a tr ix  6061~T4 

p l o t  i s  shown in  F igure  20,

The change o f  t r a n s v e r se  modulus of e l a s t i c i t y  due to p e rc en t  

f i lam en t re in fo rcem en t fo r  both 2024 and 6061 aluminum composites i s  

shown in  F igure  21, As expected  from the r u le  o f  m ix tu re s ,  the h igh  

modulus o f the boron in c re a s e s  the  composite t r a n s v e r se  modulus as
i  '

the  p e rc e n t  boron in c re a s e s ,

613 E f fe c t  o f Cold R olling  

The e f f e c t  o f  cold  r o l l i n g  o f  the  aluminum composite to the  T3 

c o n d i t io n  us ing  5% and 10% cold  r o l l i n g  (decrease  in  t h i c k n e s s ) , and 

a lso  h e a t  t r e a t i n g  a f t e r  cold  r o l l i n g  to  the T36 c o n d i t io n  i s  shown in  

F ig u res  22 through 27 * For - a l lo y  6061 w ith  25% boron f i lam en ts , ,  the  

e f f e c t  upon y ie ld  s t r e n g th  due to cold r o l l i n g  i s  shown in  Figure  22,

For t h i s  same 6061 a l lo y  w ith  25% boron, the e f f e c t  upon u l t i m a t e . 

t e n s i l e  s t r e s s  due to cold r o l l i n g ,  i s  shown in  F igure  23, In  both 

c a se s ,  i t  i s  noted th a t  5% cold r o l l i n g  in d ic a te s  t h a t  i t  in c re a se s  

these  m echanical p r o p e r t i e s  somewhat («  6%),

Cold r o l l i n g  of 6061 a l lo y  composite with  50% boron f i la m e n ts ,  

u s ing  the  5% and 10% cold  r o l l i n g  (T3) as w e ll  as the  added he,at t r e a t ­

ment (T36), has the e f f e c t  upon t r a n s v e r se  y ie ld  s t r e n g th  as shown in  

F igure  24, The e f f e c t  upon t ra n sv e rse  u l t im a te  t e n s i l e  s t re n g th  i s  

shown in  F igure  25, As noted fo r  the  25% boron com posites , the 5% 

cold r o l l i n g  procedure appears  to produce the h ig h e s t  s t r e n g th s  fo r  the 

50% boron composites as w e l l .
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Cold r o l l i n g  of 2024 a l lo y  composite w ith  25% boron f i l a m e n ts ,  

u s ing  57o and 10% cold  r o l l  (T3) a s  w e ll  as subsequent h e a t  trea tm en t 

(T36), has the  e f f e c t  upon t r a n s v e r s e  y ie ld  s t r e s s  as shown in  

F igure  26. The e f f e c t  upon t r a n s v e r s e  u l t im a te  t e n s i l e  s t r e n g th  i s  

shown in  F igure  27. For t h i s  com posite , the  cold r o l l i n g  procedure 

appears  to  degrade the  m echanical p r o p e r t i e s .

The e f f e c t  upon t r a n s v e r s e  y ie ld  and u l t im a te  s t r e n g th  of 2024 

a l lo y  composite w ith  50% boron f i l a m e n ts ,  of co ld  r o l l i n g  u s in g  5% and 

10% cold r o l l  (T3) as w e l l ,as subsequent h e a t  t re a tm en t (T36), i s  as 

shown in  F igure  28. Again, fo r  the  2024 a l lo y  com posite, cold  r o l l i n g  

appears  to degrade the  s t r e n g th  p r o p e r t i e s .

The apparen t modulus o f e l a s t i c i t y  in  the  t r a n s v e r s e  d i r e c t i o n  

of 6061 a l l o y  composite w ith  e i t h e r  25% o r  50% boron f i l a m e n ts ,  i s  

a f f e c te d  by cold  r o l l i n g  as  shown in  F igure  29. The composite o f 2024 

a l lo y  i s  a f f e c te d  by cold  r o l l i n g  as shown in  F igure  30. In  the 6061 

c a s e , one must conclude th a t  cold r o l l i n g  to  5% has a tendency to 

in c re a se  the  apparen t modulus somewhat. In  the 2024 com posite, the 

cold  r o l l i n g  was d e f i n i t e l y  d e t r im e n ta l  to the modulus o f  e l a s t i c i t y .

. 6 .4  E f fe c t  o f  S t r a in  Cycling

As shown in  F ig u re s  13 and 14 f o r  the  2024 composite and in  

F ig u res  15 and 16 fo r  t h e / 6061 com posite , the s t r a i n  c y c l in g  of the 

c y c le s  of 10% of the  UTS b e fo re  t e s t i n g  the  specimens was ve ry  d e t r i ­

m enta l to  th e  m a te r i a l .  The r e s u l t s  were about o n e -h a l f  o f  those  

ob ta ined  from the  s tan d a rd  T6 c o n d i t io n .
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6 ,5  Mode o f  F ra c tu re

The mode o f  f r a c tu r e  in  g e n e ra l  was f r a c tu r e  o f the m a tr ix .

No bond f a i l u r e s  o f  the  aluminum m a tr ix  to the boron f i la m e n ts  were 

observed. There was some s p l i t t i n g  o f  the  f i lam e n ts  in  the  f r a c tu r e  

su r fa c e s ,  however, excep t f o r  one c a se ;  th e re  was no way to  determine 

i f  the  s p l i t t i n g  i n i t i a t e d  a t  the  f i la m e n t  f r e e  ends (due to f a b r ic a t io n ,  

c rack s)  o r  o r ig in a te d  w i th in  the  t e s t  a re a  due to in h e re n t  subsurface  

c rack s .  In  one case ,  noted  in  Table 6, th e re  was one f i b e r  com ple tely  

s p l i t  in  the  reduced w idth  t e s t  a rea  b u t  n o t  in  the f r e e  ends.

A f r a c to g ra p h ic  a n a ly s i s  o f  the  t e s t  specimens was no t p e r ­

formed, s ince  f rac to g ra p h y  was not w i th in  the  scope of t h i s  program.

6.6  D iscuss ion

Of the  v a r io u s  therm al t re a tm e n ts  eva lua ted  in  t h i s  t e s t  p ro ­

gram, the  s tan d a rd  T6 p ro cess  appeared to  produce the b e s t  r e s u l t s  

fo r  bo th  the  6061 and 2024 aluminum a l lo y  m a tr ix  com posites . Gold 

r o l l i n g  of 5% appeared to  be s l i g h t l y  b e n e f i c i a l  fo r  6061 composite 

w hile  10% cold  r o l l i n g  was d e t r im e n ta l .  For the  2024 com posite , a l l  

co ld  r o l l i n g  appeared to be d e t r im e n ta l .
/

The s t r a i n  c y c l in g  procedure ev a lu a ted  in  t h i s  t e s t  program 

was ve ry  d e t r im e n ta l  to  p h y s ic a l  p r o p e r t i e s .

The t e s t  d a ta  o b ta ined  from the 50% boron t e s t  specimens were 

n o t  as r e l i a b l e  as expec ted . This was caused by p i t t i n g  and uneven 

e tch in g  of the  th ic k n e ss  o f the specimens e s p e c ia l l y  o f  the  2024 

m a tr ix  composite specimens. T he re fo re , any of the r e s u l t s  from these  

50% boron specimens should no t be cons ide red  fo r  d es ig n  purposes .
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' Since one o f the major o b je c tiv e s  o f th is  in v e s t ig a t io n  was

to eva luate  the s p l i t t in g  o f the Avco 5 e 6-n iil-d iam eter fila m en ts9 i t  

was encouraging to note th at the mode o f fracture was c h ie f ly  confined  

to m atrix fa i lu r e .



CHAPTER 7

. CONCLUSIONS

The f i r s t  o b je c t iv e  o f  t h i s  i n v e s t ig a t i o n ,  namely, in v e s t ig a te  

the  new t ra n s v e r s e  t e n s i l e  specimen p re p a ra t io n  te c h n iq u e , produced 

very  c o n s i s t e n t  t e s t  r e s u l t s .  The i s o l a t i o n  o f  the  f i lam e n t  end s p l i t s  

from the  reduced-w idth  t e s t  a rea  on the  specimens proved to  be e f f e c t i v e  

s ince  few f i lam e n t  s p l i t s  were observed in  the t e s t  a re a  o f  f r a c tu re d  

specimens. The e l im in a t io n  of t h i s  s p l i t t i n g  problem produced h igh  

t r a n s v e r s e  s t r e n g th s  s ince  f a i l u r e  was p r im a r i ly  m a tr ix  f r a c tu r e .  The 

f a b r i c a t i o n  procedure fo r  the  3 /8 - in ch  reduced width t e s t  specimens 

d e sc r ib ed  h e re in  was s t ra ig h t fo rw a rd  and was comparable to  the d a ta  

re p o r te d  by K re id e r ,  D ardi, and Prewo (1970) fo r  one-inch  wide 

specimens e tched  to a 1 /2 - in ch  reduced w idth  t e s t  a re a .  The o v e ra l l  

tech n iq u e ,  however, i s  h ig h ly  recommended as a s tan d a rd ized  la b o ra to ry  

t e s t  procedure f o r  t r a n s v e r s e  t e n s i l e  t e s t i n g .

The second o b je c t iv e  o f  t h i s  i n v e s t ig a t i o n ,  namely, observe 

behav io r  of t r a n s v e r s e  s t r e n g th  p r o p e r t i e s  with  v a r io u s  therm al p o s t -  

t re a tm e n ts ,  showed th a t  the  s tandard  T6 h e a t  tre a tm en t produced the 

h ig h e s t  t r a n s v e r s e  s t r e n g th s .  (The e f f e c t  of the T6 h e a t  trea tm en t on 

lo n g i tu d in a l  t e n s i l e  s t r e n g th  was n o t  w i th in  the scope o f  t h i s  program ,) 

The th i r d  o b je c t iv e  o f  t h i s  in v e s t ig a t i o n ,  namely, ev a lu a te  the  

new 5 . 6 -m il-d iam e te r  boron f i l a m e n ts ,  showed th a t  they  indeed produce 

few s p l i t s  as r e c e n t ly  re p o r te d  in  the  l i t e r a t u r e  (K re id e r ,  Dardi and 

Prewo, 1970).
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