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The Iam.Cna~tas had the .f 'ol.I.owin.g r anges  o f  p r o p e r t i e s :  
1 0 - 9  to 2'7,30j,  .voI.ume f:r:act:ion of reinforcemen,t: ,  4,6 t o  1 6 - 9  x 
1.0 p s i  t e n s i l e  modululsl 4 J  t.o 701. x L O  p s i  s h e a r  rnodul.us, 
1.3-6 to 2 8 - 3  x .'kO p s i  tensile s t r e n g t h ,  3 4 - 0  t o  5'7-4 x 10 
p s i  .f.l,exu:cji.l. s ,&reng th ,  3 7 , O  t.0 57.2 x 1.0 p s i  compressive 

3 s t reng . th ,  and  3 , 7  t o  6,'Y x I.0 psi. k t e r ' 1 a m i n a r  s h e a r  s t r e n g t h ,  
These vaiue:s we:re essent ia1. l .y  independent  of o r i e n t a t i o n .  
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I n .  t e r m , s  o f  "speci.f':ic p r o p e r t i e s "  (i e (. rnater.i.al proper-, 
ties d.iv:ided b y  t,he! un.l.'t, .weigh.t o f  the composi te )  the m a x i m u m  
r e s u 1 . t ~  were: spe.c:ific f . l .exuraI  moduBusp 2,63 x 10  inch,.; 
s p e c i f i . ~  te:tislle str:e:ngt.h, 5 1 6  x 1 0  i n c h  
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2 ,  M a t e r i a l  P roduc t ion  

During the perfoxmanee of  %his c o n t r a c t  specimen m a t e r i a l s  

to be used  i n  o b t a i n i n g  d e s i r e d  d a t a  w e r e  p r e p a r e d  in two NB.C 

vacuum vapor  d e p o s i t i o n  systems.  Most of  the m a t e r i a l s  w e r e  
p r e p a r e d  i n  System 421, a semi-cont inuous f a c i l i t y  c a p a b l e  of 
h a n d l i n g  150 foot  Lengths  of t h i n  me ta l  o r  p l a s t i c  sheet. 
Some of the m a t e r i a l  was p r e p a r e d  i n  System 3176, a sma l l  
ba t ch - type  f a c i l i t y  c a p a b l e  of c o a t i n g  a r e a s  of  abou t  60 

square i n c h e s ,  f i e  g e n e r a l  p rocedure  used f o r  the e v a p o r a t i o n  
of boron c a r b i d e  is ahmihar to t h a %  used  f o r  the e v a p o r a t i o n  
of boron.  T h i s  h a s  been described by Chadsey and Allen'" and 
by Beecher, Feakes and A l l e n .  Q2 1 

The specimen m a t e r i a l s  w e r e  produced by d e p o s i t i o n  of 
boron c a r b i d e  c o a t i n g s  from the vapor  phase  on to  three d f f -  
f e r e n t  s u b s t r a t e s  The three s u b s t r a t e s  w e r e  duPont %apton"-- 
a poly imide  film 0.5 m i l  t h i c k ,  aluminum f o i l  0.7 m i l  thick, 
and %iCanium m e t a l  i n  the form of t a p e r e d  b a r s ,  The t i t a n i u m  
s u b s t r a t e  qpecimens w e r e  used  i n  a s p e c i a l  i n v e s t i g a t i o n  con-! 
c e r n i n g  the i n t r i n s i c  s t r e n g t h  of the  vapor  d e p o s i t s ,  a s  des-  
cribed i n  Geet ion 8 ,  

The boron  c a r b i d e  c o a t e d  0.5 m i l  po ly imide  f i l m  was pro- 
duced in seven r u n s o  Both sides of the s u b s t r a t e  w e r e  coa ted .  
These r u n s  produced approx ima te ly  200 feet  of  10 i n c h  wide 
m a t e r i a l  w i t h  a boron c a r b i d e  c o a t i n g  t h i c k n e s s  r ang ing  from 
0,12 m i l  t o  0.36 m i l ,  Adhesion of the r e f r a c t o r y  c o a t i n g  t o  
the poly imide  f i l m  was c h a r a c t e r i z e d  by a "Scotch  Tape T e s t "  
f o l l o w i n g  a two hour exposure  o f  the d e p o s i t  t o  b o i l i n g  w a t e r o  
The adhes ion ,  acco rd ing  t o  t h i s  test ,  v a r i e d  from poor t o  
e x c e l l e n t ,  About 110 feet  of  m a t e r i a l  had good t o  e x c e l l e n t  
adhes ion  and was s u i t a b l e  for l a m i n a t i n g  use .  
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The boron  c a r b i d e  c o a t e d  0 - 7  mil. alumhum foil was pro- 
duced in f ~ u : r  ru .ns  in NRC System 421.  These- r u n s  produced 
approx ima te ly  180 fee t  of 1,O i n c h  wide m a t e r i a l  w i t h  a boron 
c a r b i d e  coating, on one s i d e  only ,  ranging  i n  t h i c k n e s s  f r o m  
0,15 mil. t o  0 - 2 0  m i l .  The adhes ion  of the r e f r a c t o r y  coating 
to the al.u.minurn f o i l  was e x c e l l e n t .  No boron  c a r b i d e  was re- 
moved by "Scotch" t .ape a f t e r  samples  had been immersed i n  
b o i l i n g  wat,e.r for t w o  h o u r s .  

4 



R_ 3 .  Chemical. Cornpositi,on o:f Fi lms 

A compound su.ch. a s  boron c a r b i d e  may e v a p o r a t e  i n  a 

number of ways. 1.t: i s  p o s s i b l e  that t,he s i n g l e  rno,le@rw.l.es or  
essoeiat,.ed molecules  of boron c a r b i d e  predomina,te i n  t h e  

vapor .  It. i s  a l s o  p o s s i b l e  t h a t  t h e  boron c a r b i d e  clissoci- 

a,t.es w i , t h  the formation of one or more s p e c i e s  such a s  el,emen- 
t a l  bo:ron., BC2' B2C, etc. Evidence i n  t,he L i t e r a t u r e  
sugges,k:s tha,% , the main COnStitUentS of t h e  vapor  a r e  bo:ron, 
B e 2  and B2Ca Consequenkky, it is l . i ke%y that:. the composiRi,on, 
of the condensa te  formed :E:rom t ,he vapor would d i f f e r  from 
S.hat  of the m e l t .  It. is a l s o  :Likely that: the depoekk formed 
would not p o s s e s s  the c 'harac te r : i s t l . c  c r y s t a l l o g r a p h i c  s t r u c -  
ture ~f B4C, even if t,he a tomic  r a t i o  w e r e  s t o i c h i o m e t r i c ,  
i * e w t  4 ,t.o 9, 

(.a# 51  

Although t h e  literature i n d i c a t e s  .that. t h e r e  a r e  s i g n i -  
f i c a n t .  d:Effe:ren.ces :hi the phase  r u l e  d a t a  on. the boron-carbon 
system, it a p p e a r s  very 1ik.e:ky that a s o l i d  s o l u t i o n .  of boron 

a range of me1.k  eomposi t lons  i s  p o s s i b l e  around the i d e a l  
eomposit.io.n of boron c a r b i d e .  No daka have bean found in 
t.h.e :l.Lt.e:rat.u:re :f.'or ,the equi l . I .br ium l i q u i d .  and vapor  eomposl.-, 
,t,i,ons Qso-ca:l , led X-'Y d h g r a m s )  f o r  t h e  boron-carbon, system. 
:In an eqw9.:1,i,b:rium evapora t , ion  of a m e l t  havira.g t.he canps i -  
,L:ion o:f! boron  ca r ' b ide ,  it i.s t h e r e f o r e  psss:ib:Lc t h a t  ,the B-C 
rat.:i.o cou.1.d ch.an,ge acco rd ing  to wh.ethe:r the boron o:c carbon 
had t h e  h.fgh.er r e l a , t , i v e  v o l a t i l i t y  

and carbon in boron e a r h i d e  9 s  p o s s i b l e ,  g6, @onseq1J,en,tly, 

In. ,the Cia se of el.ec,t:r::on. beam e v a p o r a t i o n  from th.e  s u r f a c e  
o f  a .ee,'l.at.l,veI.y smaLI c r u c i b l e  of boron c a r b i d e ,  howe,ver, the 
evaporat : fon ve ry  1 . ike ly  oceu:c s unde:r non-equiI,ibrium. condi.- 
.ti. on 8 . e :l:Lqu.:id phase  is mixed by eonvect:ion cw:r~elp~k.s~ 
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bu.k, khe degree of mixing from. t.h@ bottom of the c r u c i b l e  ,t.o 

the evapora t ing  s u r f a c e s  m.ay not be sufficient to :reduce 
composl:t.iona:l d i f  f e r e n e e s  ko n e g l i g i b l e  v a l u e s ,  

prom the  fo rego ing ,  i t  i s  a p p a r e n t  t h a t  the t xue  chemi- 
tal composit,ion of the condensa te  cou ld  n o t  be p r e d i c t e d ,  W e  

rnay assume with 1.ittJ.e errmg h o w e v e r ,  t.hat: the average  corn- 
p o ~ i , t i o n  of .the deposit. must ag:see w i t h  . t h a t  of t h e  feed u n . l e s s  
one componen.t, w a s  Isst by chemical reaction or h i g h  vapor pres- 
s u e  ., 

Xn. t.he work ca,:rr%ed o u t  under the p r e s e n t  program a n u d e r  
of analyses w e r e  made of the  c m t e n t s  of the c r u c i b l e  a f t e r  an  

evaporakicm runrn Analyses  we:re  3 1 , ~ ~  made of the deposit, For 

all o f  the e v a p ~ r a t k m  c a r r i e d  ou:t a f t e r  Run 42-947, the f e e d  
m a t e r i a l  w a s  one cornpsai,&ion.; 25 pounds of boson carbide.  f r o m  
Mor,t.on Company was carefu . l . ly  sized, mixed and samp%ed. Before 
b e h g  u.sed as f!eed rnat.er:fa:l. it was vacuum degassed f o r  2 hou.rs 
a t  1.300°C, Samples of this feed maker i a l  w e r e  anaLyzedo 

The data obkained in the sampling and axza lykkal  work 
are, shown. in. Tabl.es I an.d PI. The the.oret.iea1 boron content 
of boron c a r b i d e  i s  7 8 - 2 6  weigh t  per cent ,  boron. The campoai- 
t i o n  o f  t:,he f e e d  rn,a,&eria% w m  %5,3 weight p e r  cent. boron ,  

s1,:igh.t:l.y higher th.an those of the f e e d .  The top-center of t h e  
melt: ana:l.yzed abou,t. 7 %  weight: per cent in many i n s t ances .  The 

d a h  from Rum 42 -1.47241. sugges ted  tha t .  the  naat.e:r'ia.'E which 
el.irnbed u.p above the me1. t ,  and ; f kone  on th .e  :rim of the c r u c i b l e  
had a higher boron e0nten.t; ,than t.he rne,'Et. 

%n general., samples t a k e n  f:rom the m e l t  had boron c o n t e n t s  

The anal .yt . ica .1  d a t a  abt;aI.med on the cornpoaitl.ora o f  t he  
de,pos:i,t. i n d i c a t e d  t h a t  ft, had a l o w e r  boron cornpos:it.ion than .  
,the feed. was pa:rki.cu:larly l .ow at. ,t.he begi.nnin.g o f  Rin 

4.2-.1.4'7At1 when t.he crucible was rel.ati.ve1.y f u l l  w i t h  new1.y 
m,s:l,,ted-.-:i.n .feed 
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TABLE 1 

Run 42-145A 
(End of run) 

Run 42-146A 
(End o f  run) 

Run 42-147241 
(Feed eomposi- 
t i o n  75.3% B) 

Run 42-147A2 
(Feed composi- 
t i o n  75.3% B) 

Boron Carbide : 

Top-center of melt 
Middle-center of melt 

Top-center of melt 
Middle-center of melt 

Upper edge of melt 
Upper edge of melt 

Top-center of melt 
Top-center of melt 

*** 

Stoichiometric Compo- 
sition, B4C 

77013% Boron 
78.19% Boron 

77.06% Boron 
76.42% Boron 

79,6% Boron 
82 3% Boron 

77.46% Boron 
76.60% Boron 

78.26 wt % B 
21.74 we % C 
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Run 42-14781 

Run 42-147A2 

Run 3176-28 

Run 3176-30 

TABLE 11: 

Composition of Deposi t  

I n i t i a l .  depos i t  
F i n a l  depos i t  

F i n a l  deposi t  

Total depos i t  

T o t a l  depos i t  

67,6% Boron 
72 -2% Boron 

69.5% Boron 

77.17% Boron 

Boron Carb ide :  S to ich iome tr :f c Compo- 78.26 w-k % B 
21.74 w t  % C B4c s:it.ion., 
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The d a t a  o b t a i n e d  in Run 3176-28 and 31.76-30 were from 
evapora t ions  from sma1.I.er erucib%es t h a n  42-147A1 and 42-147.~2 

I n  t h e  317’6 series, it is l i k e l y  t h a t  t h e  compos i t . bn  would 

esrrespond t o  Ithe rem~val of r e l a t i v e l y  l a r g e  f r a c t i o n s  evap- 
s r a t e d  f r o m  the  crucible and consequen t ly  the ana lyzed  samples 
would approximate the composi t ion  of t h e  crucible f e e d ,  

%e over -a l l  d a t a  s u g g e s t  t h a t  i n  t h e  evaporat.ion of re9.a- 
tively l a r g e  volume of boron c a r b i d e ,  i n i t i a l l y  the carbon has 

a h i g h e r  r e l a t i v e  vola . tkP. i ty  t h a n  the boron, Under these cir-  
cumstances the d e p o s i t s  t e n d  .to be boron d e f i c i e n t  wit31 respect 
t o  la~:r:.on c a r b i d e ,  Over long p e r i o d s  of t i m e ,  or w i t h  I , a rge  
fractions evaporated from the c r u c i b l e ,  the composi t ion  of 
the d e p o s i t s  approximates  k h a t  of the f e e d .  
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4, Mechanical P r o p e r t i e s  o f  ~ i 1 . m ~  

The t w o  mechanica l  p r o p e : r t i e s  of major  i n t e r e s t  concern ing  
the vap0.r d e p o s i t e d  boron  c ,a rb ide  a r e  s t r e n g t h  and e l a s t i c  
modu2u.s Both p r o p e r t i e s  a r e  d i f f i cu1 .k  to measure,  mainly 
because  the fibs a r e  r e l . a t i v e l y  k.hin and e a s i l y  damaged. 
The approach  t a k e n  i.n .the presen.t work was t o  u s e  i n d i r e c t  
methods for de,te.rmining both the modu1u.s and the f i l m  s t r e n g t h ,  
En the c a s e  of the modE.Lus, it h a s  been  assumed t h a t  v o i d  free 

and we. l . l .  bonded rnu l t i l . aye r  l a m i n a t e s  shou ld  obey the Rule-of-  

Mix tu res  w i t h  respect .to the  moduli  of the composite and com- 
p o n e n t . ~ .  S i n c e  5.he moduli  of b o t h  t,he poly imide  s u b s t r a t . e  and 
the  epoxy adhes i .ves  a r e  ve ry  low compared t o  the modulus of 

boron c a r b i d e ,  the i n h e r e n t  s t i f f n e s s  of the d e p o s i t e d  f i l m s  

cou ld  be deduced f r o m  measurements of t h e  e l a s t i c  modulus of 

the co.mposite and the known volume f r a c t i o n  o f  r e i n f o r c e m e n t  
by the Rube-of-M:Extures, Data  on t h i s  w o r k  a r e  p r e s e n t e d  i n  
S e c t i o n  7 .  

The approach  used  .in s t u d y i n g  the  i n t r i n s i c  s t r e n g t h  o f  

the f i l m s  is ou$li .ned in t h i s  s e c t i o n .  
Boron c a r b i d e  was vapor  d e p o s i t e d  on r e l a t i v e l y  mass ive  ' 

Z.:it.anium subsdxa, te b a r s  .I T:i.t.aniu.m was chosen b e c a u s e  i,t has 
a cocff:ic:ient. of t.herrna1. expans ion  (8 x l.0-'6/oCD which i s  
d o s e  to t h a t .  o:f boron c a r b i d e  (4.5 x 1 0 - 6 / o C ] .  The b a r s  
w e r e  1./4 inch th.ick and t , apered  ,in w i d t h  from 1..0 i n c h  t.o 0.7 
h c h .  over' a . length. of 4,s :inches ( F i g u r e  1). The degree o f  

,tapex: was des igned  to p e r m i t  t.h.e appl.:Eca&ion of a gradua, ted 
st.r:a:in arnp:l.:i,tude t o  any t h i n  coa,t:i.ng a p p l i e d  t o  the s u r f a c e  
o f  ,the t.apa:red b a r  by means o:E a s h g l e  l o a d i n g o  

The. t .ape:red bar:s we.ce p o l i s h e d ,  c l e a n e d  tho rough ly  and 
p.ceh.ca,t..ed bef!o:re commmcing t h e  coat5n.g opera t  i o n  @oat.;Engs 
of.' appr:ox:i..mat,e.l.y 0 e .3 m i l  w e r e  a p p l i e d  ., 
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F i g u r e  1 

Boron C a r b i d e  C o a t i n g  o n  
T i t a n i u m  T a p e r  Bar  
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"h.e coat,& b a r s  w e r e  pw.:l.led I n  ,t:ension in an Lnst ron  
m.ac,hine a t  0.05 h e / m : h u  arnt.I.1 a , load was r eached  such t h a t  
the normal. strain in the t a p e r e d  b a r  v a r i e d  from about.  0,2% 
( e l a s t l , c )  a t  the w i d e r  end t o  abou,t  1.0% ( e l a s t i c - p l a s t i c )  a t  
the narrow end,  The ac,t;ual, s t r a i n  d f s t . r , i b u t i o n  w a s  monitored 
w:F,th. a series of s t r a i n  gages  (FSgu.re 2 )  The b a r  was t h e n  
unl.oaded quick1.y. 

behaved l i k e  a "b r i t t l e  c o a k h g ,  I' such t h a t  t r a n s v e r s e  t e n -  
sion. et-acks became v . i s ib . le  bn r e g i o n s  where the cohes ive  
s t r e n g t h  of the f i l m  was exceeded.  W i t h  subsequent  photo- 
g r a p h i c  examinat ion ,  the den,s i t .y  of t e n s i o n  c r a c k s  (i.oe,, I 

nu.mber of t r a n s v e r s e  c.ra&s p e r  u n i t  l .eng,th of b a r )  a s  a 

func t ion .  of .l.ocaI strain could be e s t a b l i s h e d ,  

The boron c a r b i d e  film on the f r o n t  f a c e  of t h e  b a r  

S e v e r a l  coatAngs w e r e  I n v e s t i g a t e d  i n  t h i s  way, The 

c o a t i n g  r u n s  and some of the a s s o c i a t e d  c o a t i n g  param,et.e:rs 
a r e  shown in .  Table  XIS, 

The r e s u l t s  have  been  rcpresen.ked by a p l o t  of . l inear  
crack. densi t .y ,  f , 'vs. maximum local s t r a i n  E I a s  shown 
i n  F i g u r e  3 .  

The d a t a  h d i c a t e d  t h a t .  boron c a r b i d e  : f i . l m s  cou1.d be 

d h a r a c t e r i i e d  by a r a t h e r  sh.arp c r i t i c a l  ;faiB.u.re s t x a i n ,  
ccr a t  wh:iclh the f:irst t.ensi.on cracks occur red .  (The 
"cr:lt.ica,'L s t . ra i .n" ,  ecr I was de , t , emined  by e x t r a p o l a t i n g  
the observed  d a t a  to :E := 0, 9.e" no c,racks.) Add:i,tbna.l,  
cracks appeared  v e r y  r a p i d l y  w i t h .  a sma1,1, i n c r e a s e  o f  the 
s t r a i n ,  such t h a t  f o r  a.l.1. p r a c t i c a l  pu.rposes the mat.eria:l. had 
:Ea S , e d  wh.sn. cCr w a s  exceeded. (In th.:Es respect,, these 
boron. ca rbida fl. I m s  resembkd the con*ven,t,:i on,al. en.g:in.e e:ring 
:ma,ter::i,a,'l,s more t h a n  the g1.a ssy  ceramics  f o r  which the strength 
disS.r::Lbut..:ion usua;l , ly c o v e r s  a m w h  b r o a d e r  spectrum. 
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F i g u r e  2 

M o n i t o r i n g  the  E l a s t i c - P l a s t i c  S t r a i n  
D i s t r i b u t i o n  i n  T i t a n i u m  T a p e r  B a r s  
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TABLE 111 

Boron Carb ide  Fi lm Coated 
on Ti tan ium Taper Bars 

S u b s t r a t e  
Date  Coa t ing  Temperature  

Bar N o  Coated System OC 

( a  1 (b 1 
Remarks 

T i  a. 4-67 4 2 1  600 Poor adhes ion ,  e x c e s s i v e  de- 

T i  2 4-67 4 2 1  600 Good adhes ion ,  many g l o b u l a r  
bonding 

i r r e g u l a r i t i e s  embedded i n  
c o a t i n g  s u r f a c e  

Ti 23 10-67 3176 530 Good adhes ion ,  smooth s u r f a c e  

Ti 24 11-67 42 1 62 5 1. Smooth p o l i s h  on s u b s t r a t e  
2, S u b s t r a t e  t e x t u r e d  w i t h  2 1 0  

g r i t  a b r a s i v e  i n  t r a n s v e r s e  
d i r e c t i o n  

Ti 25 11-67 4 2 1  625 1. Smooth p o l i s h  on s u b s t r a t e  

g r i t  a b r a s i v e  i n  l o n g i t u d -  
i n a l  d i r e c t i o n  

2. S u b s t r a t e  t e x t u r e d  w i t h  2/0 

Ti 26 1-68 3176 220 Poor adhes ion ,  e x c e s s i v e  de- 

Ti 27 1-68 3176 600 1. Edges of  d e p o s i t  d i f f u s e  
bonding 

by masking 

w h e e l  
2. Edges c u t  s h a r p  w i t h  diamond 

( a )  Coa t ing  system: 4 2 1  = l a r g e r  ( ~ 4 0  cu.  f t . )  vacuum 
chamber ., 

31.76 = smaIl.er ( - 6  cu. ft,) e x p e r i -  
men ta l  c o a t e r  

(b) S u b s t r a t e  t .emperature:  a s  i n d i c a t e d  by thermocoup1.e 
p l a c e d  in vacuum beh ind  s u b s t r a t e  b a r .  Gave o n l y  ap- 
proximate  r e a d i n g  o f  t r u e  s u r f a c e  t e m p e r a t u r e .  
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V a l u e s  f o r  eCr fo r  the s e v e r a l  t y p e s  of specimens 
ranged  from a l o w  0.23% to a h i g h  0 , 5 5 % .  Assuming p e r f e c t l y  
b r i t t l e - e l a s t i c  b e h a v i o r  and a Young's modulus of  60 x 1 0  

p s i  f o r  boron  c a r b i d e ,  the co r re spond ing  f r a c t u r e  s t r e n g t h s  
ranged  f r o m  138 ,000  t o  330,000 ps i .  

6 

The obse rved  behavior  cou ld  be described a n a l y t i c a l l y  
by the f u n c t i o n  

where :E(E) = the  st . :rain dependent  c r a c k  
d e n s i t y  (in-') 

s t r a i n  ( i n / f n )  
e = the  l .oca1 val.ue of the normal 

A = a numer ica l  c o e f f i c i e n t ,  (in-") 
'cr = v a l u e  o:f the  " c r i t i c a l  s t r a i n "  

Q i n / i n )  

Numericma1 v a l u e s  for: E and A a r e  shown in Tab le  IV. 
The l i n e a r  crack rate c o e f f i c i e n t ,  A approximates  the 

cr 

observed  behavl .ar  qu:it.a w e l l . ,  up to a cer t . a i .n  l i m i t ,  h d i c a t e d  
in F:f.gur:e 3 by the. theore tAcal .  cwrve T: - E = c o n s t a n t .  T h i s  
f u n c t i o n  :is d e r i v e d ,  and the  constant :  is sva l .ua t ed ,  in Appendix 
I. Ther:e :it is shown t h a t  a much s m a l l e r  r a t e  of crack. accumu- 
l a t i . o n  mu , s t .  be expect.ed beyond t .his l i m i t t  b ecause  the u l t i m a t e  
shear: s t r e n g t h  of the t . i t a n i u m  s u b s t . r a t e  h a s  been  r eached .  
Bel.ow t h i s  l . i m i : t ,  however, the : r a t e  of fo rma t ion  o f  tens i o n  
c raek . s  :in t h e  boron  c a r b i d e  f i l m  :i.s n o t  a f f e c t e d  by  th.e 

s t r e n g t h  1,irni.tat:ions o f  the: aubs%.rate  m a t e r i a l  r) 
The observed  v a r i a t : i o n  o:f from specl.men. t o  specimen 

c0cr.l.d be c o r r e l a t e d  i n  some c a s e s  w i t h  the c o a t i n g  pa rame te r s  
:ind:Ecated i n  Tab le  111 a s  fo1l.ows: 
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TABLE IV 

C r i t i c a l  F r a c t u r e  S t r a i n s  and 
Crack Ra te  C o e f f i c i e n t s  f o r  Boron Carb ide  F i l m s  

on Massive S u b s t r a t e s  

Bar N o .  Ecr % 
(a 1 

Ti. 
T i  

T i  

a i  

Ti 

2 
23 
24 .1  

.2 
25.1 

.2 

27.1 
.2 

.23 

.34 

.54 

.50 

.55 

.45 

.53 
- 5 0  

30 x lo6 
3.3 l o 5  

2.3 l o 5  

1.1 l o 5  

5 1.2 x 10 

(c1 

0.7 x l o 5  

1.8 x l o 5  

( a )  C r i t i c a l  s t r a i n ,  f = 0 for  E < cCr. 

(b) Crack r a t e  c o e f f i c i e n t  d e f i n e d  by Eq. (1). 
V a l i d  f o r  the  range  

0,6 
€Cr < € < T o  

( c )  T r a n s v e r s e  s u r f a c e  roughness  made c r a c k  
c o m t i n g  v e r y  d i f f i c u l t .  Only the f i r s t  
c r a c k  i n  the c r i t i c a l  s t r a i n  r e g i o n  was 
1 oca t ed 
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(1 1 F a b r i c a t i n g  e x p a i e n c e :  c o a t i n g s  produced i n .  the 

(29 D e p o s i t i o n  t ,em,perature:  a t  i n d i c a t e d  s u b s t r a t e  
& a t , t e r  half of t,he program e x h i b i t e d  improved s t ren ,g%h,  

t e m p e r a t u r e s  less t h a n  a b o u t  600-625°6, the c o a t i n g - t o - s u b s t r a t e  
bond was  weak and the s t r e n g t h  of the f i l m  was l o w .  Above t h i s  
t empera tu re ,  the  critical s t r a i n  was f a i r l y  uniform a t  0,5% 

- +oOS%, from w h i c h  an i n h e r e n t  t e n s i l e  s t . r eng th  o f ,  s ay l  300,000 

p s i  could be deduded, 
( 3 )  C o a t i n g  syst.em: m a t e r i a l  produced i n  the l s r g e r  

(42l) CIL' smal , le r  (39.76) c o a t i n g  system c o u l d  not be d i s t i n g u i s h e d  

in these expe r imen t s  ,, 
(4) S u b s t r a t e  s u r f a c e  p r e p a r a t i o n :  two subs t . ra t .e  bars 

w e r e  p d i s h e d  smooth (exper iment  p a r t s  2 4 , l ,  25.1) I b u t  ,then 
w e r e  s t r i a t e d  w i t h  2 1 0  gr i t .  a b r a s i v e  p a r a l l e l  ( p a r t  25,2) or 

$cansverse ( p a r t  24,2!, t o  the b a r  a x i s  fo r  one-half  t .hei:r  
lereg,th p r i o r  t o  coa t ing  Repea ted  t e s t i n g  i n d i c a t e d  that. t,he 

roughened s u b s t r a t e  su : r facs  h c r e a  sed the c r a c k  f requency  osel,y 
s l . i gh , t l y .  A reasonab1.e e x p l a n a t i o n  €or t h i s  would be t h a t  
even a "ssm~~'kh. ly ' '  po:Li.shed s u r f a c e  c o n t a i n s  s u f f i c i e n t  micro- 
scopic i r r e g u l a r i t i e s  bo affect. the c o a t i n g  l i k e  a "rough" 
su.rface 0 

( ,5)  Coa%ing edge p r e p a r a t i o n :  f i l m  c o a t i n g  on one! b a r  
QT:L->2'7 1 was  l e f t  w:i,th ,the d . i f f u s e  shadowed edge produced by 
masking foz. h.aLf ,the b a r  l e n g t h  (pa r t .  27,L); for the remainder ,  
,tihe :La~h.e!:ral edges w e r e  trimmed s h a r p  by means of a diamond 
g r i t .  s.l.it:king wheel ( p a r t  27 2 1 Repeated t e s t i n g  i n d i c a t e d  
t h a t .  B s.kigh,t,.ly h i g h e r  crack r a t e  axad a l o w e r  c r i t i c a l  s t r a i n  
we're a r ~ ~ ~ e i a t , e d  w i t h  t.he edge . txkmi .ng  ope ra , t i on  - Apparent ly ,  
,the: u.se of a cu,tt~ing wheel. i n t r o d u c e d  a d d i t i o n a l  edge damage 
which., when. stxessed i n  t..ensl.on, i n t e n s i f i e d  ,the c r a c k i n g .  
The! f:rne~k.fon.a:l. i n c r e a s e  was smalll however , suggest:fn.g t.hat. a 

k m g e  n.u.mbe.r of crack sou:rces w a s  a l r e a d y  p r e s e n t .  in the d i f -  
f u s e  ejdge or i n  .the: s u r f a c e  of the c o a t i n g .  
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The o p t i c a l .  examinat ion  of ,the c r a c k s  showed t h e m  to be 

n e a r l y  s t r a i g h t .  and con t inu .ous ,  edge t o  edge.  Crack o r i g i n s  
were. not. e a s i l y  i d e n t i f i a b 1 , e  w i t h  o p t i c a l .  microscopy ID B a t h  

carbon ar,d p a r l o d i o n  r e p l i c a s  w e r e  s t u d i e d  w i t h  e l e c t r o n  
microscopy a t  h i g h e r  m a g n i f i c a t i o n ,  b u t  the r e p 1 , i c a t i o n  
t,echniqraes w e r e  v e r y  d i f f i c u l t  and it i s  n o t  c e r t a i n  t h a t  
a l l  of the f e a t u r e s  observed  w e r e  due t o  the o r i g i n a l  boron  
carb i .de  s u r f a c e ,  The topography o€ f i n e  c r a c k s l  i n  p a r t i c u -  
l a r ,  t.ended t o  be obscured  s i n c e  the r e p l i c a  m a t e r i a l  cou ld  
n o t  be s e p a r a t e d  neatly. Some useful.  pho tographs  w e r e  ob- 
t a i n e d ,  howeverp and are shown i n  the n e x t  s e c t i o n .  

S&nmary os'esult3 
(I.) The boron c a r b i d e  vapor d e p o s i t e d  f i l m s ,  under  

c e r t a i n  c o n d i t . i o n s ,  e x h i b i t e d  b r e a k i n g  s t r e n g t h s  on the 

o r d e r  of 300,000 p s i .  
v 

(2) The b r e a k i n g  s t r e n g t h  of boron  c a r b i d e  film w a s  a 

r e l a t i v e l y  s h a r p  func t i . on  of the imposed s t r a i n ,  A c r i t i c a l  
stra i n l  w a s  i den , t . i f i ed , ,  

( 3 )  The b r e a k i n g  skxength of boron c a r b i d e  was s t r o n g l y  
dependent, on s u b s t r a k e  d e p o s i t i o n  t e m p e r a t u r e ,  but.  only a 

weak fun.ct . ion of s u b s t r a t e  s u r f a c e  t e x t u r e  o r  edge t rea tment .  
( w i t . h i n  the observed r a n g e  o f  these v a : r i a b l . e s ) .  
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Mounting and r e p l i c a t i n g  t e c h n i q u e s  have  been  developed 
to p e r m i t  the microscopic examinat ion of virgin and f r a c t u r e d  
specimens Both. e l e c t r o n  and o p t , i c a l  microscopy w e r e  employed. 

E l e c t r o n  Microscopy 

Fresh boron c a r b i d e  f i l m  s u r f a c e s ,  and a l s o  t r a n s v e r s e  
f r a c t u r e  s u r f a c e s ,  have  been  examined by means of r e p l i c a t . i o n  
t e c h n i q u e s ,  w i t h  va ry ing  d e g r e e s  of su.ccess. Rep. l icas  w e r e  
made with 1% par lodion .  s o l ~ t 5 ~ 1 ,  3% p a r l o d i o n  solut , ion,  or by 
the 2-s tage  acetate t ape /carbon vapor  p r o c e s s  e 
w e r e  d u s t e d  onto  the r e p l i c a  s u r f a c e  i n  some i n s t a n c e s  %O 
i n t r o d u c e  known shadow l e n g t h s  and d i r e c t i o n s  f o r  comparison, 
Chromiu.m vapor  a t  50° i n c i d e n c e  w a s  used  for shadowing a l l  
r e p l i c a s .  

Carbon b a l l s  

S e l e c t e d  e l e c t r o n  micrographs  are shown in F i g u r e s  4-8 

and may be d e s c r i b e d  a s  fo l lows :  
- F i g u r e  4: S u r f a c e  05 Ti-23 b a r  c o a t i n g .  The s u r -  

f a c p  was r e l a t i v e l y  smooth and evenp e x c e p t  f o r  o c c a s i o n a l  
f i s s u r e d  f l a w s ,  n e s e  may be e f f e c t i v e  n u c l e i  f o r  t e n s i o n  
c racks  when s-kressed, b u t  the observed  a r e a  d e n s i t y  of this 
parS icu l . a r  k i n d  of f l a w  w a s  much s m a l l e r  t h a n  the d e n s i t y  of 
c r a c k s  w h i c h  appeased a : f t e r  t e s t i n g -  Other  t y p e s  of flaws 
o r  d i s c o n t i n u i k i c s  the re fox ' e  must be equ.aPly e f f e c t i v e  stress 
r a i s e r s . ,  

- F i g u r e  5 :  %u.rfaca o f  Ti-23 b a r  c o a t i n g ,  Some 

i s o l a t e d  a r e a s  appeared  rough and uneven. These w e r e  a s c r i b e d  
t o   spit^"^ bf..e. a r e a s  where 1.iqw.i.d d , ropl .e t s  of the. m e l t  
r eached  t.he substrate 

-' F i g u r e  6: Surface of Ti-24 ( p o l i s h e d  subs t . r , a t . e )  
b a r  c o a t i n g .  The c o a t i n g  s u r f a c e  here was somewhat uneveno 
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Figure  4 

E l e c t r o n  Micrograph of t h e  
Sur face  of T i - 2 3  Bar Coat ing ,  l l O O O X  
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Figure 5 

E l e c t r o n  Microg-raph  of  the  S u r f a c e  
of T i - 2 3  Bar  C o a t i n g ,  55700X 
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F i g u r e  6 

E l e c t r o n  M i c r o g r a p h  of t he  S u r f a c e  o f  T i - 2 4  
( p o l i s h e d  s u b s t r a t e )  B a r  C o a t i n g  

(Carbon  B a l l s  I n d i c a t e  Shadow Direction, 11580X) 
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and InclGded many "domed" o r  '*mounded" p r o t u b e r a n c e s  These 

cou ld  p o s s i b l y  be, due La p r e f e x e n t i a l  p r e c i p i t a t i o n  of  &he 
vapor i n  the neighborhood of some growth-promoting n u c l e i ,  

u r e  7 :  Sur face  o f  T i - 2 5  ( p o l i s h e d  s u b s t r a t e )  
b a r  coa t i f ig ,  s i m i l a r  "mounded" s t r u c t u r e  was observed  
h e r e .  The " v a l l e y  ~ ~ o Q z " "  su r round ing  the "mounds" was r e l a -  
t i v e l y  smooth and even t e x t u r e d ,  

i g u r e  8: S u r f a c e  of  95-25  ( rough,  s t r i a t e d  sub- 

s t r a t e )  baa: c o a t i n g .  The s t r i a t i o n s  of t h e  s u b s t r a t e  have  
been reproduced q u i t e  prominent ly  by the c o a t i n g ,  herwise I 
the c o a t i n g  surface t e x t u r e  resembled t h a t  of the smooth 
s u b s t r a t e  sample ( igure 7 %  Some h o l e s  o r  d e p r e s s i o n s ,  
p robab ly  due t o  " s p i t t i n g "  appea r  t o  have  c o l l e c t e d  i n  %he 

t r o u g h s  o f  the  s t r i a t e d  s u r f a c e ,  
e p l i c a s  of boron c a r b i d e  film c r o s s - s e c t i o n s  were  much 

more d i f f i c u l t  t o  produce, because  the j agged  f r a c t u r e  edges  
which  w e r e  c h a r a c t e r i s t i c  o f  t r a n s v e r s e  s e c t i o n s  of t h i s  ve ry  
h a r d  and. 3 a r i k t L e  m a t e r i a l  caused  t e a s i n g  of the replica upon 
s e p a r a t i o n ,  More r e c e n t l y ,  improved r e p l i c a t i n g  methods 
have been developed., but no microgxaphs o f  s u f f i c i e n t  q u a l i t y  
re a v a i l a b l e  fox t h i s  r e p o r t ,  

P 
D_.i 

number of s u r f a c e  and  s e c t i o n  photographs  o f  boron 
c a r b i d e  l a m i n a t e s  have been made, S i n c e  most o f  t h e s e  show 
the f a i l u r e  r q i o n  of t e s t e d  specimens,  t h e y  a r e  shown i n  
t h e  n e x t  s e c t r o n  t o g e t h e r  w i t h  the d e s c r i p t i o n  o f  t h e  method 
o f  test and the r e s u l t s . .  

t h e  p r e s e n t  program samples  of boron 
c a r b i d e  d e p o s i t s  w e r e  t aken  for  X-ray d i f f r a c t i o n  s t u d i e s ,  
I n  g e n e r a l ,  the  p a k t e r n s  produced b y  the d e p o s i t s  w e r e  d i f f u s e  
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F i g u r e  7 

E l e c t r o n  M i c r o g r a p h  of the  S u r f a c e  of  
Ti -25  ( p o l i s h e d  s u b s t r a t e )  Bar  C o a t i n g  

( C a r b o n  B a l l s  I n d i c a t e  Shadow D i r e c t i o n ,  11580X) 
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F i g u r e  8 

E l e c t r o n  M i c r o g r a p h  of the S u r f a c e  
of Ti-25 ( s t r i a t e d  s u b s t r a t e )  Ba r  C o a t i n g  

(Carbon  B a l l s  I n d i c a t e  Shadow D i r e c t i o n ,  11580X) 
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and ind ica t ed .  t h a t  the d e p o s i t s  w e r e  t y p i c a l l y  "amorphous" i n  
c h a r a c t e r ,  W t y p i c a l  X-ray d i f f r a c t i o n  photograph is shown 
A D  7igure 9 ,  The  exposure  c o n d i t i o n s  used w e r e  Copper Ka 
r a d i a t i o n ,  35 KV, w i t h  an exposure t i m e  of 3 h o u r s .  In 
s e l e c t i n g  +he samples  f o r  examinat ion ,  s e v e r a l  v a r i a b l e s  
w e x e  considered..  Fox i n s t a n c e ,  three samples  w e r e  t a k e n  t o  

e s t i m a t e  whether  there was any v a r i a t i o n  i n  the c r y s t a l l i t e  
s i z e  as a f u n c t i o n  of the t h i c k n e s s  of the d e p o s i t ,  I n  
a b l e  &Ip Sample N o .  6 9 5 B  was a t h i n  d e p o s i t  (approximate ly  

0-1, mil), 696 - a depos i t  of medium t h i c k n e s s  (approximate ly  
0 - 2  m i l ) ,  and 69224 - a t h i ck  depos i t  ( approx ima te ly  0 .3  mil)" 
A l l  of t h e s e  d e p o s i t s  w e r e  removed. from 0 - 5  m i 9  polyimide 
film and the t empera tu re  of the c o a t i n g  p l a t e  a d j a c e n t  ts the  

s u b s t r a t e  d u r i n g  d e p o s i t  w 6 s  r e l a t i v e l y  l o w ,  150-17OaC, I n  
compar  son, sample 690 was d e p o s i t e d  on t i t a n i u m  f o i l  h e l d  
a t  5 3 0 ° C  d u r i n g  d e p o s i t i o n .  The  d e p o s i t  t h i c k n e s s  was r e l a -  
t i v e l y  t h i n  (approximate ly  0 , l  mi19 

A sample was a l s o  t a k e n  of the boron  c a r b i d e  m a t e r i a l  
from the c r u c i b l e .  T h i s  m a t e r i a l  had been  vacuum degassed  
by e l e c t r o n  beam m e l t i n g ,  b u t  had r e s o l i d i f i e d  w i t h i n  the 

c r u c i b l e ,  %t was the normal e v a p o r a t i o n  s o u r c e  m a t e r i a l ,  
From the  degree  of l i n e  broadening  i n  the X-ray d i f f r a c -  

tion photographs ,  e s t i m a t e s  w e r e  made of the ave rage  c r y s t a l -  
l . e t e  s ~ z e ,  The r e s u l t s  a r e  p r e s e n t e d  i n  Tab le  T7, 

I n  g e n e r a l ,  the d a t a  i n d i c a t e  t h a t  there is no s i g n i f i -  
c a n t  v a r i a t i . o n  i n  c r y s t a l l i t e  s i z e  w i t h  d e p o s i t  t h i c k n e s s ,  
or w i t h  k h e  s u b s t r a t e  t empera tu re  d u r i n g  d e p o s i t i o n .  The es- 

t ima ted  v a l u e s  ~f the c r y s t a l l i t e  s i z e s  a r e  s u f f i c i e n t l y  l o w  

t h a t  it- i s  u n l i k e l y  t h a t  the s t r e n g t h s  of the f i l m s  would be 

d e t e r r n ~ n e d  by the i n t e r - c r y s t a l  s t r eng th  ( g r a i n  boundary)  a s  

in more h ighly  c r y s t a l l i n e  m a t e r i a l s .  

2 7  



TABLE v 

E s t.irnd3 ted 
Sample  C r y  s t a 1 1 i t . e  Deposit 
No D Run Pdo, Size Pa pameter 's  

6 9 5 B  4 2 - i 4 6 B  2 3w Poly, Sub,  1 7 0 3 C ,  
Thin 

6 9 6 A  

69224 

690 

42 - 1 4 9 B 2  46W PoSyo Sub,  1 6 5 " C ,  
M e d i u m  

4 2 - 1 3 8 B  37 Polyo Sub. 1 6 5 " C ,  
Thick 

4 6 i  T i  S u b ,  5 3 0 ? C ,  
min 

703E 2oooA Source Mat.erial. 
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F i g u r e  9 

X-Ray Photograph of Boron Carb ide  F l a k e ,  

(Cu K R a d i a t i o n ,  35 kv, 3 Hours Exposure)  
Sample N o .  6928 
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6. F a b r i c a t i o n  o f  Composites 

P rev ious  work a t  NRC, (" 2 '  had  shown t h a t  m u l t i l a y e r e d  
l a m i n a t e s  cou ld  be made from the sheets o f  r e i n f o r c e m e n t  on 
s u b s k c a t e  w i t h  a l a r g e  v a r i e t y  of a d h e s i v e s  such  a s  epoxy 
(Shell Epon 8 2 8  and Shell  Epon 8151, phenoxy (Union Carb ide  
PKSB-80851, and a v a r k t y  of po ly imides .  O f  these, the phen- 
oxy  PKSB-8085 i n i t , i a l % . y  appea red  t o  have  a s a t i s f a c t o r y  eom- 
b i n a t i o n  o f  p r o p e r t i e s .  I m p o r t a n t  among these w e r e  a simple 
c u r i n g  p rocedure  and the a b i l i t y  t o  c o n t r o l  the gLue l i n e  
t h i c k n e s s .  P r io r  t o  the p r e s e n t  c o n t r a c t  a number o f  compo- 
s i tes  w e r e  mad.e w i t h  the phenoxy m a t e r i a l .  However, poor 
r e s u l t s  w e r e  o b t a i n e d  o c c a s i o n a l l y . '  Bubbles  appeared  i n  the 

l a m i n a t e  a f t e r  removal from the press. A t  f i r s t  it was though t  
t . ha t  th.ese bu.bbles r e s u l t e d  from ei ther  e n t r a p p e d  air OF sol-  
v e n t  re . ' leased d u r i n g  c u r i n g  a t  1.9O"C. The u s e  o f  vacuum to 
remove a i r  and s o l v e n t  d id  n o t  g r e a t l y  improve the l a m i n a t e s .  
During the e a r l y  w o r k  on the  p r e s e n t  program, a series o f  

l a m i n a t i n g  t es t s  w i t h  tran.sparern.t Kapton. f i l m  showed that, 
many o f  the b u b b l e s  w e r e ,  i n  f a c t ,  v o i d s  w i t h  l i t t l e ,  i f  any, 
g a s  c o n t e n t .  The b u b b l e s  appeared  .to be caused  by  poor  adhe- 
s i o n  of the phenoxy t o  the rei.n,foscemen.t:. Poor w e t t i n g  a l o n g  
w i t h  the low v i s c o s i t y  of the phenoxy r e s u l t e d  i n  p o o r l y  
bonded r e g i o n s  i n  the l a m i n a t e .  Consequent ly ,  when the 
l a m i n a t e  coo led  a f t e r  c u r i n g ,  the  poly imide  c o n t r a c t e d  more 
t h a n  ,the r e i n f o r c e m e n t  and a "bubble"  formed. 

During the i n i t i a l  work on the p r e s e n t  program, three 
l a m i n a t e s  w e r e  made w i t h  PKSB-8085. Two o f  these (2848-12 
and, 2848-16) had so many b u b b l e s  t h a t  t e s t i n g  work was n o t  
w a r r a n h d .  On the other hand, l a m i n a t e  N o .  2848-14 had  r e l a -  
t i ~ r e l , y  f e w  bubbl .es  and test, d a t a  p r e s e n t e d  l ,a t ,er  w i t h i n  t h i s  
r e p o r t  w e r e  o b t a i n e d  f o r  it. 

30 



On the  a d v i c e  of M r .  James Ray o f  the A i r  Fo rce  M a t e r i a l s  

Labora tory ,  a number o f  p r e l i m i n a r y  l a m i n a t i n g  t es t s  w e r e  
completed w i t h  Un.ion Carb ide  Epoxy ERL-2256. This a d h e s i v e  
h a s  been w e l l  c h a r a c t e r i z e d  by p r e v i o u s  worke r s  and  i s  known 
to have  good wekt ing  p r o p e r t i e s  f o r  boron  f i l a m e n t .  The pre- 
l i m i n a r y  tests showed c o n s i d e r a b l e  promise.  A t r a n s p a r e n t  

l a m i n a t e  made w i t h  Kapton f i l m  and ERL-2256 had  ve ry  few 
b u b b l e s ,  good adhes ion  and a r e a s o n a b l e  g l u e  l i n e .  Fol lowing 
t.hi.s, f o u r  boron c a r b i d e  - Kapton l a m i n a t e s  w e r e  made w i t h  
ERE-2256 t o  deve lop  a l a m i n a t i n g  p rocedure  and t o  p r e p a r e  

samples  fo r  cornparison of  PKSB and ERL-2256 a s  a d h e s i v e s  i n  
t..h:fs t y p e  of l a m i n a t e .  Table  V I  l i s t s  the composi t ion  of all 
l amina t .es  made on t h i s  program. 

The ERL-2256 comparison l a m i n a t e s  a r e  N o s .  2844-17, 
2848-20, 2848-26, and 2848-28. Development o f  a l a m i n a t i n g  
p rocedure  for' these l a m i n a t e s  demons t r a t ed  the f o l l o w i n g  ad- 

v a n t a g e s  f o r  t h i s  a d h e s i v e  over  PKSB-8085: 
(1) ERL-2256 w e t s  boron  c a r b i d e  more r e a d i l y .  
( 2  1 E a - 2 2 5 6  r e q u i r e s  lower l a m i n a t i n g  p r e s s u r e s .  
( 3 )  Em-2256 c u r e s  a t  a lower t e m p e r a t u r e  (l8O0F 

MS. 300°F). 
Fki.le th.e boron  c a r b i d e  f i l m s  used  i n  the ERL-2256 compar:Eson 
I,amina,k.es w e r e  , th in  and of  v a r i a b l e  q u a l i t y ,  the l a m i n a t e s  
demon.stra, ted t h a t  d e f i n i t e  advan tages  r e s u l t e d  from the  use 
of; ER:L-2256 and work w i t h  PKSB was d i s c o n t i n u e d .  

The f o l l o w i n g  s t a n d a r d  p rocedure  was used  f o r  the e a r l y  
.l,aml.natl.ng work u s i n g  ERL-2256 a s  the adhes ive :  

(1) M a t e r i a l  t o  be l amina ted  was sampledp weighed, and 
eu,t ,to s i z e .  

( 2 )  S h e e t s  w e r e  t h e n  c l e a n e d  by d i p p i n g  i n  w a r m  a c e t o n e  

fol.l.owed by h.ot e thanol .  e 
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rFABLE VI 
Laminate Composition 

hamSn.a te  No, of vo1. % 
D a t e  N o  Laye r s  Rein  ., R e m a r k s  

3/28/67 2 8 48 - .I 2 * 20 1 5 - 4  B u b b l e s  n o t  tes ted 

3/31/67 2848--14* 2 0  18 .9  Few bubbled  - tested 

4/6/67 2848-1 6* 2 0  I1. .8 Bubbles - no t  ,tested 

4/7/67 2 844-1 7 20 1 8 , 6  E v a l u a t i o n  of ERL-2256 

4/12/67 2848-20 20 1 6 - 3  E v a l u a t i o n  of ERL-2256 

4/15/67 2848-26 20  14.5 E v a l u a t i o n  of ERL-2256 

4/25/67 2848-28 2 0  18.1 E v a l u a t i o n  of ERL-2256 

6/ 1.4/ 6 7 2848-283 80 15 .8  Secondary: Comp,  T e s t  

6/14/67 2848-28B 80 16 ,2  Secondary: Compu T e s t  

6/14/67 2848-,28G 80 l 5 , 5  Secondary : Comp Te st 

6/22/67 2848-143 80 1 6  a 3 Secondary: Compo Test 
6/28/67 2848-28B 80 1 5  9 Secondary: I n k .  Shear  T e s t  

6/29/67 2848-281 80 1.7 m 0 Secon.dary: In%, Shear  T e s t ,  

1012 5/67 40-42 2 0  2 7  0 .i S,tandard Laminate 
1.0/3 :1./67 48-49A 2 2 9 - 7  Glue L ine  Study 
1 0 / 3  :L/ 6 7 40-49B 2 3 0 - 4  Glue L ine  Study 

1.0/3 116 7 40-50A 2 3 0 , 7  Glue L ine  Study 

10/31./6'7 40-.50B 2 29.9 G l u e  L ine  Study 
11/2/67' 40-47 2 0  23.9 S tanda rd  Laminate 
11/8/67 40-55 8 30.4 Secondary: Made from 

11/1.6/67 40-42C 80 24.9 Secondary: Ent., Shear  Tes t .  

1. ],/I, 616 7 40-47C 80 23 ,5  Secondary: I n t o  Shear T e s t  

11/22/67 40-69** 2 0  L6,8 8t .andard Laminate 
1 1.12 2/67 40-423 80 26 ,4  Secondary: Compo T e s t .  

1.1/2 2/67 40-4'73 80 23.7 Secondary: Com.p. Test 
1112 9/67 40-4" 2 0  17,5 St.andard Laminate 

40-49 A&B; 40-50 A&B 

1./l. 2/68 40-693"" 1 2 0  1.6 . 5 Secondary: Int, Shear T e s t  
1/12/68 40-69B 1.2 0 .l. 6 0 2 Secondary: Pnt, Shear  T e s t .  
1/12/68 40-723 1 2  0 1 7 . 3  Seconda:cy: Int.. Shear  T e s t  
1/1,2/68 4 0"- 7 2 :F 1.2 0 1 6 , 8  Secondary: I n t ,  Shear  T e s t  
1/26/68 40-88 2 0  15-3 Standa rd  Laminate - 

*PKSB was used  :for these l a m i n a t e s ,  An epoxy adhes ive ,  ERL-2256 was 
used  :fo:r ot,he,r ,'Y,arninat;es l i s ted .  

**Boron c a r b i d e  - aI,u.m:i.n.um was used  fo r  these 1.am.lnates 
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( 3 )  When d r y  (a few minutes  i n  a i r )  the sheets were 
d ipped  in %he a d h e s i v e  m i x t u r e  ERL-2256 (100 p a r t s  by w e i g h t )  
t o  c u r i n g  a g e n t  2 (20  p a r t s  by w e i g h t )  d i l u t e d  w i t h  an e q u a l  
volume 06 methyl  e%hyl  ke tone .  

(4)  The sheets w e r e  hung i n  the a i r  oven a t  90°C u n t i l  
t a c k y  -- approx ima te ly  2 0  minutes .  

a d h e s i v e  m i x t u r e  between each  l a y e r  i n  the bot tom chamber o f  

the  vacuum press. See F i g u r e s  10 and 11. 

( 5 )  $he sheets w e r e  l a i d  u p  w i t h  a l a y e r  o f  u n d i l u t e d  

( 6 )  73e l a m i n a t e  package was t h e n  evacua ted  t o  less 
t h a n  200 mic rons  withouk a p p l y i n g  any p r e s s u r e  t o  the l a m i n a t e .  
T h i s  w a s  done b y  e v a c u a t i n g  both the t o p  and bot tom chambers 
a f % e r  assembl ing  the press. F i g u r e  1 2 .  

( 7 )  P r e s s u r e  w a s  s lowly  a p p l i e d  t o  the package f i rs t  by 
a d m i t t i n g  g a s  t o  the  upper  chamberp and t h e n  e x e r t i n g  p r e s s u r e  
(200 p s i )  on the l a m i n a t e  th rough  the diaphragm. The meehani- 
ca l .  press was used  f o r  t h i s  o p e r a t i o n ,  

(8) Heat  was a p p l i e d  t 0  c u r e  (1 hour  a t  1806F) fo l lowed 
by  a p o s t  c u r e  o f  1 hour a t  300°Fe 

!The s t a n d a r d  l a m i n a t e  c o n s i s t e d  o f  2 0  l a y e r s  o f  r e i n f o r c e -  
ment. m a t e r i a l  h e l d  t o g e t h e r  by 1 9  l a y e r s  of a d h e s i v e ,  This 
package,  which had an  a v e r a g e  t h i c k n e s s  of  20 mils, was con- 
s i d e r e d  to be t o o  t . h in  fo r  p r a c t i c a l .  compression and s h o r t  
beam i n t e r l a m i n a r  s h e a r  tests. Laminates  f o r  these tests 
w e r e  p r e p a r e d  by  c u t t i n g  a s t a n d a r d  l a m i n a t e  i n t o  s m a l l e r  
specimens (see S e c t i o n  V I )  and r e l a m i n a t i n g  these t b  produce 
a secondary  l a m i n a t e  w i t h  a s m a l l e r  a r e a  b u t  hav ing  f o u r  t o  
six t i m e s  t h , e  t h i c k n e s s  of the o r i g i n a l .  The 80 and 1 2 0  

l a y e r  l a m i n a t e s  l i s ted  i n  TabLe 'VI w e r e  p r e p a r e d  I n  t h i s  
manner. 

The s t a n d a r d  l a m i n a t i n g  p rocedure  p r e v i o u s l y  d e s c r i b e d  
was m,od:if:ied a s  a resu1,t: o f  the g l u e  l i n e  sku.dy i n v o l v i n g  
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Figure 12 

Vacuum Press Assembled i n  Mechanical Press 
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l a m i n a t e s  40-49, 40-50, and 40-55 The resuI. t .ant.  f:inal. s t and-  
a r d  .I am:in,a't:i.ng p rocedure  i s  outl . in.ed below: 

( I>  Mats.er:ial. t o  be ZarnLnaked is sampled, weighed, cut.  
t o  s i z e ,  and measured. 

( 2 )  S h e e t s  a r e  t h e n  c l eaned  by thorough s p r a y  r i n s i n . g  
w i t h  warm a c e t o n e  fol.J_owed by h o t  a lcohol . .  

(39 When d r y  (a  f e w  m:fnutes i n  a i r ) ,  the sheets a r e  w e t ,  
s p r a y  coat.ed w i t h  a n  ad .hes ive  m i x t u r e  of Em-2256 (100 p a r t , s  
by w e i g h t )  and  c u r i n g  a g e n t  Z (20 p a r t s  by w e i g h t )  d , i lu , ted  
w:i,t.h 9 t i m e s  i t .s volume o f  methyl. e.thy.1 k e t o n e .  

(4) The sheets a r e  then d r a i n e d  i n  a i r  5 minu tes  and 
h.ung i n  an a i . r  oven a t .  22S°F fo:r 45 m i n u t e s .  

( 5 )  Tlne p r e c o a t e d  sheets a r e  t h e n  w e t  s p r a y  coat .ed w i t h  

the  same a d h e s i v e  m i x t u r e  dLl.ut.ed w i t h  an  equal. volume of 

methyl  et .hyl.  ke tone .  
( 6 )  The sh.eets a r e  t h e n  d r a i n e d  ;in a i r  5 minu tes  and 

hung i n  an a i r  oven a t .  225°F unt. : i l  t a c k y  - approx ima te ly  2 0  

rn:inut.es 
( 7 )  The sheet.s a r e  t h e n  l . a id  up w i t h  a cross bead  o f  

u.ndil.ut..ed a d h e s i v e  m;i.xtu.re b e t w e e n  each  l . aye r  
(8) The : laminate  package is then evacua ted  t o  le.ss t h a n  

2 00 m.:iecons for: 20 m i n u t e s  wit,hout:. apply:ing any p r e s s i x e  to 
t h e  . lamina t.e 

( 9 )  P:ressure  is s1.ow:l.y app.l.:fed t.0 the package and brought ,  
u p  t o  200  p s i ,  

(1.0) Meat, i s  appl.:fed t.o cu re  the a d h e s i v e ,  Cure cond;i.t.ions 
used  a r e  1 h.owr a t .  ,'1,80"F :fol.I.owed by a p o s t  c u r e  of 1 h.o,u.r a , t  
3 O O 0 P .  

A.1.1. 1.arn:i.na.t.es subsequent  to 40-SOB :in Tab le  VI w e : r e  made 
by  .t.'h:is p rocedure  
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7 Mechan-icaB Behavior  of Composites 

P r e p a r a t i o n  o f  T e s t  SpeFimens 
The mechanica l  p r o p e r t i e s  s f  the BambEna,ked composi tes  

w e r e  de te rmined  by v a r i c ~ u s  .t.es'ts [.to be described below) 
For %hi,s, it was necessa:ry t o  p r e p a r e  i n d i v i d u a l  specimens 
of slai-kable d imens ions .  A f t e r  several % r i a . l s ,  the f o l l o w i n g  
cu t t . ing  method ha s been. found suit .ab1.e 

%%e l a m i n a t e  p l a t e  w a s  f ixed to a "Tsans$.t.e" Q a s b e s t o s -  
cement. C O I - I I ~ O S ~ ~ ~ C I ~ ]  boa rd  wi.%h mel ted  beeswax, The desired 

c u t s  w e r e  made on. a "De l t . a "  s u r f a c e  g r i n d e r  w i t h  a 6 inch 
diamond s I , i t t , l n g  w h e e l ,  2 2 0  g : r i t ,  rotating a t  a b o u t  3480 rpmo 
The .lon.gi,kud%nal feed rate w a s  a b o u t  1 i n c h  per minu te ,  Kero- 
sene s p r a y  m i s t  was used  3,s a coolant a t  fi.rst, b u t  "Rus t -Lick"  

G-25-W ( a  commercial  s p r a y  coolant.) 'was P a t e s  s u b s t i t u t e d  t o  
eli,mina$.e a possible f i r e  h a z a r d .  The cut r e s u l t e d  i n  smooth 
edges w i t h  no edge craekifng v i s ib l e  under  o p t i c a l  examinat ion  
A f t e r  cut.tl.ng I t,he indi77idu.a .E specimens w e r e  removed from the 
" T r a n s i t e "  base by  gent:.:Ly warming the wax ,  and the wax remnants 
w e r e  washed from the specimens wLth , t~~ich .Eoroe . thy ls rae  

Most. of the I.arni:nat,e p . la t . es ,  measuring o r i g i n a l l y  6 inches 
x 8 inches and having 2 0  p l . l . es  we:ce subd iv ided  a s  f o l 2 . 0 ~ ~ :  

(1.1 :i?ou.:r t.enwl,l.e speciimens each  0,75 i . n c h  uniform wl.d,th 

by 6 inches long. Two o:f these were p a r a . l $ e l  t,o the lorig (8 

Inch) dimension and. t,wo w w e  pe:rpendicwl.ar,.  This w a s  done t o  

test. t ,he d e g r e e  of planar.  :iso,t:ropy o f  the sheet m a t e r i a l ,  
(2) Two compressl.on specimens each 1 - 5 0  i.neh x 1 i n c h  

with 80 p1 , ies ;  1. eacho pam1.I.e.l and perpen.d.fcubar t.o the Long 
(8 i n c h )  d:f:mansion. v> These had to be a-e,l.a~m$n.a.ted : f r ' ~ ~ t  f o u r  
p r tmary  2 0  p1.y paeke,t.s t o  yie:l .d ~,ornpres~sion.  apeci:men which. 
wou1.d not, f a i l  b17 Eul.er buck:l.ing p r i o r  t.o :Eracture 
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( 3 )  One shear test. s p e c h e n  I i n c h  x 0,5 i n c h  w i t h  80  

p l i e s  relamSnat.ed f:r.om 4 p l a , t e  t h i c k n e s s e s ,  a s  above, t o  pro- 

v i d e  a ''short. beam" specimen. This t y p e  of t e s t  was des igned  
t o  measure the i n t e r l a m i n a r  s h e a r  s t r e n g t h  of the composi te .  

The general ,  c u t t h g  s c h e d u l e  9s shown schema,khcally i n  
F i g u r e  13 .  When l a m i n a t e s  s m a l l e r  t h a n  6 i n c h  x 8 i n c h  w e r e  
produced,  the  s c h e d u l e  was mod:ified t o  y i e l d  the m o s t  informa- 
t i o n  from a s m a l l e r  number o f  specimens.  

fie mechanical p r o p e c t l c s  of the composi te  specimens 
w e r e  measured by conwenkiona 1 e n g i n e e r i n g  tests whenever pos- 

sible 
The methods of test w e r e  a s  fo l lows:  
(1) F l e x u r a l  stiffness: specimens w h i s h  w e r e  0 - 7 5  inch 

w i d e ,  about  0.020 inch thick,  and 4 i n c h e s  O r  more long ,  were 
t e s t e d  i n  t h r e e - p o i n t  beam f l e x u r e ,  The f l e x u r a l  modulus o f  
e l a s t i c i t y  (E  1 for %.he composi te  was computed f r o m  elemen- F 
t a r y  beam t h e o r y  acco rd ing  to 

where P = the l o a d  appl ied a t  the  "beam" midspan 
D = the a s s o c i a t e d  midspan d e f l e c t i o n  
L = the f u l l  "beam" span  = 2 . 2 5  inches 
w =: %he specimen w i d t h  
t =: the specimen t h i c k n e s s  

The f i x t u r e  used  f o r  the t -hree-poin t  beam f l e x u r e  test 
i s  shown i n  F i g u r e  14 .  

An improved t e s t i n g  J i g  which p rov ided  f o r  f o u r - p o i n t  
bending  with beam c u r v a t u r e  measurements was des igned  and 
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F i g u r e  14  

F i x t u r e  f o r  t he  3 - P o i n t  Beam F l e x u r e  T e s t  
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b u i l t ,  and is shown ~ r p  P ’ b g ~ ~ r s  15a ( f r o n t  view) and 15b  ( r e a r  
v i e w ) ,  $lace no shear d i sp lacemen t s  occw a n  f o u r - p o i n t  
bending,  a p o s s ~ b l c ;  s o u r c e  of  error was e l i m i n a t e d  with t h i s  

method, Only several of the l a t e r  spec.imens w e x e  t e s t e d  for 
flexuxal s t ‘ i f f n e s s  by  f~bir--p~:ir,t beam bending 

( 2 )  T e n s i l e  modulcs: thLs w3s  d e r i v e d  from the i n i t i a l  

s l o p e  of the ~ S S - S ~ F ~ I Z E ~  cu rve  g e n e r a r e d  i n  u n i s x i a k  t en -  
s x o n  t e s t s ,  %txa. in  was measuued w2kk a wes i s r ance  s t r a i n ,  
gage exkEnsornetes (1 inch gage Length) f a s t e n e d  at mid-length 
o f  the t e n s ~ l e  s p e c i m e ~ s ,  o r ,  i n  most cases ,  with Sw-4 s t r a i n  
gages  rncLnted d.irsecc%qi on the specimen s u r f a c e s ,  Such s t r a i n  
g a g e s  w e r e  k s e d  p a i l c w ~ s e  in. orde r  to ccmpensate for  any 
bending eamponents- E I c q s t i c  d i s p l a c e m e n t s  of the testing 
machine  and  in t h ~  tensile g s ~ p s  d i d  nor interfer~~ wlkh the 

Ler method, 

( -3)  T J e n s i 1 c  s~uength: f e a t s  t o  d e z e m x c e  the u l t i m a t e  
s tvength  .in unisxial t e n s i o n  of specmt 0,74 i nch  w i d e ,  abou t  
0 , 0 2 0  inch t h i c k  and. about 6 inches 1 o r ~ g  were made ,  The t e n -  
s i l e  speefrnEr!s had a u s o n  ~ b r ~ ~ g h ~ ~ t ,  and 

the e n d s  No sure was exerted on the s p e c n m e n s ;  
t h e  l o a d  t r a n s f e  r e l y  by  she3r c t a e n .   all b e a r i n g  
S w L v e P S  wexe a n c  A ~ $ Q  the cross-head and suspens ion  

w e r e  g r i p p e d  w f t h  s luminurr  cheeks fastened w i t h  a d h e s i v e  a t  

ron t e s t i n g  m e c h r n e  P O  r e r i e t ~ e  any  initial m i s a l i g n -  

ment. excen%~ L G  l o a d r n q  T h e  expe r imen ta l  s e t - u p  is i 4 1 ~ s -  

t r a t e d  IXP Figure 1 6 ;  a n  “‘exploded view” ~ l o s e - u p  o f  the  l o a l l  

b e a r i n g  s w i v e l  s h a c k l e  1.s g i v e n  i n  F i g u x e  1 7 .  F i g u r e  18 shows 

the h y p e r b o l i c a l l y  t a p e r e d  p r o  l e  of the sluminurn. g r i p p i n g  
c h e e k s B  and a t y p j c a l  f r a e t u r ’ e  i n  mld-gage l e n g t h  o f  a ten- 
sile spec.imen, Spsc is re r ,~  f r a c t u r e d  at- QL n e a r  ?he  rn:fd.53%e of 
the gage l e n g t h  wikh no e x c e p t ~ o n s ,  Load/strsrin cuxves  for 
each test w e y e  g e n e r a k e d  by simuEt~neously p l o t t i n g  the o u t p u t  
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F i g u r e  1 5 a  

F o u r - P o i n t  Beam F l e x u r e  T e s t  ( f r o n t  v i e w )  

F i g u r e  15b 

F o u r - P o i n t  Beam F l e x u r e  T e s t  ( r e a r  v i e w )  
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Figure 16 

Experimental Set-Up for Tensile Tests 
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F i g u r e  1 7  

Exploded C l o s e - u p  V i e w  of B a l l  B e a r i n g  
S w i v e l  Shackle  
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Figure 18 

Close-up of Aluminum Gripping Cheeks for 
Tensile Specimens 

(Typical Mid-Specimen Fracture Shown) 
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s i g n a l s  from the I n s t r o n  l o a d  c e l l  and from the s t r a i n  gages  
on an X-Y r e c o r d e r .  Cont inuous  c u r v e s  from the i n i t i a l  l i n e a r  
rise, th rough  the a p p a r e n t l y  " p l a s t i c "  r ange ,  t o  the p o i n t  of  
f r a c t u r e ,  were o b t a i n e d  and c o n v e r t e d  t o  " e n g i n e e r i n g "  stress/ 
s t r a i n  c u r v e s  by d i v i d i n g  a l l  v a l u e s  o f  l o a d  by the i n i t i a l  
c r o s s - s e c t i o n a l  a r e a o  

A t y p i c a l  s t r e s s / s t r a i n  cu rve  i s  shown i n  F i g u r e  19 t o  
i l l u s t r a t e  the  d e f i n i t i o n s  of the f o l l o w i n g  pa rame te r s :  

ET = t e n s i l e  modulus of e l a s t i c i t y  
0 = a p p a r e n t  p r o p o r t i o n a l  l i m i t  stress 
PJ- 
OU 

P I  
€f 

= u l t i m a t e  s t r e n g t h  i n  t e n s i o n  
E = p r o p o r t i o n a l  l i m i t  s t r a i n  

= s t r a i n  a t  f a i l u r e  
8 = p o s t - e l a s t i c  stress increment  

The s i g n i f i c a n c e  of these p a r a m e t e r s  i s  d i s c u s s e d  l a t e r .  
For severa : l  o f  the specimens,  the u l t i m a t e  f l e x u r a l  

s t r e n g t h  (oF) was measured by l o a d i n g  specimens i n  three- 
p o i n t  beam f l e x u r e  a s  d e s c r i b e d  above for the f l e x u r a l  s t iff-  
ness t es t ,  b u t  c o n t i n u i n g  the l o a d i n g  u n t i l  the "beam" speci- 
mens f a i l e d  by t e n s i l e  f r a c t u r e  i n  the mid-span s e c t i o n .  The 

u l t i m a t e  f l e x u r a l  s t r e n g t h  (oP) was computed by 

where 

- 3 PL 
2 

- 
2 wt *I? 

P = the maximum mid-span l o a d  
L = t,he "beam" span  = 2 . 2 5  i n c h  
w = the specimen w i d t h  
t = the s p e c h e n  t h i c k n e s s  

(4 )  Compressive s t r e n g t h :  f o r  the compress ive  t es t ,  
f o u r  composi.,te p l a t e  t h i c k n e s s e s  w e r e  r e l a m i n a t e d  t o  y i e l d  a 
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a c t u r e  

P I  €f E: 

N o r m a l  s t , ra in ,  i n c h  per i n c h  

F:igure 1 9  

Typical S t r e s s - S t r a i n  Curve f o r  Composite 
T e n s i l e  Specimens, W i t h  D e f i n i t i o n s  of 
E l a s t i c  and P o s t - E l a s t i c  Parameters  
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short  column specimen 1.50 i n c h  long ,  1 i n c h  wide,  and a b o u t  
0.080 i n c h  th ick .  The specimen was h e l d  i n  a compression j i g  
such  t h a t  the  column ends  cou ld  be c o n s i d e r e d  " f i x e d " .  The 

e x p e r i m e n t a l  s e t -up  i s  shown i n  F i g u r e  2 0 .  

( 5 )  I n t e r l a m i n a r  shear s t r e n g t h :  the t e s t  s e t - u p  for 

i n t e r l a m i n a r  s h e a r  s t r e n g t h  i s  shown i n  F i g u r e  2 1 .  Shea r  
t e s t  specimens had the d imens ions  1 i n c h  x 0.5 i n c h  x approx i -  
ma te ly  0.080 i n c h .  They w e r e  des igned  a s  t h i c k ,  s h o r t  beams 
s u b j e c t  t o  f l e x u r e .  According t o  c u r r e n t  p r a c t i c e ,  the  maxi- 
mum l o a d  P was recorded and the maximum shear s t r e n g t h  was 
compuked by 

3P = -  T 
4Ao max 

w h e r e  P = maximum l o a d  b e f o r e  f a i l u r e  
A. = c r o s s - s e c t . i o n a l  a r e a  

Spec:imens w e r e  examined m i c r o s c o p i c a l l y  t o  de t e rmine  
the mode o f  f a i l u r e .  If f a i l u r e  by any mechanism o t h e r  t h a n  
shear w a s  obse rvedp  the  v a l u e  o f  
the t r u e  i n t e r l a m i n a r  s h e a r  s t r e n g t h  was h i g h e r .  

amaX was a lower bound and 

( 6 )  Shear  s t i f f n e s s  test:  s e v e r a l  a t t e m p t s  w e r e  made 
t o  measure the  s h e a r  s t i f f n e s s  (or  modulus of r i g i d i t y ) @  G , 
o:f composi te  specimen p l a t e s  by the " s a d d l e  bend t e s t " ,  a f t e r  
T, So T s a i .  '8) 
appeased  t o  be n.ear1y e q u a l  t o  the p r e v i o u s l y  measured bending  
modulusb E T h i s  spur:Lous e f f ec t  w a s  b e l i e v e d  t o  be due t o  

The r e s u l t a n t  s h e a r  s t i f f n e s s  v a l u e s ,  

the  i n h e r e n t  g e o m e t r i c  i n s t a b i l i t y  of T s a i  I s " s a d d l e "  conf igu ra -  
t i o n  i n .  which the specimen h a s  a s t r o n g  tendency  t.o snap  o v e r  
i n t o  one o f  t.wo p0ss:ibl.e c o n f i g u r a t i o n s  of  c y l i n d r i c a l  curva-  
t u r e .  T h i s  h a s  b e e n . ' d i s c u s s e d  i n  d e t a i l  by R. L., Foye. 
I n  order: t.o ob ta in .  a more r e l i a b l e  measure for the s h e a r  

(9 )  
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Figure 20 

xperimental e t - U p  for Compression ~ e s t s  
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F i g u r e  2 1  

Exper imenta l  Set-Up for I n t e r l a m i n a r  
"Short Beam" Shear  Test 
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modulbs, G a very simple torque/ twis t -  dev ice  was des igned  
and b u i l t ,  :It is xl lus tKa+,ed  i n  F~guse 2 2 ,  The  shea r  modulus 

G for some of t h e  l a t e r  specimens w a s  measLrn,d,  and  compclled 

by 

(5  i 

where T = a p p l i e d  torque (inch pounds)  
L = specimen length between s l o t t e d  

w = specimen wid th  (inches) 
;t- = specimen t h i c k n e s s  ( inches)  

t! = angle of twist ( r a d i a n s )  

g r i p s  ( inches)  

( 7 )  Weight densz ty :  wectarqL- la r  p .~e.ce?s~ approximate ly  
112 lr,ch squaKe, w e y e  c u t  from t h e  s p e c i m e n  p l a t e s  a t  the  cor",- 

c luszo r l  of +he  tests, and the werghs-density was dekeprmined 
metrrc means. The weigh t -dens i ty ,  p w a s  compctted 

b Y  

M 
P = '-- a -b- t 

where M = sample w e a y h t  (poupds)  
a = sdrnple lerqt-h ( . i nches )  

b = sample wid th  ( i n - h e s )  

t = sample th i ckness  (.mches) 

C"ysg2" a 1 R e  su 4 t s 

11 quantztakLve results o b t a i n e d  from the mechanical 
tes-! s have  been 1. is ted  rn. F a b l e s  V.E:B - XIc, The l a m . i n i t e s  
conta  Lned boron c a r b i d e  f i l m  reinforcement v a r y i n g  from 1 0 , 9  

t o  2 7 - 3  volume p e r c e n t  and the f r a c t i o n a l  content .  i s  shown 
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( t o  the n e a r e s t  0.1%) i n  the f i r s t  column o f  the  t a b l e s .  En 
the c a s e  of compression and shear  specimens,  t he  volume f r a c -  
t i o n  of r e i n f o r c e m e n t  was u s u a l l y  bower t h a n  t h a t  shown f o r  
the  cor responding  t e n s i l e  specimens,  s i n c e  r e l a m i n a t i o n  t o  

80-ply t h i c k n e s s  added three e x t r a  a d h e s i v e  l a y e r s .  R e s u l t s  
f o r  aluminum s u b s t r a t e  and f o r  Kapton s u b s t r a t e  composi tes  
have  been  l i s ted  s e p a r a t e l y ,  and the t y p e  of a d h e s i v e  used  
(phenoxy o r  epoxy) h a s  a l s o  been i n d i c a t e d  by s e p a r a t e  sub- 

head ings .  

'. 

Values f o r  the modulus of e l a s t i c i t y  E a r e  l i s t e d  i n  
Table  VI1 where s e p a r a t e  columns a r e  used t o  show the f l e x u r a l ,  

and EC respec- t e n s i l e ,  and covpr 'ess ive moduli  (E  

t i v e l y ) .  A l l  f l e x u r a l  moduli  (EF) shown i n  Tab le  VI1 w e r e  
measured by the  t h r e e - p o i n t  beam f l e x u r e  t es t ,  e x c e p t  f o r  a 
small  number o f  specimens which w e r e  a l s o  t e s t e d  i n  fou r -po in t  
beam f l e x u r e  ., 

F' ETb 

The modulus o f  r i g i d i t y  ( G )  is l i s t e d  i n  Table  V I P %  for  
the more r e c e n t  specimens fo r  w h i c h  the t o r q u e / t w i s t  t e s t  h a s  
been performed 

Data f o r  the p r o p o r t i o n a l  1 , i .mi . t  stress (opl) (where 
a v a i l a b l e ) ,  and f o r  the ,u l t ima te  s t r e n g t h  of  l a m i n a t e s  a r e  
shown i n  Table  PX w i t h  s e p a r a t e  columns a s s i g n e d  f o r  u l t i m a t e  
u n i a x i a l  t ens i1 .e  s , t rengt .h  (ou)  , free column compressive 
s t.ren9t.h ( oe 1 , and u l t i m a t e  f l e x u r a l  s t r e n g t h  ( 0 ~ 1 .  

b y  the s h o r t  beam shear t e s t  h a s  been l i s t e d  i n  Table  X. 
The i n t e r l a m i n a r  &ear s t r e n g t h  ('tmax ) a s  de te rmined  

The we igh t -dens i ty ,  t o g e t h e r  w i t h  the. computed v a l u e s  
o f  spec i f ic  f l e x u r a l  m,odulus and s p e c i f i c  t e n s i l e  
st.ro:ng,th (%/,) a r e  l i s t ed  i n  T a b l e  X I .  Only the maximum 
va1:w.e fo r  each  l a m i n a t e  p l . a t e  h a s  been shown i n  t h i s  t a b l e .  
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TABLE 77x1 
Modulus of Elasticity of Boron Carbide 

Reinforced Laminar Composites 

9 
I 

Volume 
Specimen fraction Flexural Tensile Compre sqive 

No boron carbide modulus Ep modulus ET modulus EC 
(%I (106 psi) (106 psi) (106 p s i )  

Aluminum Foil Substrate, Epoxy Adhesive I 
40-69A 

B 
c 
D 

40-90A 

16.8 

1 
21.8 

1.2.7 
1.1.3 
9.3 
100.4 
17.1 
20.8(d) 

16.9 

Kapton Film Substrate ,  Phenoxy Adhesive 

2848-1 4A 
B 
C 
D 
E 
F 

2808-1.549 
B 
C 
D 
E 

18.9 

1 
16.3 
18.1 
10.9 

7.8 
8.4 
9.3 
8.4 
_I_ 

_I_ 

5.0 
6.4 
6.1 
6.7 
10- 

6.6 
6.1 
9.2 
7.3 --_ --- 
5.0 
4.6 
6.5 
4.9 
1-1 

Kapton Film Substrate, Epoxy Adhesive 

2044-lTA 18.6 -I- 

8.9 
9.3 
8.3 
8.9 

I B 
C 

B 
2048-2014 16.3 

8.4 --e 

9.8 mu-  

8.5 
6.4 1.11 

8.8 -I- 

-I- 

con't....... 
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Modulus o f  E l a s t i c i t y '  of Boxon Carbfdd 
Re in fo rced  Laminar Composites 

Volume 
Specimen f r a c t i o n  F l e x u r a l  T e n s i l e  Compressive 

N o  boron  c a r b i d e  modulus EF modulus ET modulus EC 
(%I (106 p s i )  (106 ps i )  (106 p s i )  

(a  1 (b 1 ( c )  

I Kapton F i l m  S u b s t r a t e ,  Epoxy Adhesive - Concluded 

2848-2619 
B 
C 

2844-25A 
B 

2848-28A 
B 
C 
D 
E 
F 

40-42A 

B 
E 

40-47A 

B 
E 

40-72A 
B 
C 
D 

14.5 

1 
25.6 

18.1 
\1 

1 
15.5 
16.2 
27.3 

26.5 
24.0 

23.4 
17.5 

I 

8.7 
9.9 
9.0 
8.6 
8.7 
8.1 
7.7 
10.0 
9.1 --- --- 
14.7 
16.4(d) 
13.4 --- 

(a)  10.6 
12.0 
10.1 

9.4 
8.6 
9.7 
9.6 

--- 

7.1 
7.3 
7.5 
6.9 
7.9 
7.1 
5.8 
8.9 
8.7 

--- 
13.6 

--- 
9.8 

--- 
e-- 

--- 

aThree-poin t  beam f l e x u r e  t e s t ,  e x c e p t  a s  no ted .  

bUniax ia l  t e n s i o n  t e s t  
C Uniaxial .  compression t e s t .  

dFour-point  beam f l e x u r e  test.. 
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TABLE VI11 

Modulus of R i g i d i t y  G of Boron Carb ide  

Re in fo rced  Laminar Composites 

Specimen 
N o .  

Volume Modulus of 
f r a c t i o n  r i g i d i t y ,  . G  

boron c a r b i d e  106  p s i  
% 

Aluminum F o i l  S u b s t r a t e ,  Epoxy Adhesive 

40-69A 
B 
C 
D 

40-9011 
l8 2 1 . 8  

7 . 1  
5 .7  
6.4 
4 . 1  
6.9 

Kapton Fi lm S u b s t r a t e  , Epoxy Adhesive 

40-7219 
B 
C 
D 

17 .5  

1 
6 . 1  
5 .9  
5.8 
5 .8  

aMeasured by to rque / twi s t  t e s t .  
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I :TABLE , .  IX 

S t r e n q t h  PYdpdr'tZes of Baron Carb3.de 
Rein fo rded  Lamlinatd Compositbs 

Volume Pro- 
f r a c t i o n  p o r t i o n a l  U l t i m a t e  U l t i m a t e  U l t i m a t e  

N o .  c a r b i d e  stress s t r e n g t h  s t r e n g t h  s t r e n g t h  
Specimen boron  l i m i t  t e n s i l e  f l e x u r a l  compressivt  

(%I (103 p s i )  (103 p s i )  (103 p s i )  (103 p s i )  

OU I O F  oc 
( a  1 (b ( C  1 

P l  
0 

Aluminum F o i l  S u b s t r a t e ,  Epoxy Adhesive I 
40-69A 16.8 3.5 14.7 -- -- 

4.1 16.3 -- -- -- -- 34.0 -- -- -- 34.5 -- 
7.6 19.8 -- -- 1 B 

C 
D 

40-90A 21.8 

Kapton Fi lm S u b s t r a t e ,  Phenoxy Adhesive I 
2848-14A 

B 
C 
D 
E 
F 

2 8 08-1 5A 
B 
C 
D 
E 

18.9 5.8 
5.6 
6.0 

11.0 -- -- -- 
I 
16.3 
18.1 
10.9 -- _- -- I -- 

13.8 
14.6 
17.0 
14.3 -- -- 
17.5 
14.6 
17.5 
16.3 -- 

Kapton Fi lm S u b s t r a t e ,  Epoxy Adhesive I 

c o n ' t . .  . . 
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Kapton F i l m  8&5trsate, Epoxy Adhesive - Concluded 

2848-2661 
B 
6 

2844-25A 
B 

B 
e 
B 
E 
F 
6 

2 8 4 8 - 2 8 ~  

40-428 
B 
E 

40-47W 
B 
E 

40-72A 
B 
e 
D 

" ~ n i a x i a ~  t ens ion  t e s t ,  
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TABLE X 

I n t e r l a m i n a r  Shear S t r e n q t h  of 
?Laminar Composites 

Volume 
f r a c t i o n  I n t e r l a m i n a r  

Spe cimen boron  s h e a r  
c a r b i d e  stren th, Observed mode of  f a i l u r e  3 ,“max No 0 

% l o  PSI 

Aluminum Foil S u b s t r a t e ,  Epoxy Adhesive I 
40-693 16.5 5 - 3  T e n s i l e  f a i l u r e  

F 16 ,2  6.4 T e n s i l e  f a i l u r e  

Kapton Fi lm S u b s t r a t e ,  Phenoxy Adhesive 

2 8 08-l5G 1 0 - 8  4.6 Shear f a i l u r e  

Kapton Film S u b s t r a t e ,  Epoxy Adhesive 

2848-28A 15.8 3 . 7  Shear  and t e n s i l e  f a i l u r e  
1 16.9 4,2 T e n s i l e  f a i l u r e  

40-42C 25 ,5  4.9 T e n s i l e  f a i l u r e  
40-476 23 ,4  4.8 T e n s i l e  f a i l u r e  
40-723 1 7 . 3  6 . 7  Shear  f a i l u r e  

F 16.8 6 , 4  T e n s i l e  f a i l u r e  
-- 

‘When any mode of f a i l u r e  other %han t . r a n s v e r s e  de-cohesion o f  laminae  
was observed ,  the a c t u a l  shear s t r e n g t h  was g r e a t e r  khan the v a l u e  
shown, In t h a t  case, T~~~ i s  a lower bound. 
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oil Substrate, Epoxy Adhesive 

40-69 1 6 - 8  089 1. .43 1 83 
90-90 2 %  -8 e 085 2.02 2 - 3 3  

Kapksn Film Sw.bstxate, Phenoxy Adhesive 

2848-14 1 8 - 9  054 l*72 3.15 
2808-15 1 0 - 9  ., 052 1,29 3 ” 3 7  

Kapton F i l m  S u b s t x a t e ,  Epoxy Adhesive 

2844-1 7 

2844-25 
2 8 48 -32 8 
40-42 
40-47 
40,-72 

18,6 
l 6 , 3  
14.5 
25,6 
18.1 
27.3 

4.0 
1 7 , 5  

a 049 
058 

0062 
048 

“ 0 5 7  
,056 
I. 050  
.057 

I Y 90 
1 - 5 3  
l,60 
1 - 8 2  
L 0 ’75 
2 - 6 3  
2 0 1.2 
2 - 7 0  

3.98 
3.86 
2,92 
3 0 1 3  
3 0 7 6  
5.06 
5 - 1 6  
3,78 
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The measured s t i f f n e s s  for a l l  Kapton substrate speci- 

mens h3s beets p l o t t e d  t*erscs v o l ~ ~ r n e  p e r c e n t  b o ~ o n  eaxb ide  i n  
S61.gme 2 2  Aluminum subsdEa"ee specimens have  been excluded  
~n t h i s  plot. The dashed l i n e  r e p r e s e n t s  100% e f f e c t i v e n e s s  
of the Kcinforcement?  4.,e,, the t h e o r e t i c a l  composake s t x  
a s  p r e d i c t e d  by the R b l e - o Z - M i x t w e s  Dotxed l i n e s  r ep resen -  
t i n g  80, 60 and 40% effeetSveness of the r e i n f o r c e m e n t  a r e  
also shown, 

The measured a r a l ~ e s  of t h e  e l a s t i c  moduli  depended on 
ehe method of test, T h e  four-poind beam i l e x u e  tes ts  con- 

s i s t e n t - l y  i n d i c a t e d  t h e  h i g h e s t  a p p a r e n t  s t i f f n e s s ,  w h i l e  t h e  
thrse-point  beam flexure t e s k s  i n d i c a t e d  somewha? lowel:  num- 
bers, T e n s i l e  and comp~*ess ive  medulLs v a l u e s  appeared  t o  be 

lower still, i n  general, 
'zwo or three specimens had a s t i f f n e s s  exceeding  the 

Rule-of-Mixtures pxed ick ion ,  i , e ,  appeared  td be more thar i  
LOOX, effective, The ave rage  e f f e c t i v e n e s s  of the r e in fo ree -  
ment appeared  t o  be abock 80%, N o  c o r r e l a t i o n  between r e i n -  
forcement e f f e c t i v e n e s s  and any of the f a b r i c a t i o n  pa rame te r s  
c o u l d  be e s t a b l i s h e d ,  b u t  i n  general , .  the  laminates Eabr i ea -  
ked towards the end of the program had. the  h i g h e r  e f f e c t i v e n e s s ,  

The s t r e n g t h  CI€ the re in fo rcemen t  phase  could  no t  be 

dedkced unambiguously f r o m  the observed  composi te  s t r e s s -  

s t r a i n  b e h a v i o r ,  U p  t o  &he p r o p o r t i o n a l  limit ( 0 . ~ 1 8  a homo- 
geneous s t r a i n s  in. &he c o n s t i t u e n t s  were assumed, and the 
s t i f f  phase  cou ld  be s a i d  t o  c a r x y  e s s e n t i a l l y  a l l  of the 

l o a d ,  Once the ~ t u e s s - s t r a i n  c u r v e  d e p a r t e d  from the initial 
t a n g e n t  l i n e ,  howeT:er, th6 r e l a t i v e  c o n t s i b u t i o n s  t o  t h e  
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= 100% ef fec t ive  4 Ru$e of Mixtures,  

6 8 L O  12 14  1 6  E 8  2 0  2 2  24 2 6  28 2 0  
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t e n s i l e  zlkreng,t,h by  the severa 1. pha ses w a s  inde termina  %e 
It i s  known ,tl-.at. boron c a r b i d e  does no't. behave p l , a s t i e a I . l y ,  
so  that any I r r e v e r s i b l e  "p9 ,a s t i c "  s t r a : & n  i n  the  composite 

must have b e e n  due to .the s o f t e r  m a t r i x .  P l a s t i c  behav io r  
in the mat . r ix  could occur i n  l o c a l  regions of r e in fo rcemen t  
fractureB or  i n  the  vJicrini,ky o f  geometric d e f e c t s  whereI for 
examp1.e the  I . r , i , & i a l  :Lay-ju.p of the re inforcement ,  sh . ee t s  was 
no, t  s t : r i c t l y  p l a n a r .  The higher f a i l u r e  stress (ou] there- 

fore  m o s t ,  l i k e l y  r e f l e c t e d  the ul.tmimate s t r e n g t h  of the  matrix, 
since the r e i n f o r c e m e n t  musk have  f a i l e d  i n t e r n a 4 . l y  over  
s i g n i f i c a n t  reg ions  of the  l a m i n a t e  once the p r o p o r t i o n a l  
limit. stress was exceeded,  

The critical. stress &ocr) i n  the r e i n f o r c e m e n t ,  i . e m I  

the  stress l.eve1 a,$. which local f a i l u r e s  i n  the boron c a r b i d e  
will. occur ,  can be computed From. 

= t h e  homogeneous s k x a i n  in the composi te  
PE a b  k h e  p r o p o r t i o n a l  l i m i t ,  
Er = the Young's modulus of the re in fo rcemen t ,  

where E 

( t a k e n  ko be 60 x I O 6  psi €os boron  c a r -  
b i d e )  
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shown in F i g u r e  24. The dashed l i n e s  r a d i a t i n g  from the 

o r i g i n  of the c o o r d i n a t e  s y s t e m  a r e  l o c i  of  c o n s t a n t  propor-  
t i o n a l  l i m i t  s t r a i n  ( E ~ , )  . Specimens compr is ing  Kapton 
s u b s t r a t e  and epoxy a d h e s i v e  e x h i b i t e d  p r o p o r t i o n a l  l i m i t  
s t r a i n s  from -0016 t o  .0027, w h i l e  the aluminum s u b s t r a t e /  
epoxy specimens appeared  t o  be grouped i n  the range  0.0004 
( E  <0..0005. The o l d e r  Kapton/phenoxy specimens w e r e  i n  
the i n t e r m e d i a t e  range  0,0006 < E  <.0014. The correspon-  
d i n g  s t r e n g t h  of the re in fo rcemen t ,  computed, acco rd ing  t o  
Eq. ( 7 %  w a s ,  

P I  
P l  

3 = 96 to 162 x 10 p s i  f o r  Kapton/epoxy 

= 36 to 90 x 10 psi  for the o l d e r  

= 24 to 30 x 10 p s i  f o r  the  aluminum/ 

composi tes  

Kaptonlphenoxy composi tes  

epoxy composites 

52-K 

*CF 

OCF 

3 

3 

I n  every  specimeno the ul t imsi te  t e n s i l e  s t r e n g t h  w a s  
g r e a t e r  t h a n  the p r o p o r t i o n a l  l i m i t  stress by a c o n s i d e r a b l e  
margin.  T h i s  is shown i n  F igu re  2 5 ,  where the p r o p o r t i o n a l  
limit stress (a,,) h a s  been p l o t t e d  v e r s u s  the  u l t i m a t e  
t e n s i l e  s t ress  (a,) - The dashed l i n e  th rough  the o r i g i n  
w i t h  s l o p e  = 1 i n d i c a t e s  t h e  l i m i t i n g  b e h a v i o r  for  an i d e a l l y  
b r i t t l e - e l a s t i c  m a t e r i a l .  The observed b e h a v i o r  cou ld  be 

d e s c r i b e d  approximate ly  by 

where p = a f i x e d  hcrement . ,  independent,  of  volume 
fraction 

The value o f  the p o s t - e l a s k i c  stress increment. p was 
3 n e a r l y  cons tank  at: a b o u t  6 x 10  p s i  f o r  a l l  Kapton/epbxy 
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0 2 4 6 8 10 12 14 16 x 106 
T e n s i l e  Modulus of E l a s t i c i t y ,  ET, p s i  

Figure 24 

P r o p o r t i o n a l  L i m i t  Stress Vs. T e n s i l e  
Modulus of E l a s t i c i t y  f o r  Boron Carb ide  
She et. compo si. t e s 
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1 I I I I I 

1 o3 
S u b s t r a t e  M a t e r i a l s :  

tpoxy 

/ 
/ 

/ 

/ 
/ 

1 o3 
S u b s t r a t e  M a t e r i a l s :  

0 = Kapton/Epoxy 
o= Kapton/Phenoxy 
O= AIuminum/Epoxy 

0 1 I I I I 

0 5 1 0  15 2 0  2 5  l o 3  
U l t i m a t e  T e n s i l e  Stren.gt,h,  ou, psi 

Figure 2 5  

P r o p o r t i o n a l  L i m i t  Stress TIS. Ultimate S t r e n g t h  of 
Boron Carb ide  Sheet Composites 
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3 sampl.es, and a b o u t  1.2 x 1 0  p s i  f o r  the aluminum/epoxy speei- 
mens. For t h e  K:apton/phensxy specimens I the behav io r  was 
much less r e g u l a r ,  r e f l e c t i n g  the g r e a t e r  u n c e r t a i n t y  and 
v a r i a b i l i t y  a s s o c i a t e d  w i t h  the  e a r l i e r ,  less expe r i enced  
f a b r i c a t i o n  met,hods 

N o  e x p l a n a t i o n  f o r  the a p p a r e n t  const.ancy of the pos t -  
e l a s t i c  stxess increment  f5 is p r e s e n t l y  a t  hand.  The 

dependence of S.he magnit.ude of B on the s u b s t r a t , e  m a t e r i a l  

r a t h e r  t h a n  on the vol.ume f r a c t i o n  o r  other  c h a r a c t e r i s t i c  
o f  the r e in fo rcemen t  phase,  however, s u p p o r t s  the i n i t i . a l .  
argument t h a t  the r e in fo rcemen t  i s  m o s t  e f f e c t i v e  o n l y  up t o  

t.he p ropor t . i ona l  l i m i t  This c o n t e n t i o n  i s  f u r t h e r  suppor ted  
by t h e  appearance  o f  the  p l o t  of u l t i m a t e  t e n s i l e  s t r e n g t h  
[aU] v e r s u s  t e n s i l e  modulus of e l a s t i c i t y  (ET) Figure  2 6 .  

On t h i s  p l o t ,  the u l t i m a t e  s t r e n g t h  of the specimens seems 

to b v e r y  weakly r e l a t e d  t o  t h e  i n i t i a l  e l a s t i c  behav io r ,  
if a t  a l l ,  and no r e g u l a r  grouping  of d a t a  p o i n t s  acco rd ing  
t o  subs t r a t e .  or a d h e s i v e  c o n s t i t u e n t s  is d i s c e r n i b l e  i n  this 

r e p r e s e n t a t i o n  e 

Flexu.ra 1. S t r e n q t h  
The apparent .  u . l t ima te  f lexu.ra1. streng,t .h,  crF I a s  t e s t e d  

i n  t h r e e - p o i n t  beam f l e x u r e  was c o n s i s t e n t l y  higher by a 
f a c t o r  o f  2 t o  3 t h a n  the u lk ima te  t e n s i l e  s t r e n g t h ,  
of corresponding  specimens.  T h i s  could  be explaimed by  the 

re.l.at.6ive:Ly t h i n  s ec t ion  of t h e  specimens,  owing t o  which t h e y  
behaved like t h i n  p l a t e s  r a t h e r  t h a n  "beams" The d e f l e c t . i o n s  
j u s t  be:Eore and a %  bending f a i l u r e  w e r e  l a r g e  enough t o  cause  
30-40" r o t a t : i o n s  of the specimen. l o g i t u d i n a l  a x i s  a t  the  sup-  
por ' t , sB such t h a t  small deflect . i .on beam t h e o r y ,  Eqo ( 3 ) ,  should  
n o  I.onger' be appl, i .ed w i t k o u t  su i tab1 .e  mod i f i . ca t ions .  Values 
0 :€ aF compu,t.ed by Eq.  ( 3 )  have been r e p o r t e d  never.thel.ess t o  
p e r m i t  compar':i sons w i t h .  the resul.5.s which have been pub:l.ished 
in t h e  cmrrent  I.:E,terature a 

ou , 
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Compressive S t r e n q t h  
I n  m o s t  i n s t a n c e s  ( e x c e p t i o n s  have  been  n o t e d  i n  Table  

IX), the mode of f a i l u r e  c o n s i s t e d  of d i a g o n a l  k i n k i n g  of 
i n d i v i d u a l  r e i n f o r c e m e n t  l a y e r s .  (A s i m i l a r  effect  h a s  a l s o  
been  r e p o r t e d  for f i l amenkary  composi te  m a t e r i a l s ,  and h a s  
b e e n  termed ""mierobuek%ing" S e v e r a l  examples of f a i l e d  
c o m p r e s s ~ s n  specimens a r e  shown in F i g u r e s  27 ,  2 8 ,  and 2 9 ,  

The  ult%mate strengths of a l l  the samples  tested i n  com- 
p r e s s i o n  w e r e  h i g h e r  t h a n  the cor re spond ing  tensile s t r e n g t h s  
by a f ac to r  of 2 60 3 ,  Since t he  - f a i l u r e  g e n e r a l l y  was co- 
i n c i d e n t  w i t h  g e o m e t r i c  i n s t a b i l i t y  and local .  buckling, the 

i n t r i n s i c  cohesive strength i n  compression of  the m a t e r i a l  
may be much h i g h e r  t h a n  r e p o r t e d ,  

Ent.erlarn%nar Shear-- S t r e n q t h  
Most of the samples  t e s t e d  f a i l e d  i n  t e n s i o n  r a t h e r  t h a n  

i n  s h e a r B  so that the  v a l u e s  of T~~~ l i s t e d  i n  Table  X 

r e p r e s e n t ,  a l o w e r  bound rather t h a n  the t r u e  limit of the 

i n t e r l a m i n a r  shear s t r e n g t h ,  I n  t e s t i n g  c e r t a i n  specimens 
(no,$ p a r t  o f  t h i s  i n v e s t . i g a t i o n 9  i n  w h i c h  premature  t e n s i l e  
failures w e r e  p reven ted  by s p e c i a l  a u x i l i a r y  r e i n f o r c e m e n t  
arsangemcnks,  the same epoxy adhes i .ves  a p p l i e d  and c u r e d  in 

3 -the same way had shear s t x e n g t h s  on the o r d e r  of 1 0  x 10 

p s i ,  :in agreement  w i t h  the v a l u e s  o f t e n  r e p o r t e d  by other 
in.veskiga,t.ors f o r  boron f i b e r / p l a s t ~ i c  matrix  con~posites 
Phot,omierographs of s e v e r a l  f a i l e d  shear specimens are shown 
i n  Figu. :ses  3 8  and 31.. It  was c l e a r  that l a c k  of s u f f i c i e n t  
i n t e r l a m i n a r  s h e a r  s t r e n g t h  w a s  n.o t  a problem for the p r e s e n t .  

Shear Modu:Lza s 

The modul.us of . r i g id i . t y ,  G o f  a 1.inea.r e las t , i c  s o l i d  
is r e l a t . e d  t o  t w o  o r  more (depending on. the s t . r u c t , u r a l  symmetry) 
of 'the other e l _ a s t i c  c o n s t a n t s  For homogeneous, i s o t r o p i c  
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Modes of Compression Specimen Failure 
Left - Gross Instability (Euler Buckling) 
Right ~ Local Instability (Micro-Buckling) 



F i g u r e  2 8  

D e t a i l e d  V i e w  of Boron C a r b i d e  
L a m i n a t e  Compress ion  F a i l u r e  b y  L o c a l  I n s t a b i l i t y  

(Spec imen Edge Trimmed b y  Diamond Wheel B e f o r e  T e s t ,  
Not Mounted Nor P o l i s h e d  A f t e r  F a i l u r e ,  2 0 X )  
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D e t a i l e d  V i e w  of Boron Carb ide  Laminate 
Compression F a i l u r e  b y  Loca l  I n s t a b i l i t y  and 

I n t e r l a m i n a r  De-Cohesion 
(Specimen Edge Trimmed b y  Diamond Wheel Befo re  T e s t ,  

N o t  Mounted N o r  Po l i shed  A f t e r  F a i l u r e ,  2 0 X )  
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F i g u r e  31 

Mode of F a i l u r e  of Boron Carbide 
I n t e r l a m i n a r  S h e a r  T e s t  Specimen 

( T e n s i o n  F a i l u r e  O c c u r r e d  P r i o r  t o  S h e a r  F a i l u r e ,  20X) 

7 5  



s o l i d s ,  (1.e. highes,k symmetry) t h i s  r e l a t i o n s h i p  i s  

G 

where E = Young's modulus of e l a s t i c i t y  
1-1 = P o i s s o n ' s  r a t i o  

Boron c a r b i d e  sheet r e i n f o r c e d  composi tes ,  though 
n e i t h e r  homogeneous n o r  i s o t r o p i c  i n  the s t r i c t  s e n s e  of 

these t e r m s ,  n e v e r t h e l e s s  behave a s  i f  t h e y  w e r e  when sub- 
j e c t  t o  p l a n e  stress l o a d i n g .  T h e  t o r q u e / t w i s t  t es t ,  in 
p a r t i c u l a r ,  imposes a r a c k i n g  l o a d  w h i c h  i s  p r i m a r i l y  con- 
f i n e d  t o  the p l a n e s  of the r e i n f o r c e m e n t  l a y e r s .  This com- 
ponent  of the s h e a r  l o a d  i s  n o t  t r a n s f e r r e d  a c r o s s  the 

ma t r ix / r e in fo rcemen t  i n t e r f a c e s  e x c e p t  n e a r  the  specimen 
edges  and i n  the g r i p p i n g  3 r e a s ,  However, s i n c e  the p l a t e  
t h i c k n e s s  was ve ry  s m a l l  compared t o  the other specimen 
dimensions,  the s h e a r  stress component i n  the d i r e e b o n  of  
non-homogeneity (normal  t o  the p l a n e  of the specimen) w a s  
a v e r y  s m a l l .  T r a c t i o n  o f  t o t a l  s h e a r  l o a d ,  

A s  a r e s u l t p  the  e l a s t i c  b e h a v i o r  o f  sheet r e i n f o r c e d  
compos:ftes s u b j e c t  t o  p l a n e  stress l o a d s  may be described 

by Eq. ( 9 )  w i t . h  l i t . t . le  e r r o r .  Tkis i s  in s h a r p  c o n t r a s t  
to the s h e a r  p r o p e r t i e s  of f i b r o u s  composi tes  which a r e  
s t r o n g l y  dependent  on. the fiber o r i e n t a t i o n  and a l s o  d i lu . ted  

c o n s i d e r a b l y  by  t.he weaken.ing i n f l u e n c e  of the  connec t ing  
mat.ri.x m a t e r i a l .  Pofsson's ratio ( l _ ~ ]  f o r  boron  c a r b i d e  sheet 
r e i n f o r c e d  composi tes  h a s  been  measured a s  0.1 t o  0 - 2  ( the 

va r fa t . i on .  may depend on specimen geometry and method of 

t.est9 The va1i .di t .y  o f  Eq.  ( 9 )  when a p p l i e d  t o  the p r e s e n t  
set. of specimens is i l 1 . u s t r a t . e d  i n  a plot o f  the s h e a r  
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m o d u l u s  ( G I  v e r s u s  cxxrespondirig v a l u e s  o f  t h e  bending  
modu.1.u.s QE 1 F i g u r e  .32 W .Eami.ly o.f ,lines r e p r e s e n k i n g  I? 
,theor.ekLca.l v a l . ~ . e s  o:E G = G ( E , p )  , com,put.ed for p =: 0 ,  
0-1, 8 - 2 ,  0 * 3 ,  aceordi .ng to E q B  (9 )  , h a s  been  superimposed 
on this p l o t  .€or comparison,  The resu.Lk.s i n d i c a t e d  a shear, 
s t i : f f n e . s s  :in bo,t,h aLu,minum/epoxy a:nd Kapton/epoxy m a t r i x  
syst.ems whi,ch apparen:kl.y exceeded. the expec ted  .vaI.ue of G 

even when the m o s t .  favs.rEible v a l u e  of p was assumed, "r"his 

behav%or may be c h a r a c t . e , r i s k i e  ,for l a m i n a r  q u a s i - i s o t r o p i c  
eornposi,tes in ge.nera I, si .nce ,t.hs a 1:uminurn and $h.e Kaptxm 
subs t . ra t .e  syskerns were eiqa2,ll.y e f f e c t i v e  i n  deve lop ing  such  
excep , t . iona l  resistance to :in-p.lane sh.e3r d i s p l a c e m e n t s ,  

nic- 
The den.s:ik.y of t,he bav80n  c,ar.b:i.de reinforced I.ami:t-,a t e s  

was r:a,t.he:r u,ni..fo.r.m and ve:ry 1 8 k k l . e  d,epen.den,t. on the vo1,ume 
f . raet . ion of t.h.e :t,ein:Eoretmen.fr. ( , : inside the range of investi- 
g a t i o n )  - For' a:Lumi.nurn subst.raak.e specimens , .the densi , t .y  was 
0,08.5 - 0 , 0 8 9  pei; .f:os p 1 . a s t . i ~  . r e s in  subsitra.ke specimens,  
the ran.ge was  0,048 -' 8c,062m pci.. Higher  unit. weigh t  d i d  not, 
:in ge,nera1., co espond wi.t . .h higher reinZo,reemen,k c o n t e n t ,  
b u t  see.med ,kc-) be in.fl.ue.ncl:>d more by the a d h e s h e  l a ,ye r  t h i c k -  
n e s s .  

The spec i f i c  mcldu.P.us (EF/p 1 
2 . 6 3  x 10  :in, The upper v a h e  cornpxced favorabl .y  with about 
1 x 1.0 i n  ,. :For a.Lurn,:in.um ;arid t . i t .anium, and a l s o  w i , t h  2 60 x 
1 0  :i.n - fo r  (0' I 90' 1 bPax i . a I  bor:'c)n .f'Ikarne.nt0. :re!:kn.Eo:rced r e s i n  
crornpos.it.es con:D.ai.ning !:.he m,.axirnu.m :fiber $oadi.ng of 62 v o l u m e  
per.,cen.t:, Tt, :E. s i.mporx-.:a,n:t. t .o  n0"t.e h.owever8 t h a t  E/p fo r  

1.m r:e:i,nforecd C Q I I I ~ O S ~  t'.es remains ,vBr.t.ua1,1,y eons.Lan.t i n  any  
o.r:ien.t:at:I,on., whe.r:eas the va:Pu.e o.f 2.60 x 10 :in., for .t,h,e: bi-) 
a x k i l .  .f:Cbrou s composi,tc: :ia d e v d o p e d  on1.y par.a1,lel./tl;..ans.~rar'se 

.ranged f r o m  1. .4.3 up ,60 
8 

8 

8 

8 
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Substrate MateBab: 

0 =Z KapGOn/EpQXy 
A =  Aluninum/Epoxy 

T h e o r e t i c a l  

Flexural Modulus, EpO ps i  

F igu re  32 

The Measured Modu.lus of Rigidity, G, Compared t o  
WaI.ues Predicted by E l a s t i c  Theory 



t o  the fibers,  A t  C45", the specific bending modulus i s  down 
t o  0.4 x 1 0  i n .  

The specif ic  s t r e n g t h  (a,/p) ranged  from abou t  2 $0 5 x 

8 w=l= 

5 5 B O  i n . ,  w i L h  the best v a l u e  of 5.16 x 1 0  i n ,  ach ieved  i n  
the boron carbide/Rapton system, 
good, b e i n g  exceeded by some a i r c r a f t  m e t a l s  (8 t o  10 x 10  
in . , )  and by f i l a m e n t a r y  composi tes  (from l and up t o  30 x 10 

in. depending on f i b e r  o r i e n t a t i o n  and volume f r a c t i o n )  

These v a l u e s  a r e  n o t  v e r y  
5 

5 

Summary of R e s u . l . t s  

The sa1. ien. t  r ' e e w l k s  of the mechani.ca1. t e s t i n g  may be 
summarized- a s  folJ.ows: 

(1) The laminates developed good s t i f f n e s s  i n  the 
e l . a s t i c  rangel w i t h  an observed  r a n g e  o f  60 t o  100 p e r c e n t  
e f f e c t i v e n e s s  of the r e i n f o r c e m e n t ,  b a s e d  on the volume per- 

c e n t  presen. t . ,  !This s t i . f f n e s s  was v i r t u a l l y  independen t  of 

o r i e n t a t i o n  in the  pl.ane of the specimen p l a t e s .  
( 2 )  The t e n s i l e  s t r e n g t h  o f  t he  composi tes  was l i m i t e d  

by two f a c t o r s ,  F i r s t ,  the  i n t r i n s i c  s t r e n g t h  of  the r e i n -  
forcement  a p p a r e n t l y  d i d  not. exceed 160 ,000 p s i  a t  best;  and 
secondy ,the h i g h e s t  volume f r a c t i o n  of r e i n f o r c e m e n t  was n o t  
g r e a t e r  t.han a b o u t  30 percent . ,  

( 3 )  1.t appeared  t h a t  Kapton w a s  a much bet ter  s u b s t r a t e  
f o r  boron c a r b i d e  r e i n f o r c e m e n t  depos:f t ion t h a n  aluminum f o i l .  
The cause  h a s  n o k b e e n  de termined .  

( 4 )  Sheet r e i n f o r c e d  lamimar composit.es . e x h i b i t e d  a n  
u n u s u a l l y  h:Fgh d e g r e e  of s h e a r  s t i f f n e s s  when s u b j e c t e d  t o  
in -p lane  s h e a r  l o a d i n g ,  exceeding  by more than. 40 percent.  
the value p r e d i c t e d  for  a n  i s o , t r o p i c  m a t e r i a l ,  

(.5) N o  e x p l a n a t i o n  w a s  a v a i l a b l e  fo r  the d iscrepan .cy  
be,tween the higher s t r e n g t h  c a p a b i l i t i e s  o f  boron  c a r b i d e  



film deduced from the t a p e r  b a r  t e s t ,  and t h e  lower s t r e n g t h  
behav io r  observed  i n  t h e  f a b r i c a t e d  composi te  specimens.  

8 ( 6 )  Specif ic  f l e x u r e  moduli  u p  t o  2.63 x 1 0  i n ,  and 
5 spec i f ic  t e n s i l e  s t r e n g t h s  up  to 5 - 1 6  x L O  i n .  have been ob- 

ser ved - 
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8 Conclus ions  

The main concl .us ions  drawn from the p r e s e n t  program a r e :  
(1) Boron c a r b i d e  m.ay be e v a p o r a t e d  in vacuum u s i n g  

The vapor  may be condensed on bo<h e l e c t r o n  beam t e c h n i q u e s .  
al.uminum foil. and poly imide  films t o  produce t h i n  a d h e r e n t  
c o a t s  

( 2 1  The c h e m i c a l  composit , ion of the d e p o s i t s  tended  t o  
be s l i g h t l y  ca rbon- r i ch ,  compared to the s o u r c e  m a t e r i a l ,  
w h i c h  i n  t u r n  con , ta ined  a s m a l l  e x c e s s  of carrbon cornpared t o  

s t i o e h i o m e t r i c  boron  c a r b i d e .  It. h a s  n o t  been de termined  if 
the f i l m  s t . r eng th  depends on i t s  e x a c t  c h e m i c a l  composi t ion .  
The f i l m  s t . i f f n e s s  was c l o s e  t o  the v a l u e  of  60 x 1 0  p s i  
r e p o r t e d  i n  the  l i t e r a t u r e ,  independent  of cornposit ion.  

6 

( 3 )  The t e n s i . l e  f r a c t u r e  s t r e n g t h  of bor'on c a r b i d e  f i l m s  

deposi:ked on mass.kve s u b s t r a t e s  was computed t o  be on the o r d e r  
0% 300,000 p s i .  

(4 )  The s u r f a c e  morphology of the boron  c a r b i d e  f i l m s  
a s  deduced from o p t i c a l  and e l e c t r o n  micrography showed low 
d e g r e e s  of p h y s i c a l  i m p e r f e c t i o n s  in many i n s t a n c e s .  The 

major t.y'pe of f l a w  appeared  t o  r e s u l t  from the d e p o s i t i o n  of 

gl.obu,lar: par, t . l%cles on t.h.e o r d e r  of 1 x l o m 4  i n c h  i n  di .ameter  
which w e r e  s u p e r f i c i a l  on., o r  p a r t i a l l y  embedded i n ,  the  mr- 
f a c e .  These non-homogeneities and f l a w s  may be the major 
c a u s e s  for redu.ced strength i n  the f i l .ms  d e p o s i t e d  on t h i n  
pol.yimi.de and aluminum s u b s t r a t e s .  

( 5 )  X-ray d i f f r a c t i o n  s t . u d i e s  i n d i c a , t e d  t h a t  the f i l m s  
a r e  "amorphous" i n  c h a r a c t e r  w i t h  es-kimated c r . y s t a l l . i t e  s i z e s  
o f  .Less t h a n  508.  High c r y s t a l l i n i t y  t h e r e f o r e  i s  n o t  expec- 
t e d  ,t.o be a st.rengt:h 1.imit.i.ng f a c t o r  a 

( 6 )  Pr'ocedu.res have  been developed  f o r  the f a b r i c a t i o n  
o f  mult.Ll.ayer 1,arninat.es o f  boron c,ar'nide on b o t h  aluminum and 
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polyfmide s u b s . t r a t . e s  u.sbhng U'nSon Carb ide  epoxy a d h e s i v e  ERL- 
2256, Th.-Ls a d h e s i v e  appea:rs  su .pe r io r  t o  the phenoxy a d h e s i v e  
used  e a r l y  i n .  the prog:ram, 

( 7 )  $he mechanica l  properkki.es of boron c a r b i d e  r e i n f o r -  
ced l amina r  composi~tes inc1,uded high eBa stic b e n d h g  an.d 
s h e a r  s t . i f f n e s s  and moderate  s t r e n g t h . .  These properties 
w e r e  v i r t u a l l y  independen t  of or.lenta,t.ion 

(8) The highes,k sit*reng%h developed  i n  the r e i n f o r c e m e n t  
phase  was a b o u t  :1.60,000 psi. a s  c a l c u l a t e d  by the Rule-of-  

Mix tu res .  T h i s  w a s  s u b s t a n t i a l l y  lower t h a n  the p o t . e n t i a l  
f r a c t u r e  strength of 300,000 p s i  or be%.ter w h i c h  was exh ib f -  
t.ed by t.he film when depos i t , ed  on t,hick s u b s t r a t e s ,  The cause  
of . t h i s  descrepancy  was not. de te rmined  i n  t h i s  i n v e s t i g a t i o n .  
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9. Recommen,dations 

The r e s u l t s  of t h i s  program i n d i c a t e  t h a t ,  boron c a r b i d e  
1.aminate composi tes  have h i g h  p o t e n t i a l  for a p p l i c a t i o n s  
where minimum weight. s+xaetural  m a t e r i a l s  a r e  r e q u i r e d  I n  
o r d e r  t o  deve lop  t h e  p o t e n t i a l  of these composi tes  it i s  recom- 
mended tha t .  f u t u r e  work be d i r e c t e d  t o  t h e  fo l lowing :  

(I)  Improved l a m i n a t e  s t r e n g t h .  E'urt~her work i s  r e q u i r e d  
t o  i d e n t i f y  the s u r f a c e  f l a w s  and d e f e c t s  which may be s t r e n g t h  
c o n t r o l k i n g .  Morphology s t u d i e s  should  be used  t o  improve de- 
formation and h a n d l i n g  t e c h n i q u e s  so a s  ta r educe  o r  e l i m i n a t e  
flaws 0 

( 2 )  Efforts should  be made t o  i n c r e a s e  t h e  volume f r a c -  
t i o n  of r e i n f o r c e m e n t  i n  t .he composi te .  The u s e  of p r e s e n t l y  
a v a i l a b l e  s u b s t r a t e s  which a r e  t h i n n e r  than. t h o s e  used i n  the 
p r e s e n t  contract a p p e a r s  promising e I n c r e a s e d  moduli  and 
s t r e n g t . h s  should resu.1.t.. 

( 3 )  Methods need to be developed t o  improve the degree  
o f  adhes ion  of boron  c a r b i d e  t o  p l . a s t i c  s u b s t r a t e s ,  such a s  
the polyimi.de f i l m ,  

( 4 )  More fundamental. work is r e q u i r e d  t o  r e l a t e  the 

e f fec ts  of d e p o s i t i o n  parameters---rate  of e v a p o r a t i o n ,  t e m -  
p e r a t m e  of s u b s t r a t e ,  eke.--to the b a s i c  p r o p e r t i . e s  of t h e  
f i lm--dens i ty ,  composi t ion ,  s t r e n g , t h ,  etc Fundamental 
work i s  requ.:ired on the inhomogeneous resi .dua.1 stresses 
which may 'deve1,op b e t w e e n  the s u b s t r a t e  and  f i l m ,  and w i t h i n  
t h e  d e p o s i t  itsel.:€ 
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The a u t h o r , s  wish. to  Lhank P r o f e s s o r  A .  S. Argon, Mechani- 
cal .  Engineer ing  Department., Massachuse t t s  I n s t i t u t e  o f  Technology, 
f o r  h i s  a s s i s t a n c e  and suggestions -- p a r t i c u l a r l y  w i t h  respect 
t .o the st.ren9t.h mea surement.s of t.he f i 1 . m  d e p o s i t s  
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APPENDIX 1 

DERIVATION OF THE CRACK FORMATION LIMIT 



DERIVATION OF THE CRACK FOR.MATION LIMIT 

f 0 E = c o n s t a n t .  

The d e s c r i p t i o n  of the p o s t - c r i t i c a l  s t r a i n  r e g i o n  c>cCr 
by means of the l i n e a r  c o e f f i c i e n t ,  A was b a s e d  on the 

f o l l o w i n g  c o n s i d e r a t i o n .  
The s h e a r  t r a c t i o n ,  z , needed t o  f r a c t u r e  a g a i n  a segment 

of the c racked  boron c a r b i d e  f i l m  i s  de te rmined  by s t a t i c  
e q u i l i b r i u m ,  and m u s t  be no less  t h a n  

2 a t  T >  - R 

assuming, i n  the l i m i t ,  p u r e l y  p l a s t i c  b e h a v i o r  of  the t i t a n i u m  
s u b s t r a t e ;  CT i s  t h e  f r a c t u r e  s t r e n g t h ,  t i s  t h e  t ~ c k n e s s ,  
and- R i s  the  c u r r e n t  l e n g t h  of the f i l m  segment under  con- 
s i d e r a t i o n .  W e  can  a l s o  assume perfect e l a s t i c i t y  i n  the 

b r i t t l e  c o a t i n g  w i t h  l i t t l e r  e r r o r ,  so  

where E i s  the e l a s t i c  s t r a i n ,  and E is the e l a s t i c  
modulus of the boron c a r b i d e  e Furthermore,  

- f  (A3 
1 
R 
- -  

by the d e f i n i t i o n  of f . Combining ( A l ) ,  (A2),  and (A3) w e  

g e t  

A l  



The r i g h t  hand side of ( A 4 1  can be e v a l u a t e d  approx ima te ly  
s i n c e  k. = 0 - 3 5  x L O m 3  i n o p  E = 6 x 10 p s i ,  and T = 1./2 cf 

c i a l l y  p u r e  t i t a n i u m ) .  Then, approx ima te ly ,  

7 
3 Y '  

i s  the t e n s i l e  y i e l d  s k r e s s  H 50 x 10 psi  f o r  commer- 
(OY 

f " f2 < 0-6 (A5  

Thus# 0.6 (in.-') i s  an upper  bound f o r  the p r o d u c t  
and the d e n s i t y  of c r a c k s  cannot i n c r e a s e  f u r t h e r #  c o n s i s t e n t  
w i t h  the assumpt ion  of p u r e l y  p l a s t i c  b e h a v i o r  I f  
t h i s  assumpt ion  i s  relaxed and s t .ra in  h a r d e n i n g  i n  the t i t a n i u m  
i s  accoun ted  f o r ,  t h e n  h 0 E could  i n c r e a s e  f u r t h e r ,  b u t  a t  
a s l o w e r  r a t e .  

( f  E) 

z < oY/2 .  

The t h e o r e t i c a l  c u r v e  f 0 E = c o n s t a n t  =: 0 ,6  ( in*- ' )  
h a s  been  drawn i n  F:fgure 3 ,  It  is in good agreement  w i t h  the 

obse rved  b e h a v i o r ,  s i n c e  a n  unmiwkakable d e c r e a s e  i n  the ob- 
s e r v e d  c r a c k  fo rma t ion  r a t e s  df o c c u r r e d  beyond t h i s  theoreti-  
c a l  cu rve .  The "bending over" of the c rack  d e n s i t y  vs. s t r a i n  
c u r v e s  beyond this Limit, t h e r e f o r e ,  r e f l e c t s  c h i e f l y  the 

p 4 a s t i c  s t r a i n  ha rden ing  b e h a v i o r  of the t i t a n i u m  s u b s t r a t e .  
The f vs. E c u r v e s  below t h i s  l i n e ,  however# do r e p r e s e n t  
the s t r a i n - s e n s i t i v i t y  of  c r ack  formation i n  the boron  c a r b i d e  
c o a t e d  f i l m s .  I n  t h i s  r e g i o n p  t h e  l i n e a r  r e l a t i o n s h i p  a s  ex- 

pressed by the c o e f f i c i e n t  ( A )  i s  a good approximat ion .  

A2 


