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The t r a n s v e r s e  t ens i l e  p r o p e r t i e s  of boron  f iber  r e in fo rced  a luminum have been d e t e r -  
mined  as  a funct ion of fabr ica t ion  p a r a m e t e r s ,  ma t r ix  al loy and f iber  types ,  f iber  content ,  
spec imen  geomet ry ,  and t h e r m a l  env i ronmen t .  Mat r ix  a l loys  inves t iga ted  include 2024, 
6061, 5052, 5056, 2219, 1100, and A1-7 pct Si. The f ibe r s  inves t iga ted  include 4.0 rail boron,  
4.2 mi l  BORSIC , R .F .  boron,  5.6 mi l  boron,  5.7 mi l  BORSIC, and 4.0 mil  s i l icon ca rb ide .  
It was shown that the composi te  t r a n s v e r s e  t ens i l e  pe r f o r ma nc e  is  a function of al l  of these  
v a r i a b l e s  and that t r a n s v e r s e  s t reng ths  of up to 45,000 ps i  can be achieved by the choice 
of the proper  combina t ion  of ma t r ix ,  f iber  type and fabr ica t ion  p r oc e du r e s .  

T H E  b o r o n - a l u m i n u m  composi te  sy s t em is v e r y  a t -  
t r a c t i ve  as  a s t r uc tu r a l  engineer ing  m a t e r i a l  because  
of i ts  outs tanding modulus  and s t rength  r a t ios .  1 For  
this  r ea son  eng ineer ing  appl ica t ions  such as tu rb ine  
engine fan b lades ,  2-4 r e in fo rced  st i ffened panels  and 
a i r f r a m e  s t r u c t u r a l  beams ,  S have been developed. 
B o r o n - a l u m i n u m  compos i t e s  have a l so  been chosen 
because  of the excel lent  high t e m p e r a t u r e  (600~ 
p r o p e r t i e s  6 and jo inabi l i ty .  7 

These  excel lent  p r o p e r t i e s  a re  bas i ca l ly  r e l a t ed  to 
the r e in fo rc ing  f iber  p r o p e r t i e s  while the s t rength  in 
un re in fo rced  d i rec t ions  is  more  c lose ly  r e l a t ed  to the 
ma t r ix  p rope r t i e s .  Although a un id i rec t iona l  50 pct by 
volume b o r o n - a l u m i n u m  composi te  can exhibit  a longi -  
tudinal  u l t imate  t ens i l e  s t rength  of 200,000 ps i ,  the 
t r a n s v e r s e  s t reng th  is gene ra l ly  l e s s  than one- ten th  
of this  value .  1'~'s-ll This  is  in con t r a s t  to the ra t io  of 
axial  to t r a n s v e r s e  e las t ic  modul i  of l e s s  than two to 
one. A method for c i r cumven t ing  this  s t rength  p rob -  
lem has been to c r o s s  ply l a y e r s  of compos i te  to p r o -  
vide the axial  s t rength  of f ibe r s  in more  than one d i -  
r ec t ion .  This ,  however,  is  not a lways a sa t i s fac to ry  
solut ion because  of the r e su l t an t  c o m p r o m i s e  in p rop -  
e r t i e s .  It has been the goal of this  inves t iga t ion  to de-  
t e r m i n e  the t r a n s v e r s e  tens i le  p rope r t i e s  of bo ron -  
a luminum compos i tes  and to elucidate composi te  
fa i lure  m e c h a n i s m s  to p e r m i t  the development  of a 
method for i nc r ea s ing  t r a n s v e r s e  s t rength .  Silicon 
ca rb ide  coated boron f iber  has been used in this  i n v e s -  
t igat ion p r i m a r i l y  because  of i ts  g r ea t e r  chemica l  
s tabi l i ty  than uncoated boron  in a l u m i n u m  m a t r i c e s )  ~ 

EXPERIMENTAL METHOD 

1) Ma te r i a l s  

The ma jo r  por t ion  of composi te  m a t e r i a l  fabr ica ted  
for this  r e s e a r c h  p r o g r a m  contained 4.2 mil  diam 
BORSIC f iber .  Addit ional  t e s t s  were  a lso  pe r fo r me d  
us ing  4.0 mi l  boron,  5.6 rail  boron,  8.0 mi l  boron,  
5.7 rail  BORSIC, and 4.0 rail s i l icon ca rb ide  f ibe rs .  
Boron f iber  is  produced by the vapor deposi t ion of 
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boron onto a heated tungs ten  subs t r a t e .  F i b e r s  p r o -  
duced us ing dc and rf  heat ing techniques  were  both 
evaluated.  The BORSIC f iber  is  f abr ica ted  by depos i t -  
ing a 0.1 to 0.15 mi l  coating of s i l icon  ca rb ide  onto 
the boron.  The s i l icon  ca rb ide  f iber  is  a lso produced 
by deposi t ion onto a tungs ten  subs t r a t e .  

The m a t r i x  m a t e r i a l s  used were  a l l  a l u m i n u m  base  
a l loys .  Three  heat t r ea tab le  a l loys ,  2024, 2219, and 
6061 were  used as  wel l  as  th ree  nonheat  t r ea t ab le  
a l loys ,  1145//1100, 713//528, and 5052//5056. The m a t r i x  
cons i s ted  of 1 mi l  thick foils  and p l a sma  sprayed  m a -  
t e r i a l .  A s ingle  exception to this  is  the 2219 m a t r i x  
which cons i s ted  sole ly  of p l a s m a  sprayed  m a t e r i a l .  
The 5052//5056, 713//528, and 1145/1100 des igna t ions  
r e f e r  to f o i l / p l a s m a  spray  combina t ions  of two d i f fer -  
ent a l loys  to make up the composi te  ma t r ix .  Nominal  
a l loy compos i t ions  a r e  p r e sen t ed  in Table I. 

2) Mat r ix  Mater ia l  Fab r i ca t ion  

Specimens  fabr ica ted  solely of a luminum m a t r i x  
a l loys ,  without f iber  r e in fo rcemen t ,  were  p r epa red  by 
f i r s t  p l a sma  spray ing  alloy powder onto 0.001 in. thick 
foil to produce meta l  tapes .  L a y e r s  of these  tapes  were  
then hot p r e s s  diffusion bonded under  condi t ions  of t e m -  
p e r a t u r e  and p r e s s u r e  equal to those used to produce 
f iber  r e in fo rced  compos i tes  having the same  m a t r i c e s .  
Resul tan t  spec imens  were  approximate ly  65 to 75 pct 
p l a sma  sprayed  m a t e r i a l .  This  percen tage  of p l a sma  
sprayed  m a t e r i a l  ag ree s  with a s i m i l a r  f rac t ion  of the 
m a t r i c e s  (not f rac t ion  of total  composi te)  of the f iber  
r e in fo rced  compos i tes .  The 2219 m a t e r i a l  was made 

Table I. Matrix Alloy Compositions 

Wt Pct of Element 

Designation Cu Mg Mn Si A1 

11 oo - - - 99.0 
1145 - - 99.45 
2024 4.5 1.5 0.6 - Bal 
2219 6.3 - 0.3 - Bal 
6061 0.25 1.0 - 0.6 Bal 
5052 - 2.5 - Bal 
5056 - 5.2 0.1 - Bal 
713 0.25 0.10 7.5 Bal 
528 - - 7.7 BaI 
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sa ry  when compos i te  spec imens  were  fabr ica ted  con-  
ta in ing  boron  f iber .  These  lower t e m p e r a t u r e s  
p reven ted  degradat ion  of boron  f i l ament  s t rength  by 
reac t ion  with the a luminum mat r ix .  Nei ther  the 
BORSIC nor  s i l icon  ca rb ide  f ibe r s  were  suscept ib le  
to degradat ion  at t e m p e r a t u r e s  used for fabr ica t ion  .12 
Selected compos i te  spec imens  were  heat t r ea ted  to the 
T-6  condi t ion subsequent  to fabr ica t ion .  

A m i c r o s t r u c t u r e  typical  of compos i tes  fabr ica ted  
by the above p rocedure  is  p r e sen t ed  in Fig.  1. The 
spec imen  shown conta ins  approx imate ly  50 pct BORSIC 
f iber  by volume.  Specimens  were  also fabr ica ted  con -  
ta in ing  other pe rcen t ages  of f iber .  These  spec imens  
were  produced by the same p rocedu re s  as given above 
and f i lament  d i s t r ibu t ion  was cont ro l led  to ma in ta in  a 
n e a r l y  hexagonal  f iber  a r r a y .  

Fig. 1--4.2 Mil BORSIC-6061 aluminum composite micro- 
structure. 

solely of plasma sprayed alloy. Tensile specimens 
were machined to have 1.25 in. long gage lengths and 
were tested at a crosshead velocity of 0.01 ipm using 
a Tinius-Olsen tensile tester. 

3) Compos i te  Fabr i ca t ion  

The compos i tes  were  fabr ica ted  by hot p r e s s  diffu- 
sion bonding of p l a s m a - s p r a y e d  monolayer  tapes .  The 
f i l ament  winding opera t ion is  pe r fo rmed  on a modif ied 
lathe, us ing a s c r e w - t h r e a d  auger  to control  the f iber  
spacing.  The a l u m i n u m  foil wrapped mandre l  which 
r ece ive s  the winding is  spr ing  loaded to allow for t h e r -  
ma l  expansion m i s m a t c h  between the a luminum foil 
subs t r a t e  and the f iber .  P l a s m a - s p r a y  fabr ica t ion  was 
done in a rgon .  The cy l ind r i ca l  mandre l ,  covered  with 
a l ayer  of a l igned f i l ament ,  is ro ta ted  and t r a v e r s e d  
before  a p l a s m a  arc  to deposit  an even layer  of m a t r i x  
al loy.  Aluminum al loy powder is then in jec ted  into the 
hot gas of the p l a sma  arc and mel ted  in the exothermic  
or r ecombina t ion  zone. The mol ten  a luminum drople t s  
a r e  impacted  on the foil and f iber  and quickly solidif ied,  
bonding the monolayer  tape together .  

The hot p r e s s  diffusion bonding of l aye r s  of p l a sma  
sprayed  tape to form 1 by 5 in. p la tes  was pe r f o r me d  
p r i m a r i l y  at t e m p e r a t u r e s  within 100~ of the m a t r i x  
al loy sol idus t e m p e r a t u r e  at p r e s s u r e s  of g rea t e r  
than 5000 ps i  in an a rgon  a tmosphere .  Lower t e m p e r -  
a t u r e s  of bonding,  however ,  were  found to be n e c e s -  
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4) Composite Specimen Preparation and Testing 

The diffusion bonded composite plates were cut into 
0.25 in. wide, 5 in. long parallel sided tensile speci- 
mens. Cutting from the plates was performed pri- 
marily by use of a diamond abrasive wheel; however, 
some specimens were also prepared using electrodis- 
charge machining techniques to compare the effects of 
cutting techniques. Strain gages were mounted on both 
sides of each specimen to determine modulus and 
strain to failure. The specimens were aligned in grips 
by use of a X12.5 microscope and a specially designed 
alignment jig. This was done in such a way as to leave 
a 1 in. long gage length between grips. The gripped 
specimens were then aligned in a Tinius-Olsen tensile 
tester and strained at a strain rate of 0.01 ipm. 

Measurements of the transverse elastic modulus at 
elevated temperature were performed using two differ- 
ent techniques  of m e a s u r e m e n t .  The f i r s t  method was 
to use elevated t e m p e r a t u r e  s t r a i n  gages and to t ens i l e  
t es t  the gaged spec imens  at t e m p e r a t u r e .  The second 
method was a dynamic de te rmina t ion  of the modulus  
that is  f requent ly  r e f e r r e d  to as  the " f r e e - f r e e  b e a m "  
technique and r e l i e s  on the m e a s u r e m e n t  of the r e s o -  
nant  v ib ra t iona l  f r equenc ies  of composi te  spec imens  
exci ted at t e m p e r a t u r e .  13-17 

Several  BORSIC-6061 composi te  spe c i me ns  were  
tes ted in t r a n s v e r s e  c o m p r e s s i o n .  These  spec imens  
were  0.5 in. in height,  0.18 by 0.12 in. in c r o s s  sect ion 
and were  s t r a in  gaged to de t e rmine  modulus  and 
s t r e s s - s t r a i n  behavior .  

The effects of edge condit ion on composi te  t r a n s v e r s e  
t ens i l e  pe r f o r ma nc e  have been demons t r a t ed  by the use 
of t r a n s v e r s e  t ens i l e  spec imens  having the BORSIC 
f iber  ends free of ma t r ix .  This  was accompl i shed  by 
etching away at leas t  0.25 in. of a luminum from both 
edges of 1 by 5 in. composi te  p la tes .  The r e su l t an t  
spec imens  had 0.25 in. long ma t r ix  f ree  f iber  ends 
p ro t rud ing  from each side. A typical  spec imen  is 
shown in Fig.  2. 

RESULTS AND DISCUSSION 

1) Matrix Material 

The results of tensile tests performed on the plasma 
sprayed plus foil matrix alloys are given in Table If. 
In all cases the final processing step for these mate- 
rials was a slow cool in the hot press dies from the 
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Fig. 2--Free fiber end tensile specimen. 

Table II. Experimentally Determined Properties of Plasma Sprayed Material 
with Foil in the As-Fabricated (F} Condition 

Alloy 

Elastic Yield Stress Ultimate Strain to 
Modulus at 0.2 Pct Tensile Fracture, 1.25 In. 
106 psi Offset 103 psi Strength, 103 psi Gage Length 

6061 10.2 11.2 19.6 16 pct 
2024 10.4 18.6 35.0 13 pct 
1100-1145 9.1 6.2 12.5 20 pct 
A1-7 pct Si 10.5 9.4 17.5 23 pct 
2219 (no foil) 9.6 14.4 27.6 12 pct 
5052/56 9.8 19.5 38.6 13 pct 

Typical Properties of Wrought Material in the Annealed Condtion* 

Ultimate Strain to 
Yield Stress Tensile Fracture, 2 In. 

Alloy 103 psi Strength, 103 psi Gage Length 

6061 8.0 18.0 25 pct 
2024 11.0 27.0 20 pct 
1100 5.0 13.0 35 pct 
2219 10.0 25.0 20 pct 
5052 13.0 28.0 25 pct 
5056 22.0 42.0 35 pct 

*Properties, Physical Metallurgy and Phase Diagrams, Aluminum, Vol. 1, Kent 
R. Van Horn, ed., 1967. 

p r e s s i n g  t e m p e r a t u r e .  Resu l tan t  s p e c i m e n s  a r e  in a 
fully annea led  a s - f a b r i c a t e d  condi t ion des igna ted  as  
the F condit ion.  Fo r  th is  r e a s o n  the data r e p o r t e d  can 
be c o m p a r e d  bes t  with the p r o p e r t i e s  of wrought  m a -  
t e r i a l s  of s i m i l a r  compos i t ion  in the fully annealed  
condit ion.  Such a c o m p a r i s o n  r e v e a l s  that  the e las t i c  
modul i  of the compos i t e  m a t r i x  m a t e r i a l s  a r e  app rox -  
ima te ly  equal  to those  of wrought  m a t e r i a l .  This  
equal i ty  is  ev idence  that  the s p e c i m e n s  t e s t ed  w e r e  
fully conso l ida ted  by the diffusion bonding p r o c e d u r e s  
used.  As has  been shown in the pas t  for monol i th ic  
m a t e r i a l s ,  18'19 the e las t i c  modulus  is  a s ens i t i ve  func-  
t ion of void content  of m a t e r i a l s  and even sma l l  p e r -  
c en t ages  of voids  p r e s e n t  would have caused  the m e a s -  
u red  modul i  to be cons ide rab ly  l e s s  than those  

Fig. 3--1Vlatrix material fracture surface. 

m e a s u r e d .  The com par i son  of s t r eng ths  r e v e a l s  that  
the y ie ld  and u l t ima te  t ens i l e  s t r eng ths  of the c o m -  
pos i t e  m a t r i c e s  a r e  g r e a t e r  than those of the wrought  
m a t e r i a l .  The s t r a i n s  to f r a c t u r e  a r e  30 to 40 pct l e s s  
than those  of wrought  m a t e r i a l .  

Th is  h igher  s t reng th  and lower  duct i l i ty  can be r e -  
la ted  to the v e r y  fine d i s p e r s i o n s  of p r ec ip i t a t e  p r o -  
duced by the p l a s m a  sp rayed  s t r u c t u r e .  Oxides  p r e s e n t  
on the powder  used  in the p l a s m a  spray  p r o c e s s  a l so  
wil l  con t r ibu te  to this  i n c r e a s e  in s t rength .  Po l i shed  
sec t ions  of t he se  a l loys  display the p r e c i p i t a t e  and 
oxide d i s p e r s i o n s .  The m i c r o s t r u c t u r a l  f e a tu r e s  of 
the p l a s m a  sp rayed  m a t e r i a l  a r e  cons ide rab ly  f iner  
than those  of the ad jacent  fo i l s .  This  is  r e f l e c t e d  in 
the morphology of the f r a c t u r e  of the p l a s m a  sp rayed  
m a t e r i a l  as  c o m p a r e d  to the foil ,  Fig .  3. The p l a s m a  
sp rayed  m a t e r i a l  has undergone  l a rge  amounts  of loca l  
p l a s t i c i ty  and dimpling a s s o c i a t e d  with the fine d i s p e r -  
s ions .  Another  r ea son  for  the lower  duct i l i ty  he re in  
r e p o r t e d  may be due to the fact that the s p e c i m e n s  
t e s t ed  during this  inves t iga t ion  w e r e  al l  l e s s  than 0.1 
in. in th ickness .  Kaufman and Davies  2~ have shown that 
the f r a c t u r e  s t r a in  of sheet  a luminum s p e c i m e n s  is  
e x t r e m e l y  s e n s i t i v e  to spec imen  th i cknes se s  below 0.1 
in. A 6061 a l loy was shown by the au thors  to exhibit  a 
f a i lu re  s t ra in  of l e s s  than 12 pct  when tes ted  at below 
0.1 in. in th ickness  while a 0.4 in. thick spec imen  fa i led  
a f t e r  18 pct e longat ion.  

T ens i l e  t e s t s  at 400 ~ and 600~ a lso  have been p e r -  
f o r m e d  on these  m a t r i x  m a t e r i a l s .  The data obtained 
for the 2024 and 6061 a luminum a l loys  a r e  p r e s e n t e d  in 
Fig .  4. In a l l  c a s e s  the s p e c i m e n s  w e r e  held at the t es t  
t e m p e r a t u r e  for 30 rain p r i o r  to tes t ing .  The effect  of 
heat  t r e a t m e n t  on m a t r i x  s t r eng th  is  a l so  shown in the 
f igure .  Fo r  both the 6061 and 2024 a l loys ,  a s tandard  
T - 6  heat  t r e a t m e n t  i n c r e a s e d  the room t e m p e r a t u r e  
t ens i l e  s t rength  subs tan t ia l ly  above the l e v e l s  of the 
a s - f a b r i c a t e d  m a t e r i a l .  This  d i f fe rence  b e c a m e  
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Fig. 4--Ultimate tensile strength of plasma sprayed plus 
foil matrix material as a function of temperature. 

s m a l l e r  at the e l eva ted  t e m p e r a t u r e s  due to r ap id  
ove rag ing  of the a l loys .  C o m p a r i s o n  of the data in the 
two f igu re s  indica tes  that the 2024 m a t r i x  m a t e r i a l  is  
capable  of h igher  s t r eng ths  than the 6061 m a t e r i a l  ove r  
the en t i re  t e m p e r a t u r e  range  of t e s t ing .  

2) C o m p o s i t e  T r a n s v e r s e  E las t i c  Modulus 

The va r i a t i on  of c o m p o s i t e  t r a n s v e r s e  e las t i c  modu-  
lus with BORSIC f iber  content  i s  p r e s e n t e d  in Fig.  5. 
The modulus  i n c r e a s e s  with i n c r e a s i n g  vo lume  f r ac t ion  
f iber .  However ,  as  pointed out by o the r s  9'2~-2a a s imple  
" r u l e  of m i x t u r e s "  approach  that  d i s r e g a r d s  f i l ament  
packing a r r a y  i s  not appl icab le  to an ana ly s i s  of t r a n s -  
v e r s e  p r o p e r t i e s .  M i c r o s t r u e t u r a l  examinat ion  of the 
s p e c i m e n s  t e s t ed  in th is  inves t iga t ion  indicate  that  
f i l amen t  packing is  bes t  d e s c r i b e d  in t e r m s  of a nea r ly  
hexagonal  a r r a y  and the data obtained a g r e e  bes t  with 
t h e o r e t i c a l  ana ly s i s  based  on this  type of f ibe r  d i s -  
t r ibu t ion .  

The r e s u l t s  of t r a n s v e r s e  e las t i c  modulus  d e t e r m i n -  
a t ions  at e l eva ted  t e m p e r a t u r e  indicate  that the modu-  
lus d e c r e a s e s  with i n c r e a s i n g  t es t  t e m p e r a t u r e  and at 
600~ the modulus  is  10 to 20 pct l e s s  than the r o o m  
t e m p e r a t u r e  value .  F ig .  6 p r e s e n t s  the data for both 
methods  of modulus  de t e rmina t ion  used.  This  d e c r e a s e  
in modulus  i s  due, in a l a rge  m e a s u r e ,  to the d e c r e a s e  
in modulus  e x p e r i e n c e d  by the m a t r i x  m a t e r i a l  over  
th is  s ame  t e m p e r a t u r e  in t e rva l .  Th is  can be seen  f r o m  
the data shown in Fig .  6 for the e las t i c  modulus of a 
typ ica l  p l a s m a  sp rayed  plus foil  m a t r i x  m a t e r i a l  p r e -  
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Fig. 5---Composite transverse elastic modulus as a function 
of fiber content. 
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Fig. 7--46 pet 4.2 mil BORSIC-6061 aluminum 90 deg tensile 
stress strain curves. F indicates as fabricated, and T-6 
indicates heat treated conditions. 

pa r ed  by hot p r e s s i n g  and tes ted in tens ion  at e levated 
t e m p e r a t u r e .  At 600~ the modulus  has reached  the 
va lue  of 7 • 106 ps i  in a g r e e m e n t  with the value ex-  
pected for a wrought m a t e r i a l  of the same compos i -  
t ion.  2s This  dec rea se  in m a t r i x  modulus  of 30 pct can 
cause  a ma jo r  por t ion of the dec rea se  in composi te  
modulus  observed .  The e las t ic  modulus  of the BORSIC 
f iber  is  a lso  dec reas ing  with i n c r e a s i n g  t e m p e r a -  
ture;26'27 however ,  l i t t le  data is  ava i lab le  in the t e m -  
p e r a t u r e  reg ion  of 600~ to obtain a r e l i ab l e  value.  
The data of Metcalfe and Schmitz 26 indicate  an e las t ic  
modulus  of 50 • 106 psi  for boron  at approx imate ly  
600~ Using th is  modulus  for the BORSIC fiber  and 
a modulus  of 7 • 106 ps i  for the ma t r i x ,  the work of 
Adams  and Doner  21 would indicate  that a modulus  of 
approx imate ly  18 • 106 ps i  would be expected.  This  
is  in fa i r ly  good a g r e e m e n t  with the va lues  obtained as  
shown in the f igure .  

The t r a n s v e r s e  e las t ic  modulus  m e a s u r e d  dur ing 
c o m p r e s s i o n  tes t ing  at r oom t e m p e r a t u r e  was found 
to be 18 • 106 psi .  The spec imen  tes ted  conta ined 46 
pct vol f rac t ion  4.2 mi l  BORSIC f iber .  The e las t ic  
modulus  as  m e a s u r e d  in c o m p r e s s i o n  is  in subs tan t i a l  
a g r e e m e n t  with that m e a s u r e d  in t ens ion .  

3) T r a n s v e r s e  Tens i l e  Strength and F a i l u r e  St ra in  

T r a n s v e r s e  t ens i l e  s t r e s s - s t r a i n  cu rves  for 4.2 mi l  
BORSIC-6061 m a t r i x  compos i tes  a r e  shown in Fig.  7. 
Both a s - f a b r i c a t e d  (F) and heat t r ea ted  (T-6) compos i te  
behavior  a re  i l l u s t r a t ed .  Compos i te  yie lding occurs  at 
a level  of approx imate ly  4000 ps i  in the F condit ion 
while in the T -6  condi t ion the curve  is  l inear  nea r ly  to 
the point of fa i lu re .  The t ens i l e  s t r eng ths  in both con-  
di t ions  a r e  cons ide rab ly  lower than those of the u n r e -  
inforced  ma t r i x ,  however ,  a m a j o r  s t rength  i n c r e a s e  
has been r e a l i z e d  by the use  of the heat t r e a t m e n t  p r o -  
cedure .  Although the form of the s t r e s s - s t r a i n  cu rve  
was cons ide rab ly  a l t e red  by heat t r e a t m e n t ,  the c o m -  
posi te  f a i lu re  s t r a in  and t r a n s v e r s e  e las t ic  modulus  
were  not. 

Fig. 8--Fracture surface of 50 pct by volume 4.2 rail BORSIC- 
6061 transverse tensile specimen. 

Two different  types  of s t r e s s - s t r a i n  cu rves  were  
gene ra t ed  by the F condi t ion compos i t e s  that were  
manufac tu red  and p r oc e s se d  under  ident ica l  condi t ions .  
The in i t ia l  por t ions  of the cu rves  were s i m i l a r ;  however,  
for some spec imens  tes ted ,  f r ac tu r e  occu r r ed  at a 
s t r a i n  of approx imate ly  0.0012 in. per  in. while for 
o thers  the s t r a i n  to f r ac tu r e  was twice this  amount .  
The spec imens  which fail at the l a r g e r  s t r a in  exhibit  a 
region  of i nc r ea s ing  s t r a in  under  nea r ly  cons tan t  s t r e s s  
and f requent ly  f r ac tu re  in a region  d i rec t ly  under  the 
s t r a in  gages on the spec imen  sur face .  Thus,  this  phe-  
nomenon may be a s soc ia t ed  with the locat ion and p rop -  
agat ion of fa i lu re  through the spec imen .  Curves  s i m i l a r  
to this  second type ( la rger  s t r a in  to fai lure)  have been  
obse rved  by o thers  as  r epor t ed  by Adams.e8 

The f r ac tu re  p r o c e s s  in t r a n s v e r s e  t ens ion  of 
BORSIC-6061 spec imens  was examined  more  c lose ly  
to de t e r mi ne  the fa i lu re  m e c h a n i s m .  In genera l ,  c o m -  
posi te  fa i lu re  in i t i a ted  at the spec imen  edges and p rop -  
agated by a combined  mode of m a t r i x  fa i lure  and f iber  
spl i t t ing.  A typical  composi te  f r ac tu re  sur face  is  
shown in Fig.  8. In the f igure,  taken by scanning e l ec -  
t ron  mic roscopy ,  the f iber  c o r e s  appear  as  white l i nes  
and every  fiber in the c r o s s  sect ion has fai led on a d i -  
a m e t r a l  plane.  A higher magni f ica t ion  examinat ion  of 
spl i t  f ibe r s ,  Fig.  9, r e ve a l s  that the f iber  f r ac tu re  s u r -  
faces  cons i s t  of two different  f r ac tu re  modes .  One-ha l f  
of each f iber  d i ame t r a l  p lane is  smooth while the other 
half is  rough.  This  is  due to in i t ia l  f r ac tu re  of the f iber  
at a p reex i s t en t  flaw in the smooth r e g i o n y  followed 
by c rack  propagat ion a c r o s s  the bor ide  core  and r e i n -  
i t ia t ion of f r ac tu re  in the boron  of the r e s t  of the f iber  
caus ing  the jogged f r ac tu re  sur face .  
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Fig. 9--Fracture surfaces of longitudinally split 4.2 rail 
BORSIC fibers. 

Fig. 11--Transverse tensile strength of 4.2 rail BORSIC- 
6061 aluminum as a function of test temperature. 

Fig. 10--Fracture surface of a 48 pct vol fraction 4.2 rail 
BORSIC-1145/l100 transverse tensile specimen. 

The behavior  of 48 pct-4.2  mil  BORSIC-1145/1100 
compos i t es  differed cons ide rab ly  f rom the above de-  
s c r ibed  6061 m a t r i x  compos i tes .  Composi te  s t rength  
is  11,500 ps i ,  which is l e s s  than that of the 6061 m a t r i x  
compos i tes ;  however,  the composi te  fa i lu re  s t r a i n  is  
0.4 pct for composi te  fa i lu re  away f rom the s t r a in  
gages.  This  value is  cons ide rab ly  higher  than the 
highest  va lues  obtained for the 50 pct-4.2  mil  BORSIC- 
6061 composi tes  tes ted .  The t r a n s v e r s e  e las t ic  modu-  
lus is  22 • 106 psi ,  which approx imate ly  equals  that of 
the 6061 m a t r i x  compos i tes .  Examinat ion  of the f r a c -  

tu re  su r f aces  of the 1145/1100 m a t r i x  spec imens  tes ted  
r evea led  that ve ry  l i t t le f iber  spl i t t ing accompanied  
composi te  fa i lu re ,  Fig.  10. Only the reg ions  nea r  the 
edges of the t r a n s v e r s e  f ibe rs  a re  spli t .  This  spl i t t ing 
co r r e sponds  to damage in t roduced to the f ibe r s  dur ing 
spec imen  p repa ra t ion .  The spec imens  were  cut f rom 
l a r g e r  p la tes  of m a t e r i a l  by the use of a d iamond 
a b r a s i v e  wheel.  As wil l  be d i scussed  in a la te r  sect ion 
of this  paper ,  the act ion of the ab ra s ive  wheel is  suff i -  
c ient  to damage the BORSIC f i l aments .  The p r i m a r y  
f r ac tu r e  mode observed  is one of m a t r i x  rup tu re .  Mi -  
c ropore  opening and coa lescence  s i m i l a r  to that found 
in monoli thic  a l u m i n u m  is p r e se n t  and ve ry  l i t t le  ev i -  
dence of a luminum m a t r i x - f i b e r  debonding was ob- 
se rved .  

The r e s u l t s  of the t r a n s v e r s e  t ens i l e  t es t ing  of 4.2 
mi l  BORSIC-6061 and 2024 m a t r i x  compos i t es  at t e m -  
p e r a t u r e s  between 70 ~ and 600~ are  p r e sen t ed  in F igs .  
11 and 12. As d i scussed  prev ious ly ,  the T-6  heat t r e a t -  
ment  i n c r e a s e s  the t r a n s v e r s e  s t rength  above that of 
the a s - f a b r i c a t e d  composi te .  This  dif ference becomes  
s m a l l e r  with i nc r ea s ing  tes t  t e m p e r a t u r e  as  the ove r -  
aging of the heat t r ea ted  m a t e r i a l  takes  place .  At room 
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t e m p e r a t u r e  the s t reng ths  of the 2024 and 6061 m a t r i x  
compos i t e s  a re  approx imate ly  equal. As the tes t  t e m -  
p e r a t u r e  is  i n c r e a s e d  the 2024 composi te  r e t a i n s  a 
higher s t rength  level  than the 6061. This  is. in a g r e e -  
ment  with the un re in fo rced  m a t r i x  p r o p e r t i e s  p r e -  
sented in Fig.  4 where  the 2024 al loy exhibited higher 
e levated t e m p e r a t u r e  s t rength  than the 6061 m a t e r i a l .  
A c o m p a r i s o n  of the data obtained for composi te  t r a n s -  
v e r s e  s t rength  with the un re in fo rced  m a t r i x  s t rength  
r evea l s  that for both 6061 and 2024 m a t r i x  m a t e r i a l s ,  
the di f ference between m a t r i x  s t rength  and composi te  
s t rength  d e c r e a s e s  with i nc r ea s ing  t e m p e r a t u r e .  

The f r ac tu re  su r f aces  of the compos i tes  tes ted were  
examined  to de t e rmine  the mode of f rac ture .  As d i s -  
cussed  e a r l i e r ,  at room t e m p e r a t u r e  a l l  of the f ibe rs  
in the composi te  f r ac tu r e  sur face  were  spli t  longi tu-  
dinal ly.  This  changed,  however ,  as  the tes t  t e m p e r a -  

t u r e  i nc r ea sed .  With i n c r e a s i n g  t e m p e r a t u r e  of tes t ,  
the f rac t ion  of f r ac tu re  su r face  occupied by spl i t  f i be r s  
dec reased .  In the case  of the 6061 m a t r i x  compos i t es ,  
at 600~ no f iber  spl i t t ing was found to occur  and i n -  
s tead the mode of f r ac tu re  co r r e sponded  to that of m a -  
t r ix  fa i lu re .  None of the f r ac tu r e  su r f aces  studied ex-  
hibited evidence of f i b e r - m a t r i x  debonding as  a p r i m a r y  
mode of f rac ture .  

A s u m m a r y  of the t r a n s v e r s e  t ens i l e  s t rength  of 50 
pct -4 .2  mi l  BORSIC f iber  r e in fo rced  compos i t es  as  a 
function of m a t r i x  s t rength  is  p r e se n t e d  in Fig.  13. The 
data include five d i f ferent  m a t r i c e s ,  two of which a r e  
in both a s - r e c e i v e d  and heat t r ea ted  condi t ions ,  as 
well  as  data obtained over the tes t  t e m p e r a t u r e  range 
of 70 ~ to 600~ Three  d is t inc t  r eg ions  of behavior  a r e  
seen to occur  and a re  depicted in the f igure.  

REGION I 

The f rac tu re  su r f aces  of the failed compos i t es  ex-  
hibi ted only sma l l  amounts  of spli t  f ibe rs .  In this  r e -  
gion the composi te  s t rength  is  approx imate ly  equal to 
the m a t r i x  s t rength .  Thus,  in this  reg ion  the m a t r i x  
fa i l s  at an applied composi te  s t r e s s  below that n e c e s -  
s a ry  for f iber fa i lu re .  The behavior  of the 1100 m a t r i x  
compos i tes  at room t e m p e r a t u r e  and the 6061 m a t r i x  
compos i t es  at e levated  t e m p e r a t u r e  a r e  c h a r a c t e r i s t i c  
of this  region .  The f r ac tu r e  sur face  p r e se n t e d  in Fig.  
10 is typical  of these compos i tes .  The observed  
equal i ty  of composi te  and m a t r i x  s t rength  in this  r e -  
gion is  in a g r e e me n t  with the p red ic t ions  of L i n e t  
a / .  9'1~ based  on the von Mises -Hencky  d i s to r t iona l  
energy c r i t e r i o n  for yielding.  

REGION II 

In this  region  of m a t r i x  s t reng th  the composi te  
t r a n s v e r s e  t ens i l e  s t rength  is subs tan t ia l ly  independent  
of m a t r i x  s t rength .  F r a c t u r e  su r faces  a re  c h a r a c t e r -  
ized by the p r e s e n c e  of l a rge  amounts  of f iber  spl i t t ing,  
Fig.  8. In this  reg ion  the m a t r i x  s t rength  is  suff icient  
to cause  loading of the f ibers  to the i r  u l t ima te  t r a n s -  
v e r s e  s t rength  p r io r  to composi te  fa i lu re .  Adams 28 
has analyzed in detai l  the s t r e s s  d i s t r ibu t ion  of boron 
a luminum during t r a n s v e r s e  t ens ion  and pointed out 
the exis tence  of s ignif icant  s t r e s s  concen t ra t ions  in the 
f iber  which may cont r ibu te  to f iber  fa i lure  in this  
r e g i me .  Upon f iber  fa i lu re ,  however ,  the r e m a i n i n g  
compos i te  m a t r i x  m a t e r i a l  a lso  fa i ls  immed ia t e ly  due 
to over load.  The r e m a i n i n g  m a t r i x  does not have the 
load c a r r y i n g  capabi l i ty  to p reven t  total  composi te  
fa i lu re  subsequent  to f iber  fa i lu re .  Thus,  the cons tancy  
and level  of composi te  s t rength  in Region II and the 
points  of t r a n s i t i o n  between Regions I and II, and II and 
III a r e  cont ro l led  by the f iber  t r a n s v e r s e  t ens i l e  
s t rength .  A higher  t r a n s v e r s e  t ens i l e  s t reng th  f iber  
would r a i s e  the composi te  s t rength  level  of the Region 
II p la teau and a lso  r a i s e  the m a t r i x  s t rength  levels  of 
the t r ans i t i on  points  between reg ions .  Examples  of this  
will  be p re sen t ed  in la te r  sec t ions  of this  r epor t .  

REGION III 

In Region III, as in Region II, ma t r i x  s t rength  is suf-  
f icient  to cause t r a n s v e r s e  f iber  fa i lure  p r i o r  to c o m -  
posi te  fa i lu re ;  however,  m a t r i x  s t rength  is  a lso  high 
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Fig. 14--Transverse tensile strength as a function of volume 
fraction 4.2 mil BORSIC fiber in 2024 aluminum. 

enough to p r even t  i m m e d i a t e  o v e r l o a d  f a i l u r e .  Thus,  
the  c o m p o s i t e  s t r e n g t h  i s  d e t e r m i n e d  by the net  sec t ion  
of load  b e a r i n g  m a t r i x  left ,  subsequent  to f ibe r  s p l i t -  
r ing,  and the s t r e n g t h  of th i s  m a t r i x .  In the  c a s e  of the 
hea t  t r e a t e d  c o m p o s i t e s ,  the p r e s e n c e  and magni tude  
of r e s i d u a l  s t r e s s e s ,  no doubt,  i s  a l so  of i m p o r t a n c e .  
F r a c t u r e  s u r f a c e s  a r e  t yp i ca l l y  s i m i l a r  to that  shown 
in F ig .  8. 

It should  be  noted  that  the  da ta  for  the  5052//56 m a -  
t r i x  c o m p o s i t e  was p r e s e n t e d  in Region II r a t h e r  than 
in Region HI. Th i s  m a t r i x  m a t e r i a l  con ta ins  both a foil  
of 5052 a l u m i n u m  with a t e n s i l e  s t r eng th  of 28,000 ps i  
and the p l a s m a  s p r a y e d  m a t e r i a l  of 5056 with a t e n s i l e  
s t r e n g t h  of 42,000 ps i .  Af te r  f ibe r  sp l i t t ing  o c c u r s  the 
m a j o r  po r t i on  of the load  c a r r y i n g  m a t r i x  c o n s i s t s  of 
the weake r  5052 foi l  due to the fact  that  the  foil  (or 
tape)  p l i e s  a r e  a l i gned  p a r a l l e l  to the  t r a n s v e r s e  t e n -  
s i l e  a x i s .  Thus,  the  r e s i d u a l  e f fec t ive  m a t r i x  s t r eng th  
for  t h i s  c o m p o s i t e  i s  ac tua l ly  28,000 p s i  which puts  it  
in Region II.  

The r e s u l t s  of t e s t s  p e r f o r m e d  on 0 to 46 pc t  
BORSIC-2024 c o m p o s i t e s  a r e  p r e s e n t e d  in F ig .  14. F o r  
both the a s - f a b r i c a t e d  condi t ion  and T - 6  condi t ion ,  
when t e s t e d  at  r o o m  t e m p e r a t u r e ,  the  t en s i l e  s t r eng th  
d e c r e a s e s  with i n c r e a s i n g  vo lume  f r ac t i on  f i be r .  At 
600~ however ,  the t r a n s v e r s e  s t r e n g t h  i s  s u b s t a n -  
t i a l l y  independent  of f iber  vo lume f r ac t i on .  The va lue s  
of u l t i m a t e  t e n s i l e  s t r eng th  used  for  the  u n r e i n f o r c e d  
m a t r i x  w e r e  obta ined  by t e s t ing  p l a s m a  s p r a y e d  p lus  
foi l  m a t e r i a l  a s  d e s c r i b e d  in the  sec t ion  on m a t r i x  
p r o p e r t i e s .  The l i ne s  d rawn in Fig .  14 f rom the two 
70~ u n r e i n f o r c e d  m a t r i x  s t r eng th  da ta  po in ts  do not  
r e p r e s e n t  a fi t  to the c o m p o s i t e  da ta  but i n s t ead  a r e  a 
r e s u l t  of c a l c u l a t i o n s  p e r f o r m e d  us ing  a s i m p l e  mode l .  
In th i s  mode l ,  i t  was  a s s u m e d  that  the  f i b e r s  had been  
r e m o v e d  f rom the c o m p o s i t e  l eav ing  a ne twork  of 
c y l i n d r i c a l  ho le s .  The c o m p o s i t e  s t r e n g t h  was  then 
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Fig. 15--Fracture surface of 4.2 mil BORSIC-6061 transverse 
compression specimen. 

c a l c u l a t e d  on the b a s i s  of the net  m i n i m u m  c r o s s - s e c -  
t iona l  a r e a  r e m a i n i n g .  L i t t l e  d i f f e rence  in s t r eng th  
was found be tween the squa re  or  hexagonal  hole a r r a y s  
and c o m p o s i t e  s t r eng th  i s  expec ted  to be only 20 pc t  of 
that  of the u n r e i n f o r c e d  m a t r i x  for  50 pct  f iber  content  
s p e c i m e n s .  In both the  a s - f a b r i c a t e d  and T-6  cond i -  
t ions ,  the c o m p o s i t e  s t r e n g t h s  m e a s u r e d  w e r e  found to 
be in e x c e s s  of those  ca l cu l a t ed .  

The d i f f e r ence  in F ig .  14 between c o m p o s i t e  b e h a -  
v io r  a t  r o o m  t e m p e r a t u r e  and at  600~ can be  r e l a t e d  
to d i f f e r e n c e s  in f r a c t u r e  mode .  At r o o m  t e m p e r a t u r e  
the f r a c t u r e  s u r f a c e s  a r e  c h a r a c t e r i z e d  by  longi tud ina l  
sp l i t t i ng  of a l l  the f i b e r s  in the  f r a c t u r e  s u r f a c e .  C o m -  
pos i t e  behav io r  at  r o o m  t e m p e r a t u r e  i s  s i m i l a r  to that  
d e s c r i b e d  in F ig .  13 for  Region  II and III. At the high 
volume f r a c t i o n s  of f i be r ,  in the F condi t ion ,  the m a -  
t r i x  i s  ove r loaded  by loca l  f ibe r  f a i l u re  a s  was  d e -  
s c r i b e d  for  Region  II. M a t r i x  load c a r r y i n g  capab i l i t y  
i s  i n c r e a s e d  by d e c r e a s i n g  f iber  content  and c o m p o s i t e  
hea t  t r e a t m e n t  so that  i n c r e a s i n g  c o m p o s i t e  s t r eng th  
can be ach ieved ,  t yp i ca l  of Region  III. At 600~ how-  
e v e r ,  the amount  of f ibe r  sp l i t t i ng  is  f a r  l e s s  and in 
s o m e  c a s e s  no f ibe r  sp l i t t ing  at  a l l  i s  found. The 
f a i l u r e  o c c u r s  c o m p l e t e l y  through the m a t r i x .  F o r  
th is  l a t t e r  c a s e  of m a t r i x  f a i l u r e  the o b s e r v a t i o n  that  
c o m p o s i t e  s t r e n g t h  i s  independent  of vo lume f r ac t ion  
f i be r  i s  again  c o n s i s t e n t  with the p r e d i c t i o n  of Chen 
and Lin  9 and c o r r e s p o n d s  to Region I in the p r e v i o u s  
a n a l y s i s .  I t  i s  a l so  c l e a r ,  however ,  that  th is  p r e d i c t i o n  
does  not  hold for  the t e s t s  p e r f o r m e d  at  r o o m  t e m p e -  
r a t u r e .  Th i s  is  due to the f i be r  mode of f a i l u r e  being 
o p e r a t i v e  at  r o o m  t e m p e r a t u r e .  

4) C o m p r e s s i o n  Tes t i ng  

The  t r a n s v e r s e  c o m p r e s s i o n  t e s t s  w e r e  p e r f o r m e d  
on 6061 m a t r i x  c o m p o s i t e  s p e c i m e n s  conta in ing  46 
pc t  BORSIC f i b e r .  The r o o m  t e m p e r a t u r e  t r a n s v e r s e  
c o m p r e s s i o n  s t r e s s - s t r a i n  cu rve  exh ib i ted  an e l a s t i c  
modulus  a p p r o x i m a t e l y  equal  to that  m e a s u r e d  in 
t r a n s v e r s e  t ens ion ,  howeve r ,  the m a x i m u m  load 
c a r r y i n g  capab i l i t y  is  c o n s i d e r a b l y  g r e a t e r  than that  
in t ens ion .  Af t e r  a p p r o x i m a t e l y  6 pc t  s t r a i n  and at  a 
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s t r e s s  of 37,900 ps i  the load began to d e c r e a s e  with 
i n c r e a s i n g  s t r a i n .  The cause  of th is  d e c r e a s e  was 
the s h e a r  f a i l u r e  of the s p e c i m e n .  At  600~ the s p e -  
c i m e n s  fa i l ed  by the s a m e  m e c h a n i s m ,  however ,  the 
m a x i m u m  s t r e s s  was  9500 p s i .  The f r a c t u r e  su r f a c e  
of a r o o m  t e m p e r a t u r e  s p e c i m e n  i s  shown in F ig .  15. 
As  can be seen  in the f i gu re ,  f ibe r  sp l i t t i ng  i s  once 
again  c h a r a c t e r i s t i c  of the f r a c t u r e  s u r f a c e .  A l so  
v i s i b l e  is  ev idence  of l a r g e  amounts  of s h e a r  d e f o r m -  
a t ion  of the a luminum be tween  the s p l i t  f i b e r s .  

5) The Ef fec t s  of T r a n s v e r s e  T e n s i l e  Spec imen  
Conf igura t ion  on Compos i t e  P e r f o r m a n c e  

T r a n s v e r s e  t ens i l e  f a i l u r e  commonly  i n i t i a t e s  at  
the edges  of the c o m p o s i t e  s p e c i m e n s ,  th is  behav io r  
is  a s s o c i a t e d  with the d a m a g e  in t roduced  to the s p e -  
c i m e n s  dur ing  s p e c i m e n  cut t ing and p r e p a r a t i o n .  
S p e c i m e n s  t e s t ed  dur ing  th is  s tudy w e r e  cut  f r o m  
l a r g e r  c o m p o s i t e  p l a t e s  us ing  d iamond  a b r a s i v e  
whee l ,  e l e c t r o d i s c h a r g e  machin ing  (EDM), and d iamond  
a b r a s i v e  whee l  cut t ing fol lowed by m e c h a n i c a l  p o l i s h -  
ing.  Al l  exh ib i ted  s i m i l a r  s t r e s s  s t r a i n  b e h a v i o r .  
T h e s e  t h r e e  techniques  r e s u l t e d  in f i b e r  damage  
suf f ic ien t  to in i t i a te  c o m p o s i t e  f a i l u r e  and no s i g n i -  
f i can t  v a r i a t i o n  in t r a n s v e r s e  s t r e n g t h  was  r e a l i z e d .  

S igni f icant  changes  in c o m p o s i t e  s t r e s s  s t r a i n  b e h a -  
v io r  could be obta ined ,  however ,  by t es t ing  f r ee  f i be r  
end s p e c i m e n s  of the type dep ic ted  in F ig .  2. The  
s t r e s s - s t r a i n  c u r v e s  obta ined by t ens i l e  t e s t ing  
BORSIC-2024 compos i t e  s p e c i m e n s  of th is  conf igu-  
r a t i on  a r e  shown in F i g .  16. A s t r e s s - s t r a i n  cu rve  
c h a r a c t e r i s t i c  of the m o r e  convent iona l  type of t r a n s -  
v e r s e  t ens i l e  s p e c i m e n s  having cut  edges  is  a l so  in -  
c luded in the f igu re  for  c o m p a r i s o n .  I t  is  s een  that  
the s p e c i m e n s  with the f r e e  and cut  conf igu ra t ions  
exhib i t  the s a m e  e l a s t i c  modulus ;  howeve r ,  the t ens i l e  
s t r e n g t h  and s t r a i n s  to f r a c t u r e  of these  c o m p o s i t e s  
d i f fe r  s u b s t a n t i a l l y .  F o r  the a s - f a b r i c a t e d  (F) con-  
d i t ion ,  the " c u t - e d g e s "  c o m p o s i t e  exh ib i t s  a t r a n s -  
v e r s e  t ens i l e  s t r e n g t h  of 15,000 ps i  whi le  the " f r e e -  
e n d "  c o m p o s i t e  is  capab le  of 19,000 p s i .  In the T -6  
condi t ion ,  the " f r e e - e n d "  c o m p o s i t e  f a i l s  at  36,000 
p s i ,  while  the t en s i l e  s t r e n g t h s  of " c u t - e d g e "  c o m -  
p o s i t e s  having the s a m e  m a t r i x  and undergo ing  the 
s a m e  hea t  t r e a t m e n t  have been  shown in th is  p a p e r  
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to be only 22,000 to 24,000 p s i .  Thus ,  when the f i b e r  
edges  of these  c o m p o s i t e s  a r e  u n s t r e s s e d ,  the t r a n s -  
v e r s e  t ens i l e  s t r e n g t h  i n c r e a s e s  s u b s t a n t i a l l y .  

F ig .  17 i l l u s t r a t e s  the t e n s i l e  s t r e n g t h s  obta ined 
by t es t ing  " f r e e - f i b e r - e n d "  90 deg s p e c i m e n s .  In 
the f i gu re ,  the c o m p o s i t e  t ens i l e  s t r e n g t h  i s  p lo t ted  
as  a function of the u l t i m a t e  t e n s i l e  s t r e n g t h  of the 
u n r e i n f o r c e d  m a t r i x .  The l ines  d rawn ind ica te  the 
t ens i l e  s t r e n g t h s  to be obta ined if c o m p o s i t e  behav io r  
a g r e e d  with the a n a l y s i s  of Chen and Lin 9. S t reng ths  
expec ted  for  both squa re  and hexagonal  f i be r  a r r a y s  
a r e  r e p r e s e n t e d .  Th i s  f igure  is  in m a r k e d  c o n t r a s t  
to one having s i m i l a r  axes  r e p o r t e d  e a r l i e r  in F ig .  13 
for  cu t - edge  c o m p o s i t e s .  In that  f igu re  i t  was  shown 
that  c o m p o s i t e s  having 2024, 6061, and 5052/56 
m a t r i c e s  a l l  exh ib i ted  the s a m e  t r a n s v e r s e  s t r e n g t h  
when t e s t ed  in the a s - f a b r i c a t e d  condi t ion at  r o o m  
t e m p e r a t u r e .  F o r  the da ta  r e p o r t e d  in F i g .  17 this  
i s  no longe r  the c a s e .  The  t r a n s v e r s e  s t r e n g t h  of the 
c o m p o s i t e s  t e s t ed  is  not cons tan t  and is  dependent  on 
m a t r i x  s t r eng th .  The c o m p o s i t e s  having the 5052/56 
m a t r i x  m a t e r i a l  exh ib i ted  t e n s i l e  s t r e n g t h s  of a p p r o x i -  
m a t e l y  30,000 ps i  whi le  those  having a 6061 m a t r i x  
fa i l ed  at  only 20,000 p s i .  F o r  a l l  of these  c o m p o s i t e s ,  
the f r a c t u r e  s u r f a c e s  of the t e s t ed  s p e c i m e n s  exhib i ted  
some  f ibe r  sp l i t t i ng ,  however ,  the f ibe r  sp l i t t ing  ob-  
s e r v e d  was  s u b s t a n t i a l l y  l e s s  than that  r e p o r t e d  above 
when the s p e c i m e n  edges  we re  in the cut  condi t ion .  
The s p e c i m e n s  t e s t ed  in the f r ee  end condi t ion  with 
a 2024 a luminum m a t r i x  w e r e  found to exhib i t  l a r g e r  
amounts  of f i b e r  sp l i t t i ng .  Th i s  i s  p r o b a b l y  why the 
c o m p o s i t e  t ens i l e  s t r e n g t h s  r e p o r t e d  in F ig .  17 for  
these  s p e c i m e n s  we re  not  equal  to the full  m a t r i x  
s t r eng th .  

S e v e r a l  t r a n s v e r s e  t ens i l e  s p e c i m e n s  w e r e  t e s t ed  
with f ibe r  ends  p ro t rud ing  l e s s  than 0.25 in.  beyond 
the m a t r i x  edge .  No change in f r a c t u r e  mode or  
t ens i l e  s t r eng th  was  noted f r o m  that  of cut  edge s p e -  
c i m e n s .  Th i s  was  found to be due to the fac t  that  
f i be r  edge damage  ex tended  up to 0.25 in.  f r o m  the 
f i b e r  ends .  In a s i m i l a r  m a n n e r ,  some  s p e c i m e n s  
we re  found to exhib i t  f ibe r  damage  to g r e a t e r  than 
0.25 in.  so that  m a t r i x  r e m o v a l  would have to extend 
much f u r t h e r  into the s p e c i m e n s  to p r o v i d e  i n c r e a s e d  
p e r f o r m a n c e .  
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6) Dependence of Composi te  T r a n s v e r s e  Tens i l e  
Strength on F ibe r  Type 

It has been shown, in the foregoing sec t ions ,  that 
the t r a n s v e r s e  tens i le  s t rength  of BORSIC-a luminum 
compos i tes  is  dependent  upon the spl i t t ing tendency 
of the r e in fo rc ing  f ibe r s .  To fu r the r  i l l u s t r a t e  this 
point  the t r a n s v e r s e  tens i le  s t rength  of 2024 ma t r ix  
compos i tes  was examined as a function of f iber  type. 
The data a re  p r e sen t ed  in Fig .  18 for  both a s - f a b r i -  
cated and hea t - t r ea t ed  s p e c i m e n s .  The compar i son  
of composi te  s t rengths  r evea l s  that s eve r a l  d i f ferent  
f ibe r s  a re  capable of providing composi te  s t rengths  
in excess  of 40,000 ps i .  In every  case these compo-  
s i tes  did not exhibit  s igni f icant  amounts  of f iber  
spl i t t ing on the i r  f r ac tu r e  su r f aces .  These  supe r io r  
f ibe rs  include R. F.  boron ,  5.6 mi l  boron ,  5.7 rail  
BORSIC and s i l icon carb ide .  F i b e r s  that exhibited 
major  amounts  of f iber  spl i t t ing,  4.0 mi l  boron and 
4.2 rail  BORSIC, provided cons ide rab ly  weaker  com-  
pos i tes .  

The r ea sons  for the super io r  pe r fo rmance  and 
lower spl i t t ing tendency of some of the f ibe rs  tes ted 
re la te  to their  f abr ica t ion  and r e su l t an t  r e s idua l  
s t r e s s  s ta te .  Boron f iber  is produced by the chemica l  
vapor  deposi t ion of boron f rom boron t r i ch lo r ide  on 
a heated tungsten  f iber  subs t r a t e .  Because  of the 
conve r s ion  of the tungsten  core  to a bor ide  dur ing 
f iber  fo rmat ion  a s igni f icant  r e s idua l  s t r e s s  pa t t e rn  
develops in the f iber ,  z9-31 Tens i l e  s t r e s s e s  are 
genera ted  in the region  of the b o r i d e - b o r o n  in ter face  
which can cause the fo rmat ion  of r ad ia l  c racks  e m a -  
nat ing f rom the in te r face .  These  c r acks ,  or jus t  the 
p r e sence  of s igni f icant  r e s idua l  f iber  s t r e s s e s ,  are  
capable of s eve re ly  l imi t ing  the f iber  t r a n s v e r s e  
s t reng th .  Both t r a n s v e r s e  tens i le  s t r e s s e s  applied 
dur ing  composi te  mechan ica l  tes t ing and those caused 
local ly dur ing  cutt ing p rocedu re s  can cause f iber  
f r ac tu re  along d i ame t r a l  p lanes .  La rge r  d i ame te r  
f i be r s ,  having a l a rge r  ra t io  of boron to bor ide ,  may 
be expected to genera te  s m a l l e r  t ens i le  r e s idua l  
s t resses .3~ Those  f ibers  fabr ica ted  by the R. F.  
technique may also have s m a l l e r  r e s idua l  tens i le  
s t r e s s e s  due to the mi lde r  t he rma l  g rad ien t s  at the 
ends of the r e ac to r  hot zone assoc ia ted  with this 
p r o c e s s .  The s i l icon  carb ide  is  expected to have a 
higher t r a n s v e r s e  tens i le  s t rength  due to the fact  

that the tungsten core is not conver ted  dur ing  f iber  
syn thes i s .  

The t r a n s v e r s e  t ens i l e  s t r eng ths  of the s e v e r a l  
d i f fe rent  boron and BORSIC f ibe rs  d i scussed  above 
have been measu red  d i rec t ly  by a d i a m e t r a l  com-  
p r e s s i o n  tes t  technique .32 The r e su l t s  obtained by 
this p rocedure  conf i rm the higher t r a n s v e r s e  f iber  
s t reng ths  of the l a rge r  d i ame te r  and R. F.  f ibe r s  
i n fe r r ed  by the composi te  data p resen ted  in Fig .  18. 

SUMMARY AND CONCLUSIONS 

It has been shown that the t r a n s v e r s e  e las t ic  mo-  
dulus of boron a luminum compos i tes  is desc r ibed  
well  by exis t ing fo rmula t ions  based on cons t i tuen t  
m a t r i x  and f iber  modul i .  Var ia t ions  of modulus  with 
tes t  t e mpe r a t u r e  and volume f rac t ion  f iber  agree  with 
exis t ing  p red ic t ions .  

Composi te  t r a n s v e r s e  tens i le  s t rength  was shown 
to be re la ted  to both the ma t r ix  and f iber  s t r eng ths .  
This  la t te r  quanti ty va r i e s  subs tan t ia l ly  with f iber  
type and i l l u s t r a t e s  the cons ide rab le  an iso t ropy of 
boron  f ibe r s .  Composi te  f r ac tu re  mode,  e i ther  p redo-  
minant ly  ma t r ix  fa i lu re  or f iber  spl i t t ing,  is dependent  
upon the magnitude of t r a n s v e r s e  f iber  s t rength  r e l a -  
tive to m a t r i x  s t rength  and cont ro ls  the funct ional  
dependence of composi te  s t rength  on composi te  f iber  
content .  Good a g r e e m e n t  in s t rength  is  obtained with 
exis t ing  ana lyses  when m a t r i x  fa i lu re  p r e domina t e s .  

The sens i t iv i ty  of composi te  t r a n s v e r s e  tens i le  
behavior  to f iber  edge condit ion has been demons t r a t ed .  
Cutt ing techniques  in i t ia te  flaws which can propagate 
and fai l  the composi te  spec imens  dur ing  t r a n s v e r s e  
tens i le  tes t ing .  The p reex i s t en t  spl i t t ing tendency of 
the boron f ibe rs  v a r i e s  with f iber  f abr ica t ion  p r o c e -  
dure  and d e t e r m i n e s  the suscept ib i l i ty  of the f ibe rs  
to machin ing  damage.  

Signif icant  i mpr ove me n t  in composi te  t r a n s v e r s e  
tens i le  s t rength  can be achieved by the incorpora t ion  
of f ibers  having a high t r a n s v e r s e  tens i le  s t rength .  
T r a n s v e r s e  tens i le  s t r eng ths  of up to 45,000 psi  can 
be achieved in this m a n n e r .  Th i s  s t rength  level  is  
approximate ly  a factor  of two g rea te r  than the s t rength  
of boron  or BORSIC a luminum compos i tes  avai lable  
at the outset  of this r e s e a r c h  p r o g r a m  and has m i t i -  
gated one of the major  imped imen t s  to the applicat ion 
of b o r o n - a l u m i n u m  composi tes  for aerospace  appl i -  
ca t ions .  
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