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SUMMARY 

The t e n s i l e  s t r e s s - s t r a i n  behavior  of  f i v e  types  o f  boron/aluminum l a m i -  
n a t e s  was i n v e s t i g a t e d .  
f ibers 

Two o f  t h e  laminate  types  contained only Oo or  45' 
and [ ~ 4 5 ] ~ ~ ) ;  t he  remaining t h r e e  cons i s t ed  of  both Oo and 4 5 O  

p l i e s  ([0/+45],, [02/&15]s, and [245/02] ). 
S 

Longi tudina l  and t r a n s v e r s e  

s t r e s s - s t r a i n  curves  were obta ined  f o r  monotonic load ing  t o  f a i l u r e  and f o r  
t h r e e  cyc le s  o f  loading  t o  success ive ly  h igher  load l e v e l s .  

For t h e  lamina tes  w i t h  00 p l i e s  i n  t h e  loading  d i r e c t i o n ,  t h e  u l t i m a t e  
s t r e n g t h s  va r i ed  l i n e a r l y  wi th  the  percentage of  Oo p l i e s  i n  the  composite. 
The s t r e n g t h s  p red ic t ed  by assuming t h a t  t he  Oo p l i e s  f a i l e d  first c o r r e l a t e d  
w e l l  w i t h  t h e  experimental  r e s u l t s .  The s t r e s s - s t r a i n  curves  f o r  a l l  t h e  
boron/aluminum laminates  were nonl inear  except  a t  very small s t r a i n s .  Within 
t h e  small l i n e a r  r eg ions ,  e las t ic  cons t an t s  ca l cu la t ed  from laminate  theory  
corresponded t o  those  obtained exper imenta l ly  t o  wi th in  10 t o  20 percent .  How- 
e v e r ,  because of  t h e  n o n l i n e a r i t y ,  t h e  e l a s t i c  cons t an t s  do no t  c h a r a c t e r i z e  
the  lamina tes  over  a s i g n i f i c a n t  p a r t  of  t h e i r  working range.  The n o n l i n e a r i t y  
i n  the  s t r e s s - s t r a i n  curves  was g r e a t e r  a t  h igher  percentages  of  45O p l i e s  i n  
t h e  laminate .  

A l i m i t e d  amount o f  c y c l i c  loading  d i d  no t  a f f e c t  t h e  u l t i m a t e  s t r e n g t h  
and s t r a i n  f o r  t h e  boron/aluminum laminates .  The lamina tes ,  however, exhib- 
i t e d  a permanent s t r a i n  on unloading. A s  w i t h  t h e  n o n l i n e a r i t y  i n  t h e  stress- 
s t r a i n  curves ,  t h e  amount o f  permanent s t r a i n  was greater f o r  lamina tes  wi th  
more 450 p l i e s .  

The Ramberg-Osgood equat ion  w a s  f i t t e d  t o  t h e  s t r e s s - s t r a i n  curves  t o  
o b t a i n  average curves f o r  t he  va r ious  lamina tes .  The equat ion f i t t e d  t h e  
experimental  data w e l l .  

INTRODUCTION 

The a n a l y s i s  of  s t r u c t u r e s  made from boron/aluminum laminates  is compli- 
cated by t h e  i n e l a s t i c i t y  and n o n l i n e a r i t y  o f  t he  s t r e s s - s t r a i n  behavior i n  t h e  
working range of  t h e  material. Although t h e  mechanical p r o p e r t i e s  o f  boron/ 
aluminum laminates  have been s tud ied  (see, f o r  example, refs. 1 ,  2 ,  and 31, the  
s t r e s s - s t r a i n  behavior has no t  been adequately cha rac t e r i zed .  

The o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  was t o  c h a r a c t e r i z e  t h e  s t r e s s - s t r a i n  
behavior  of  s e v e r a l  t ypes  o f  boron/aluminum laminates .  Two of  t he  lamina te  
types  cons i s t ed  o f  only Oo or 45O p l i e s ;  t h r e e  o t h e r  lamina te  types  contained 
both Oo and 45O p l i e s .  Both l o n g i t u d i n a l  and t r a n s v e r s e  s t r e s s - s t r a i n  curves  , 

were obtained f o r  t h e  va r ious  lamina tes .  To i n v e s t i g a t e  t h e  i n e l a s t i c i t y  o f  
t h e  material, some specimens were a l s o  sub jec t ed  t o  a f e w  load ing  cyc le s .  The 
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Ramberg-Osgood equat ion  was f i t t e d  t o  t h e  experimental  s t r e s s - s t r a i n  data. 
Elastic cons t an t s  and t h e  e x t e n t  o f  the  l i n e a r  r eg ions  i n  t h e  s t r e s s - s t r a i n  
curves  were determined f o r  t h e  va r ious  lamina tes .  Elastic cons t an t s  c a l c u l a t e d  
from lamina te  theory  were compared with measured va lues .  

SYMBOLS 

Although va lues  are given i n  t h e  I n t e r n a t i o n a l  System of Units  (SI) i n  
t h i s  r e p o r t ,  t h e  experimental  procedures  were c a r r i e d  ou t  us ing  U . S .  Customary 
Units .  

b 

E 

E f  

E, 

Etan 

F tu  

G12 

GXY 

g 

n 

v f 
r 
Y 

E 

& t u  

A 

V 

Vtan  

0 

G€ 

2 

cons tan t  i n  t h e  Ramberg-Osgood equat ion ,  Pa-1 

Young's modulus of e l a s t i c i t y ,  Pa 

Young's modulus of  e l a s t i c i t y  of  f i be r s ,  Pa  

secondary modulus, Pa 

tangent  modulus, Pa 

u l t i m a t e  t e n s i l e  s t r e n g t h ,  Pa 

lamina shear modulus, P a  

lamina te  shea r  modulus, Pa 

a c c e l e r a t i o n  due t o  g r a v i t y ,  m/sec2 

cons tan t  i n  t h e  Ramberg-Osgood equat ion  

f iber  volume f r a c t i o n  

percentage o f  450 p l i e s  

shear  s t r a i n  

a x i a l  s t r a i n  

u l t ima te  t e n s i l e  s t r a i n  

percentage of p l i e s  w i t h  f i b e r s  i n  load ing  d i r e c t i o n  

Poisson ' s  r a t i o  

tangent  Poisson ' s  r a t i o  

axial  stress, Pa 

a x i a l  stress a t  a s t r a i n  of  E ,  Pa 



T shear  stress, Pa  

Average p l y  
;hickness ,  mm 

0.178 

. I91 

-185 

.I86 

.189 

Subsc r ip t s :  

Volume f r a c t i o n ,  
percent  

50 

45 

45 

44 

44 

X , Y  Car tes ian  coord ina te s  

~ , B , T I , ~  refer t o  legs o f  s t r a i n  gage r o s e t t e s  (see f ig .  2 )  

The no ta t ion  f o r  laminate  o r i e n t a t i o n  used i n  r e fe rence  4 is used i n  t he  
p resen t  r e p o r t .  The cross-ply ang le s  are l i s t e d  i n  t h e  o rde r  of layup,  sepa- 
rated by a s lash ,  w i t h  t h e  e n t i r e  l i s t i n g  enclosed wi th in  brackets. Where 
there is more than one consecut ive  lamina a t  any given ang le ,  the  number o f  
laminae a t  t h a t  ang le  is denoted by a numerical  s u b s c r i p t  wi th in  the brackets. 
Subscr ip t  S o u t s i d e  the  brackets denotes  symmetric; f o r  example, [0/+115] 

means [0/+45/-45/-45/+45/0]. 

f o r  example, [o] 

S 
Subsc r ip t  T o u t s i d e  the  brackets denotes  t o t a l ;  

means [ 0 / 0 / 0 / 0 / 0 / 0  3. 
6 T  

EXPERIMENTAL PROCEDURES 

Material and Specimens 

A diffusion-bonded boron/aluminum sheet material c o n s i s t i n g  o f  0.142-mm- 
diameter boron fibers embedded i n  6061 aluminum matr ix  w a s  used i n  t h i s  inves-  
t i g a t i o n .  The material, which was f a b r i c a t e d  f o r  a larger f r a c t u r e  program, 
was tested i n  t h e  "as f a b r i c a t e d "  condi t ion .  U l t r a son ic  (C-scan) i n s p e c t i o n  
d i d  no t  r e v e a l  any voids  i n  the  material. As shown i n  t h e  fol lowing t a b l e ,  
60 sheets of  t h e  material ,  which included 5 types  o f  lamina tes  were used .  The 
sheets were de l ive red  i n  two s i z e s :  508 by 457 mm and 508 by 305 mm. The Oo 
f i b e r  d i r e c t i o n  was paral le l  t o  t h e  508-mm s i d e s .  (See f ig .  I . >  The f i b e r  
volume f r a c t i o n ,  s p e c i f i e d  t o  be 45 t o  50 p e r c e n t ,  was higher  f o r  t he  unid i rec-  
t i o n a l  lamina tes  than f o r  t he  lamina tes  wi th  cross p l i e s ,  as ind ica t ed  i n  t h e  
table .  The average sheet th i ckness  l i s t e d  i n  the  table  was ca l cu la t ed  by aver-  
ag ing  measured th i cknesses  of a l l  t h e  7heets of  a s i n g l e  laminate  o r i e n t a t i o n .  

Sheet 
number 

1 t o  10 

11 t o  25 

26 t o  40 

41 t o  55 

56 t o  60 
. ~~. 

Laminate 
w i e n  ta  t i o n  

.. . 

4verage sheet 
;hickness ,  mm 

1.068 

1.528 

1.110 

1.488 

1.512 

Number 
if p l i e s  

3 
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One l o n g i t u d i n a l  and one t r a n s v e r s e  t e n s i l e  specimen were tested from each 
sheet of  material. (See f ig .  1.) The specimens were o f  s imple r e c t a n g u l a r  
shape, 19.0 mm wide and 254.0 mm long ,  and were numbered according t o  the f o l -  
lowing f o u r - d i g i t  system: 
t h i r d  d i g i t  denotes  the p o s i t i o n  o f  the  specimen w i t h i n  the o r i g i n a l  sheet, and 
the  f o u r t h  d i g i t  i n d i c a t e s  whether t he  specimen w a s  l o n g i t u d i n a l  o r  t r a n s v e r s e .  

the first two d i g i t s  denote  t he  sheet number, the 

Test Procedure and Equipment 

The specimens were tes ted i n  a h y d r a u l i c a l l y  a c t u a t e d ,  closed-loop, servo-  
c o n t r o l l e d  t e s t i n g  machine w i t h  hydrau l i c  g r i p s .  Plast ic  tabs  about  3 mm t h i c k  
were placed between the  g r i p s  and t h e  specimens t o  p r o t e c t  t he  s u r f a c e  o f  t he  
specimens. Radiographs showed t h a t  the g r ipp ing  p res su re  necessary  t o  hold the  
specimens d i d  not  damage t h e  boron f ibers .  No specimens failed i n  the  g r i p s .  

Loads f o r  the s t a t i c  t e n s i l e  tests were programmed by an analog ramp gen- 
e r a t o r  t o  vary l i n e a r l y  w i t h  time. The specimens were loaded t o  f a i l u r e  s lowly 
( i n  about  2 minutes)  so  t h a t  a t  least 50 l o a d - s t r a i n  readings  could be recorded 
during each test. 

For the  c y c l i c  t e n s i l e  t es t s ,  .the specimens were loaded t o  0.267 o f  the  
s ta t ic  u l t ima te  s t r e n g t h ,  unloaded, re loaded t o  0.467 o f  t h e  u l t i m a t e  s t r e n g t h ,  
unloaded, re loaded t o  0.667 o f  t he  u l t i m a t e  s t r e n g t h ,  unloaded, and f i n a l l y  
loaded t o  f a i l u r e .  The va lues  o f  0.267 and 0.667 o f  t he  u l t i m a t e  s t r e n g t h  rep-  
r e s e n t  the upper va lues  of a lg  load  ( t r anspor t - type  a i r p l a n e )  and of  a l i m i t  
l oad ,  r e s p e c t i v e l y ;  0.467 of the  u l t i m a t e  s t r e n g t h  is the  average of  t he  o t h e r  
two va lues .  

S t r a i n  gage r o s e t t e s  were used t o  measure s t r a i n s  i n  t h e  d i r e c t i o n  of  load  
The gages were bonded t o  t h e  ten- and a t  ang le s  o f  +45O t o  t h e  load d i r e c t i o n .  

t e r  of  the  specimens on both f r o n t  and back sides. 
s t r a i n s  f o r  each r o s e t t e  were ca l cu la t ed  from the measured s t r a i n s  as fol lows:  

The t r a n s v e r s e  and shear 

where the  s u b s c r i p t s  refer t o  the  legs of  the  r o s e t t e  shown i n  f i g u r e  2 .  The 
a x i a l  and shear s t r a i n s  on both sides of  each specimen were averaged t o  e l i m i -  
n a t e  any s t r a i n s  due t o  bending i n  t h e  specimens. The shear s t r a i n s  were very  
small compared wi th  t h e  a x i a l  s t r a i n s ,  i n d i c a t i n g  t h a t  t h e  loads  were a p p l i e d  
without  t w i s t  or shear. 

During both the  s t a t i c  and c y c l i c  tes ts ,  t he  output  s i g n a l s  from t h e  
s t r a i n  gages,  the  load ce l l ,  and a peak-load reader were recorded on the  d i g i -  
t a l  data a c q u i s i t i o n  system shown schemat ica l ly  i n  f i g u r e  3. A s  shown i n  f ig-  
ure  2,  the output  s i g n a l s  were recorded on 12 channels ,  and the  load was 
recorded 4 times dur ing  each scan.  These analog output  s i g n a l s  were scanned 
cont inuously a t  about  2 seconds per scan,  were converted i n t o  d i g i t a l  s i g n a l s ,  
and then were p r i n t e d  on paper tape and recorded on magnetic tape. The scan  
number, t h e  specimen number, and the  t i m e  t o  the n e a r e s t  second were a l s o  
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recorded.  Subsequently,  t h e  data on the  magnetic t apes  were analyzed by a 
d i g i t a l  computer. The maximum load  used t o  c a l c u l a t e  t he  u l t i m a t e  t e n s i l e  
s t r e n g t h  was determined from t h e  peak-load reader. 

Because t h e  load va r i ed  whi le  t he  s t r a i n s  were recorded,  t h e  computer pro- 
gram used the  fol lowing procedure t o  de r ive  the  s t r e s s - s t r a i n  curves .  The load 
corresponding t o  a recorded s t r a i n  was c a l c u l a t e d  by l i n e a r l y  i n t e r p o l a t i n g  
between loads  recorded before  and after t h e  p a r t i c u l a r  s t r a i n .  The l i n e a r  
i n t e r p o l a t i o n  w a s  q u i t e  a c c u r a t e  because t h e  load  va r i ed  l i n e a r l y  wi th  t i m e  and 
t h e  scanning rate was cons tan t .  The average sheet th i ckness  f o r  a p a r t i c u l a r  
lamina te  o r i e n t a t i o n  was used t o  c a l c u l a t e  t h e  corresponding stresses. 

I n  c a l c u l a t i n g  E,, and y by equat ions  ( I ) ,  Ea and EB corresponding 
t o  ES were c a l c u l a t e d  by l i n e a r l y  i n t e r p o l a t i n g  between va lues  o f  Ea and 
EB recorded before  and after ES. Because of t h e  nonl inear  response of  t h e  
material, t h e  s t r a i n s  d id  not  vary l i n e a r l y  with time as d i d  t h e  loads .  Never- 
t h e l e s s ,  the  l i n e a r  i n t e r p o l a t i o n  was q u i t e  accu ra t e  because t h e  change i n  
s t r a i n  was very small between record ings .  

STRESS-STRAIN RELATIONSHIP 

Assuming t h e  boron/aluminum laminates  t o  be homogeneous materials w i t h  
o r t h o t r o p i c  p r o p e r t i e s  and i n  a s ta te  of  plane stress, t h e  l i n e a r  s t r a i n - s t r e s s  
r e l a t i o n s  are ( r e f .  5 )  

ay  0x"xy 

EY EX 

- - -  EY 

TYX 

Gyx 
- -  Yyx - (4) 

The lamina te  p r i n c i p a l  axes  are referred t o  as y and x i n  t h i s  r e p o r t ,  t h e  
y-d i rec t ion  always being t h e  d i r e c t i o n  of  t he  Oo f ibers .  Four independent 
e l a s t i c  cons t an t s  p re sen t  i n  equa t ions  ( 2 )  t o  ( 4 )  characterize t h e  laminates:  
Young's moduli i n  t h e  y- and x -d i r ec t ions ,  Ey and Ex; t h e  shear modulus Gyx; 
and t h e  major Poisson ' s  r a t i o  vyx. The f i f t h  elastic c o n s t a n t ,  Vxy, i s  
related t o  t h e  o the r  cons t an t s  as fol lows:  

The fol lowing form of  t h e  well-known Ramberg-Osgood equat ion  (ref.  6) was 
chosen t o  r ep resen t  t h e  t e n s i l e  s t r e s s - s t r a i n  curves  o f  t h e  boron/aluminum 
material : 

5 



u 
E 

E = - +  (bU)n (6) 

For o r t h o t r o p i c  l amina te s ,  equat ion (6) can be w r i t t e n  as fo l lows  f o r  and 
EX: f o r  u n i a x i a l  l oad ing  i n  the  y-d i rec t ion ,  

EY = 

EX = 

I u P Y Y  *Y 
- + ( b Y Y  Y 
EY 

( 7 )  

and f o r  u n i a x i a l  l oad ing  i n  the  x -d i r ec t ion ,  
\ 

J OX 

EX 
Ex = - + ( b x x ~ x ) n x x  

Equations (7)  were f i t t e d  t o  s t r e s s - s t r a i n  data f o r  l o n g i t u d i n a l  specimens 
and equat ions  (8) t o  data f o r  t r a n s v e r s e  specimens. For l i n e a r - e l a s t i c  behav- 
i o r ,  t h e  nonl inear  term i n  equat ion  ( 6 )  i s  ze ro ,  and equat ions  ( 7 )  and (8) 
reduce t o  the  u n i a x i a l  loading  forms of equat ions  (2 )  and (3). Note t h a t  
because t h e  c o n s t a n t s  i n  the  nonl inear  terms i n  equa t ions  (7 )  and (8) were 
der ived from u n i a x i a l  t es t s ,  t h e  sum of  the  equat ions  may no t  g ive  c o r r e c t  
s t r a i n s  f o r  b i a x i a l l y  a p p l i e d  stresses. The e las t ic  c o n s t a n t s  E and V were 
ca l cu la t ed  us ing  only  t h e  l i n e a r - e l a s t i c  p a r t  of the s t r e s s - s t r a i n  curves ,  and 
the  cons t an t s  b and n were c a l c u l a t e d  us ing  a l l  of  each curve.  The proce- 
dure is given i n  the appendix. 

RESULTS AND DISCUSSION 

S t a t i c  Tens i l e  Tests 

S t ress -s t ra in-curves . -  S t r e s s - s t r a i n  curves  f o r  t h e  s t a t i c  t e n s i l e  tests 
are presented i n  f i g u r e s  4 t o  8 for each lamina te  o r i e n t a t i o n .  
shows the measured s t r a i n s  i n  the  y- and x -d i r ec t ions  and average Ramberg- 
Osgood curves .  The r e s u l t s  f o r  l o n g i t u d i n a l  and t r a n s v e r s e  specimens are shown 
i n  separate graphs i n  each f i g u r e .  Note t h a t  f o r  lamina tes  con ta in ing  Oo 
f ibers ,  the  stress s c a l e s  for l o n g i t u d i n a l  and t r a n s v e r s e  tests i n  parts ( a )  
and ( b )  of  the f i g u r e s  d i f fe r  by as much as a f a c t o r  of 10. I n  gene ra l ,  t h e  
s t r e s s - s t r a i n  curves  are very non l inea r ,  and t h e  Ramberg-Osgood curves  model 
the  experimental  ones well. The curves are shown t o  f a i l u r e  except  f o r  t h e  

lamina tes  where the  s t r a i n  gages debonded before  f a i l u r e .  Tables I 

Each f i g u r e  
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t o  V p re sen t  va r ious  parameters  measured i n  the  tests or c a l c u l a t e d  from the 
data, i nc lud ing  the  Ramberg-Osgood cons t an t s .  

Figure 9 shows average Ramberg-Osgood s t r e s s - s t r a i n  curves  f o r  a l l  t h e  
lamina tes .  The u l t i m a t e  t e n s i l e  s t r a i n s  of  t h e  f o u r  lamina tes  wi th  f ibers  i n  
the d i r e c t i o n  of  loading  are about  the  same, 0.007 t o  0.008. (See f ig .  9 ( a ) . )  
I n  t r ansve r se  tests o f  t he  f o u r  lamina tes ,  w i t h  some f ibers  normal t o  t he  
loading  d i r e c t i o n ,  t h e  u l t ima te  t e n s i l e  s t r a i n s  were much smaller and va r i ed  
g r e a t l y ,  0.0020 t o  0,0065. 

t e n s i l e  s t r a i n s  were much higher than  t h e  0.02 t o  0.03 a t  which t h e  gages 
fa i led ;  the  u l t ima te  s t r a i n  given by the  average Ramberg-Osgood equat ion  f o r  
the  average measured u l t i m a t e  stress o f  220.6 MPa is  0.05. 

For the  k 4 5 3  lamina te  o r i e n t a t i o n s ,  the u l t i m a t e  
2s 

The s t r e s s - s t r a i n  data show t h a t  t h e  degree of  n o n l i n e a r i t y  is greater f o r  
higher  propor t ions  of 450 p l i e s .  
de ta i l ,  the  tangent  moduli and Poisson ' s  r a t i o s  were c a l c u l a t e d  f o r  both the  
test data and the  average Ramberg-Osgood curves .  

I n  o rde r  t o  examine t h e  n o n l i n e a r i t y  i n  more 

The tangent  moduli are given 
by 

and Poisson ' s  r a t i o s  by 

The d e r i v a t i v e s  i n  equat ions  ( 9 )  and (IO) were ca l cu la t ed  f o r  the  tes t  data by 
t ak ing  the  r a t i o  of  changes i n  stress and s t r a i n  between success ive  readings .  

F igures  10 t o  14 show t h e  a p p l i e d  stress p l o t t e d  a g a i n s t  t h e  tangent  modu- 
l u s  and Poisson ' s  r a t i o  f o r  each lamina te  o r i e n t a t i o n .  For lamina tes  w i t h  some 
f ibe r s  i n  the  loading  d i r e c t i o n ,  the  curves f o r  tangent  modulus show t h a t  t h e  
lamina tes  y ie lded  a t  very low stresses, and the  modulus approached a secondary 
va lue  lower than the  i n i t i a l  t angent  modulus. If t h e  lamina te  contained no 
f ibe r s  i n  t h e  loading  d i r e c t i o n ,  t he  tangent  modulus approached ze ro  f o r  high 
stresses. The low y i e l d  s t r e n g t h  o f  the composite is due t o  t h e  low y i e l d  
s t r e n g t h  of  t h e  aluminum matr ix .  With some f ibers  i n  t h e  loading  d i r e c t i o n ,  
t h e  tangent  moduli a t  high stresses agree w e l l  w i t h  those  c a l c u l a t e d  by the  
fo l lowing  equat ion  which assumes t h a t  t he  f ibers  i n  t he  load ing  d i r e c t i o n  c a r r y  
a l l  the  load:  

7 



E, = - 
100 

(11 1 

where A equa l s  t h e  percentage o f  p l i e s  wi th  f ibers  i n  t h e  load ing  d i r e c t i o n .  
Values o f  Vf = 0.5 and Ef = 400 GPa were used f o r  t h e  volume f r a c t i o n  and 
fiber modulus, r e s p e c t i v e l y .  

A s  previous ly  noted ,  t he  o v e r a l l  conformity between t h e  experimental  
s t r e s s - s t r a i n  d a t a  and t h e  approximating Ramberg-Osgood curves  is  good. 
e v e r ,  figures 10 t o  14 show t h a t  f o r  lamina tes  loaded i n  t h e  d i r e c t i o n  of  Oo 
fibers,  t h e  shape of  t h e  tangent  modulus curve given by t h e  Ramberg-Osgood 
equat ion  does not  agree w e l l  with t h e  data f o r  large stresses, because t h e  
equat ion  does no t  a sympto t i ca l ly  approach a secondary modulus f o r  large stress 
but  r a t h e r  approaches zero .  Also, t h e  shape of  t h e  curve does not  agree w e l l  
f o r  small stresses near  ze ro ,  because t h e  d e r i v a t i v e  of  t h e  tangent  modulus 

How- 

i s  equal  t o  i n f i n i t y  r a t h e r  than ze ro  f o r  (3 0 and 
aa 

1 < n < 2. For lamina tes  not  loaded i n  t h e  d i r e c t i o n  of Oo f ibers ,  t h e  shape 
of  t h e  tangent  modulus curve given by t h e  Ramberg-Osgood equat ion  ag rees  w e l l  
wi th  t h e  data, because t h e  secondary modulus o f  t he  material is zero  and 
n > 2. 

For laminate  o r i e n t a t i o n s  con ta in ing  Oo f ibers ,  Poisson ' s  r a t i o  i n c r e a s e s  

For the  [2451,, laminate  ( f ig .  141 ,  Poisson ' s  r a t i o  i n c r e a s e s  dramati- 
with stress f o r  l o n g i t u d i n a l  tests and decreases wi th  stress f o r  t r a n s v e r s e  
tests. 

c a l l y  with stress and approaches un i ty .  

I n  order  t o  determine t h e  s t r a ins  a t  t h e  onse t  o f  t h e  n o n l i n e a r i t y ,  t h e  
tangent  moduli are p l o t t e d  a g a i n s t  s t r a i n  i n  f i g u r e  15 f o r  s t r a i n s  up t o  0.0012. 
The p l o t s  show t h a t  t h e  lamina tes  y ie lded  a t  a s t r a i n  of  about  0.00025 except  
f o r  t he  [O] l amina tes  tested l o n g i t u d i n a l l y .  That laminate  y ie lded  a t  some- 

6 T  
what higher  s t r a i n s  of  about  0.0004, probably because the f ibe r s  are a l l  i n  t h e  
loading  d i r e c t i o n  and t h e r e f o r e  cause v i r t u a l l y  no concent ra t ion  o f  s t r a i n  i n  
t h e  mat r ix  near  t he  f ibers.  This  y i e l d  s t r a i n  is about  equal  t o  t h e  y i e l d  
s t ra in  of  0.0005 expected f o r  t h e  mat r ix  i t s e l f .  

U l t i m a t e  t e n s i l e _ _ s t r e n g t h s .  - Figure 16 shows a comparison between exper i -  
mental and p red ic t ed  tensi le  s t r e n g t h s  f o r  t h e  va r ious  boron/aluminum laminates .  
I n  t h e  f igure,  u l t i m a t e  t e n s i l e  s t r e n g t h s  are p l o t t e d  a g a i n s t  t h e  percentages 
o f  4 5 O  p l i e s  i n  t h e  laminates .  The symbols are p l o t t e d  a t  t h e  average of  t h e  
experimental  r e s u l t s  and the  t i c k  marks i n d i c a t e  t h e  extremes. The d i f f e r e n c e  
between t h e  s t r e n g t h s  of  [245/02] and [02/~45], specimens i n d i c a t e s  a small 

effect  of  s t ack ing  sequence on s t r e n g t h .  
S 

The t h e o r e t i c a l  l i n e s  (both  s o l i d  and dashed) were der ived by assuming 
t h a t  i n  both l o n g i t u d i n a l  and t r a n s v e r s e  tes ts ,  t h e  Oo p l i e s  f a i l  first because 
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the i r  f a i l u r e  s t r a i n  is  much smaller than t h a t  f o r  the  45O p l i e s .  When f a i l u r e  
of t h e  00 p l i e s  over loads  the  450 p l i e s ,  t h e  laminate  f a i l u r e  stresses are 
given by t h e  s o l i d  l i n e s  i n  f i g u r e  16. For lamina tes  w i t h  h igh  percentages o f  
450 p l i e s ,  however, t h e  450 p l i e s  are not  overloaded and t h e  lamina tes  f a i l  a t  
s t r a i n s  and stresses higher than those  a t  which the  Oo p l i e s  f a i l ;  these f a i l -  
u r e  stresses are shown by the  dashed l i n e s .  

The equat ions  f o r  the l i n e s  were der ived as fol lows.  Assuming equal  p ly  
th i cknesses ,  l amina te  theory  g i v e s  t he  laminate  stress i n  terms of  t h e  p ly  
stresses as 

7 

where r is t h e  percentage o f  4 5 O  p l i e s  and (a)oo and (a )450  are t h e  
stresses i n  t h e  00 and 450 p l i e s ,  r e s p e c t i v e l y .  Thus, t h e  lamina te  stress 
when the  Oo p l i e s  f a i l  is  

7 

where (Ftu)Oo is t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  Oo p l i e s  and (u,)450 
is  the  stress i n  t h e  450 p l i e s  a t  the  s t r a i n  corresponding t o  f a i l u r e  of t h e  
00 p l i e s .  S i m i l a r l y ,  w i t h  t h e  Oo p l i e s  having f a i l e d  f irst ,  the  lamina te  
stress when t h e  450 p l i e s  f a i l  is given by equat ion  (12)  w i t h  
(u)450 (F tu)450,  where (F tu)450 
450 p l i e s .  Thus, 

(a)oo = 0 and 
is the  u l t i m a t e  t e n s i l e  s t r e n g t h  of the  

rl 

The s t r e n g t h  o f  t he  l amina te s ,  t h e r e f o r e ,  is given by the  larger of  t h e  va lues  
c a l c u l a t e d  from equat ions  (13)  and ( 1 4 ) .  The va lues  o f  F tu  and aE given 
i n  the  fo l lowing  table were used t o  c a l c u l a t e  t he  l i n e s  i n  f i g u r e  16. The 
s o l i d  and dashed l i n e s  are given by equa t ions  (13)  and ( 1 4 1 ,  r e s p e c t i v e l y .  
Average p r o p e r t i e s  of t h e  E O ]  

used f o r  the  Oo and 4 5 O  p ly  p r o p e r t i e s ,  r e s p e c t i v e l y ,  and 
p l i e s  w a s  determined from the  average Ramberg-Osgood equa t ions  f o r  t h e  [245]2s 

lamina tes .  The agreement between the  p red ic t ed  and experimental  r e s u l t s  i n  
f i g u r e  16 is good. 

and [ ~ 4 5 ] ~ ~  lamina tes  i n  tables I and V were 
6T 

uE f o r  the  45O 

Long i t ud i n a  1 

Transverse 

( E t U ) O O  

0.007908 

.002084 

144.8 

98.6 

220.6 

195.8 
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Elastic cons tan ts . -  Average e las t ic  c o n s t a n t s  were c a l c u l a t e d  f o r  the  i n i -  
t i a l  l i n e a r  p o r t i o n s  o f  the  s t r e s s - s t r a i n  curves  us ing  lamina p r o p e r t i e s  and 
laminate  theory ,  and were then compared w i t h  t h e  measured va lues .  The average  
measured e las t ic  cons t an t s  f o r  the [O] l amina te  were used f o r  t h e  lamina con- 

6T 
s t a n t s  i n  the  a n a l y s i s .  The lamina shear modulus G12, which was n o t  measured, 
was ca lcu la t ed  by 

EY 

2(1  + vyx) GI2 = (15) 

where Ey and Vyx are the cons t an t s  f o r  t h e  [+45] lamina te  o r i e n t a t i o n .  
2 s  

Equation (15)  was derived from equat ion ( 1 )  of  r e fe rence  7.  S u b s t i t u t i n g  t h e  
average va lues  from table  V i n t o  equat ion  (15)  and averaging t h e  G12 
l o n g i t u d i n a l  and t r a n s v e r s e  tes ts  g ives  A l l  t h e  c a l c u l a t e d  
e las t ic  cons t an t s  are l i s t e d  i n  table V I .  

f o r  t h e  
G12 = 48.68 GPa. 

Figure 17 shows the  ca l cu la t ed  cons t an t s  and the  measured e las t ic  con- 
s t a n t s  p l o t t e d  a g a i n s t  the  percentage of  45O p l i e s  f o r  both the  l o n g i t u d i n a l  
and t r ansve r se  tes ts .  The average and extreme va lues  of  t he  measured c o n s t a n t s  
are shown. The measured va lues  f o r  t h e  [+45/02] and [02/245] lamina tes  show 

only a small effect  o f  s t ack ing  sequence. The va lues  c a l c u l a t e d  by lamina te  
theory  are h igher  than t h e  average measured va lues  by as much as 10 percent  f o r  
Young’s modulus and by as much as 20 percent  f o r  Poisson’s  r a t i o .  The c o r r e l a -  
t i o n  cannot be improved by changing t h e  va lue  of  lamina shear modulus because 
Young’s modulus f o r  the  lamina tes  i n c r e a s e s  w i t h  
decreases w i t h  G12. 

S S - 

G12 and Poisson’s  r a t i o  

The r a t i o s  o f  t h e  products  VxyEy and vyxEX were c a l c u l a t e d  from t h e  
average measured e l a s t i c  cons t an t s  and the  r e s u l t s  are shown i n  the  fo l lowing  
t a b l e .  A s  a n t i c i p a t e d  f o r  t h e  o r t h o t r o p i c  l amina te s ,  the  r a t i o s  o f  t h e  prod- 
u c t s  were approximately equal  t o  1 .  

Laminate o r i e n t a t i o n  

S 
[o/+L15] 

E 4 5  12s 

v yx Ex /vxyEy 

1.011 

.986 

1.001 

.986 

1.024 

Note that  the  l i n e a r  region of t h e  s t r e s s - s t r a i n  curves ,  f o r  which t h e  
e las t ic  c o n s t a n t s  were c a l c u l a t e d ,  does no t  c h a r a c t e r i z e  the  lamina tes  over  a 
s i g n i f i c a n t  p a r t  o f  the i r  working range. 
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Cycl ic  Tens i l e  Tests 

Three loading  c y c l e s  d id  not  affect  t h e  stress and s t r a i n  a t  f a i l u r e  f o r  
any o f  t he  boron/aluminum laminates .  The u l t ima te  t e n s i l e  stress and s t r a i n  
f o r  each c y c l i c  test are presented  i n  table  V I I ,  and t h e s e  va lues  are wi th in  
the  extremes f o r  t he  s ta t ic  tests given i n  tables I t o  V.  However, t h e  l a m i -  
n a t e s  exh ib i t ed  permanent s t r a i n  on unloading. The permanent s t r a i n s ,  which 
increased  with app l i ed  stress and wi th  t h e  propor t ion  of  45O p l i e s ,  were 
s i g n i f i c a n t  - e s p e c i a l l y  f o r  t h e  [+45] lamina te .  F igures  18 t o  22 show t h e  

s t r e s s - s t r a i n  curves  f o r  three c y c l e s  of load ing  f o r  one l o n g i t u d i n a l  and one 
t r a n s v e r s e  test  of each lamina te  o r i e n t a t i o n .  

- 2 s  

The composite, with the  mat r ix  i n  t he  "as fabricated" cond i t ion ,  s t r a i n -  
hardened l i k e  metals, and t h e  average Ramberg-Osgood curves f o r  monotonic load-  
i n g  form upper envelopes f o r  the c y c l i c  curves .  The y i e l d  s t r e n g t h s  inc reased  
d rama t i ca l ly  with each load cyc le .  The h y s t e r e s i s  loops  were much more pro- 
nounced when some f i b e r s  were i n  t he  loading  d i r e c t i o n ,  probably because t h e  
f i b e r s  caused t h e  aluminum t o  y i e l d  i n  compression when unloading from t h e  
h igher  s t r a i n s .  The r e s i d u a l  s t r a i n s  were h igher  f o r  lamina tes  with more 45O 
p l i e s  and were an order  o f  magnitude higher  f o r  t he  [245] laminate  than f o r  
lamina tes  w i t h  00 p l i e s .  2 s  

SUMMARY OF RESULTS 

(C016T 
The t e n s i l e  behavior  of  f i v e  types  of  boron/aluminum laminates  

, [ 0 2 / ~ 4 5 ] ~ ,  and [&45/02] w a s  i n v e s t i g a t e d .  Longi tudina l  
S 

and t r ansve r se  s t r e s s - s t r a i n  curves  were obta ined  f o r  monotonic loading  t o  
f a i l u r e  and f o r  three c y c l e s  of  loading  t o  success ive ly  h i g h e r  load l e v e l s .  
The Ramberg-Osgood equat ion  was f i t t e d  t o  t h e  s t r e s s - s t r a i n  data t o  o b t a i n  
average curves f o r  t h e  va r ious  lamina te  o r i e n t a t i o n s .  The fol lowing were con- 
cluded from the  s tudy:  

1 .  For t h e  lamina tes  with 00 p l i e s  i n  t h e  loading  d i r e c t i o n ,  t h e  u l t i m a t e  
s t r e n g t h s  va r i ed  l i n e a r l y  with t h e  percentage o f  Oo p l i e s  i n  t h e  composite. 
The s t r e n g t h s  p red ic t ed  by assuming t h a t  the  Oo p l i e s  fa i led  first c o r r e l a t e d  
w e l l  w i t h  t h e  experimental  r e s u l t s .  

2 .  The s t r e s s - s t r a i n  curves  f o r  a l l  the lamina tes  were nonl inear  except  
a t  s t r a i n s  below about  0.00025. I n  the  l i n e a r  reg ion ,  measured Young's modulus 
and Poisson ' s  r a t i o  were wi th in  10 t o  20 percen t ,  r e s p e c t i v e l y ,  of  t hose  cal- 
cu la t ed  from lamina te  theory .  However, t h e  l i n e a r  reg ion  does no t  c h a r a c t e r i z e  
t h e  lamina tes  over a s i g n i f i c a n t  p a r t  of t h e i r  working range. 

3. The n o n l i n e a r i t y  i n  t h e  s t r e s s - s t r a i n  curves  w a s  greater f o r  higher 
percentages  of 45O p l i e s  i n  the laminate .  

4. Laminates without  f ibers i n  t he  loading  d i r e c t i o n  exh ib i t ed  a very large 
scatter i n  the stress and s t r a i n  a t  f a i l u r e .  
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5. Three cycles of loading did not affect the ultimate stress and strain 
of the boron/aluminum laminates. The laminates, however, exhibited a permanent 
strain on unloading. As with the nonlinearity in the stress-strain curves, the 
amount of permanent strain was greater for laminates with more 450 plies. 

6. The Ramberg-Osgood equation fitted the experimental stress-strain 
curves well. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
December 12, 1977 
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APPENDIX 

METHOD FOR FITTING RAMBERG-OSGOOD EQUATION TO STRESS-STRAIN DATA 

Equations ( 7 )  were f i t t e d  t o  t h e  s t r e s s - s t r a i n  da t a  f o r  l o n g i t u d i n a l  spec- 
imens and equat ions  (8)  t o  t h e  d a t a  for  t r ansve r se  specimens. These equat ions  
are repea ted  here  f o r  convenience. 

( b y S  "YX E X = - - -  J OYVYX 

EY 

axvxy 

EX 
( bxyox nxY C Y - - - -  

- 

Data from each tes t  were f i t t e d  s e p a r a t e l y  us ing  a l eas t - squa res  method, and 
t h e  r e s u l t i n g  cons t an t s  were used t o  de f ine  an average curve f o r  each laminate .  
An i t e r a t i v e  l ea s t - squa res  procedure t o  determine E ( o r  E/v) ,  b, and n 
s imultaneously would not  converge s a t i s f a c t o r i l y .  Thus, t h e  fo l lowing  two-step 
i t e r a t i v e  procedure was used where b and n were determined s imultaneously 
and E ( o r  E/v)  s e p a r a t e l y .  

F i r s t ,  t h e  va lues  o f  E and E/v were determined for  each tes t  by f i t -  
t i n g  the  l i n e a r  terms on the  r i g h t  s i d e  of  equat ions  (Al)  and (A21 t o  only  t h e  
da t a  i n  t h e  i n i t i a l  l i n e a r  reg ion .  ( S t r a i n s  i n  t h e  d i r e c t i o n  of load i n  t h e  
l i n e a r  region were less than 0.00025.) A convent ional  l ea s t - squa res  method w a s  
used. Poisson ' s  r a t i o  was then determined from t h e  r a t i o  o f  E and E/v. 

Next, us ing  t h e  c a l c u l a t e d  va lues  of E and v ,  t he  c o n s t a n t s  b and n 
were determined by f i t t i n g  equa t ions  (All  and (A21 t o  a l l  t h e  d a t a  from each 
tes t .  The fol lowing i t e r a t i v e ,  l ea s t - squa res  method ( re f .  8 ,  pp. 336-337) was 
used. The Ramberg-Osgood equat ion  (eq.  ( 6 )  i n  t h e  main t e x t ) ,  

was expanded i n t o  a Tay lo r ' s  series i n  terms of b and n ,  and t h e  h igher  
order  terms were dropped. Thus, 
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where 

b = bo + 6b 

n = no + 6n 1 ( A 5 1  

The bo and no were taken as approximations t o  b and n and 6b and 6n 
as c o r r e c t i o n s  t o  bo and no. By s u b s t i t u t i n g  equat ion  (A3) f o r  & ( b , n ) ,  
equa t ion  (A41 becomes 

n U 

E 
8 = - + + nou(bou)n0-16b + (boa) O(ln boU)6n 

The c o r r e c t i o n s  6b and 6n were ca l cu la t ed  t o  minimize t h e  sum of  the  
squares  o f  t h e  r e s i d u a l s .  
ca l cu la t ed  by equat ion (A6). 

The r e s i d u a l  was t h e  measured s t r a i n  less t h e  s t r a i n  

The approximate va lues  bo and no were determined i n i t i a l l y  by pass ing  
equat ion (A31 through two o f  t he  data po in t s :  one corresponding t o  the  u l t i -  
mate s t r a i n ,  and the o t h e r  t o  one-half o f  t h e  u l t i m a t e  s t r a i n .  The new va lues  
of b and n ca l cu la t ed  by equat ion (A51 were then used f o r  approximate va l -  
ues t o  c a l c u l a t e  new c o r r e c t i o n s .  This  procedure w a s  r epea ted ,  g e n e r a l l y  less 
than 10 times, u n t i l  the  c o r r e c t i o n s  were less than 1 percent  o f  t he  va lues  of  
b and n.  F igure  23 shows examples of  experimental  s t r e s s - s t r a i n  curves  and 
t h e  f i t t e d  Ramberg-Osgood curves.  The agreement between these data and equa- 
t i o n s  ( A I )  and (A2) is t y p i c a l  of a l l  t h e  data. 

Figure 24 shows the  ca l cu la t ed  va lues  of  b and n p l o t t e d  as I n  b 
a g a i n s t  n-1 f o r  t h e  l o n g i t u d i n a l  tests o f  t he  [02/+45) lamina te  o r i e n t a t i o n .  

The l i n e s  show s i g n i f i c a n t  l i n e a r  c o r r e l a t i o n  between I n  b and n-l .  A l l  of  
the o the r  data showed a similar l i n e a r  c o r r e l a t i o n .  An average Ramberg-Osgood 
equat ion  f o r  each lamina te  was def ined by us ing  t h e  b and n va lues  cor re-  
sponding t o  t h e  average va lues  of I n  b and n- l .  Thus, an average behavior 
was w r i t t e n  

S - 

& = a - + (ueLTl)(q-' 
E 

E 

(A7a) 

- 
where E, 3, I n  b, and n-' are t h e  means of E, v ,  I n  b, and rl. 
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APPENDIX 

Tables  I t o  V con ta in  the va lues  of E ,  V ,  I n  b,  and for each test 
and t h e  mean va lues  for each lamina te .  

v e r s e l y ,  cy w a s  v i r t u a l l y  l i n e a r  w i t h  stress ox. For these tests, the 
i t e r a t i v e  procedure d i d  no t  converge i n  20 i t e r a t i o n s .  Therefore ,  va lues  of 
I n  bXy and (nxE)-l are not  g iven  f o r  these tests i n  table I. However, t h e  
c o r r e c t i o n s  t o  and n always made bn success ive ly  smaller. Thus, the 
average va lue  of I n  bxy is g iven  as -a so tha t  t h e  right-most term i n  equa- 
t i o n  (A7b) is zero .  

For t he  [O] l amina te  tested t r a n s -  
6T 
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TABLE I .- STRESS-STRAIN PARAMETERS FOR [O] LAMINATE 
6 T  

( a >  Longitudinal  tests 

Specimen 
number 

0128 
0228 
0328 
0428 
0528 
0628 

Average 

F tu  9 

MPa 

1790 
1794 
1644 
1726 
1737 
1342 

1672 

F t u  9 

MPa 

€ t u  

0.008477 
.008246 
.007875 
.007889 
.008378 
.00658 1 

0.007908 

E 
G K  

a237. 3 
240.2 
238.8 
235.0 
241.9 
230.5 

237.3 

vyx 

a O .  2049 
.2093 
.2016 
.I948 
.2186 
.2000 

0.2049 

In bYY 

.- 

I n  byx 

-26.44 
-25.34 
-26.85 
-27.60 
-26.56 
-26.88 

(nyy 1-1 

0.6168 
.4897 
.7203 
.TO18 
.6977 
.7434 

0.6616 
~~ 

(nxx)-l  

0.1641 

.I529 

.I366 

.I997 

.I667 

.I913 

0.1764 

.2232 

-25.51 
-24.02 
-26.12 
-26.12 

-26.23 
-25.97 

0 -7088 
.4709 
.7713 
.868 1 
.7127 
.790 1 

-25.66 -26.61 0.7203 

( b )  Transverse tes ts  

Specimen 
number 

E X  9 

GPa 

139.2 
135.6 
137.0 
139 .O 
145.4 
154.9 
150.5 

€ t u  

0.001173 
.0008 19 . 00 1 897 
.001560 
. O O 3 0  17 
.001251 
.004872 

0.002084 

XY 
V 

~~ 

0.1027 
.I161 
.I108 
.I227 
.I375 
.I172 
-1384 

0.1208 

-19.72 
-20. I4 
-19.55 
-19.57 
-19.82 
-19.63 
-1 9 -98 

0129 
0329 
0429 
0529 
0629 
0929 
1029 

106.5 

111.6 
118.7 
118.9 

164.8 

115.3 

87.29 

99.49 

~ 

143.1 -19.77 1 .o Average 

aElastic cons t an t s  could no t  be determined from data because 

b I t e r a t i v e  c a l c u l a t i o n  d i d  not  converge i n  20 i t e r a t i o n s ;  v a r i a t i o n  

EY w a s  
no t  measured below 0.00025. Thus, average e l a s t i c  c o n s t a n t s  were assumed. 

of  CY with (Jx was v i r t u a l l y  l i n e a r .  

17 



TABLE 11.- STRESS-STRAIN PARAMETERS FOR [02/+45] LAMINATE 
- s  

18 

Specimen 
number 

4128 
4228 
4328 
4428 
4528 
4628 
4928 
5028 
5128 
5228 
5328 

Average 

Specimen 
number 

4229 
4329 
4429 
4529 
4629 
4929 
5029 
5129 
5229 
5329 

Average 

~ 

Ftu 9 

MPa 

792.8 
744.1 
753.5 
805.3 
808.4 
877.5 
841.4 
799 .o 
781.7 
805.3 
792.3 

800.1 

F tu  y 

MPa 

103.6 
103.6 
105.1 
106.7 
95.70 
97.28 
89.42 

116.1 
139.7 
135.0 

109.2 
~ 

E t u  

0.007125 
.006673 
.006831 
.007377 
.007452 
-007945 
.007504 
.007082 
.007048 
.007567 
.007337 

0.007267 

& t u  

0.002026 
.002081 
.002249 
.002230 
.002 172 
.002725 
,001563 
.002788 
.005884 
.0045 15 

0.002823 

( a )  Longi tudinal  tests 

E 
G K i  

169.1 
177.9 
175.9 
179.5 
179.4 
178.1 
179.5 
176.7 
176.4 
172.5 
172.7 

176.2 

vYX 

0.2757 
.2686 
.2594 
.2292 
,2535 
.2552 
.2617 
.2503 
.2526 
.2244 
.2337 

0.2513 

In bYY 

-24.25 
-24.21 
-24.23 
-24.42 
-24.30 
-24.37 
-24.33 
-24.28 
-24.41 
-24.30 
-24.25 

-24.30 

( b )  Transverse tests 

EX 9 

GPa 

128.9 
131.1 
130.7 
130.8 
129 .O 
123.0 
126.4 
130.7 
134.4 
136.2 

v'xY 

0.1905 
.1891 
.I942 
.1885 
.2085 
.1692 . I906 
.2057 
.1907 
.2043 

130.1 0.1931 I 

bxx 
. .. 

-20.51 
-20.16 
-20.50 
-20.57 
-20.35 
-20.23 
-19.91 
-20.42 
-19.95 
-20.10 

-20.27 

(nyy -1 

0.6346 
.6312 
.6366 
.6736 
.6554 
.6547 
.6496 
.6391 
.669 1 
.6558 
.6477 

0.6498 

0.3100 
.2583 
.3143 
.3237 
.3062 
.2947 
.2304 
-2981 
.2165 
.2430 

0.2795 

I n  by% 

-24.16 
-24.07 
-24.34 
-24.52 
-24.38 
-24.57 
-24.38 
-24.02 
-24.24 
-24.86 
-24.83 

-24.40 

bxy 
- 

-21.92 
-22.21 
-22.41 
-21.97 
-22.25 
-25.74 
-22.49 
-22.59 
-21 .oo 
-21.99 

-22.46 

(nyx)-l 

0.5543 
.5413 
.5809 
.6158 
.5893 
.6027 
.5879 
.5352 
.5759 
.6656 
.6581 

0.5915 

- 

(nxy>- 

. . .  

0.3325 
.4998 
.4803 
.3873 
.2179 
.836 1 
.2067 
.2244 
.2849 
.2434 

0.3713 



Specimen 
number 

5628 
5728 
5828 
5928 

Average 

Specimen 
number 

5729 
5829 
5929 
5629 

Average 

TABLE 111.- STRESS-STRAIN PARAMETERS FOR [+45/02] LAMINATE 
S - 

( a )  Longi tudinal  tests 

Ftu  f 
MPa 

926.4 
901.6 
906.2 
907.8 

910.5 

F tu  9 

MPa 

102.0 
154.6 

118.6 

139.5 

112.9 

0.008279 
.008224 
.008075 
.008242 

181.3 
178.8 
175.7 
174.2 

0.008205 177.5 

€ t u  

0.002269 
-008785 
.003055 
.012040 

0.006537 

vYX 

0.2394 
.2846 
.2274 
.2560 

0.2519 

ln bYY 

-24.50 
-24.38 
-24.55 
-24.36 

-24.45 

( b )  Transverse tes ts  

E X  f 
GPa 

134.3 
130.7 
129.5 
144.3 

134.7 

vXY 

0.2036 
.I842 
.I735 
.2074 

-20.80 
-20.02 
-20.64 
-20.49 

0.1922 I -20.49 

0.6739 
.658 1 
.678 1 
.6500 

0.6650 
~ 

0.3682 
.2386 
.3403 
.3142 

0.3153 

-25.q4 0.7106 
-24.83 ,6434 
-25.16 .TO09 7 -25.06 .6882 
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I Ill 

TABLE I V  .- STRESS-STRAIN PARAMETERS FOR [0/+45] LAMINATE 
e - 

( a )  Longi tudinal  tests 

vYX In bYY (nYx)-l 

0.5084 
.5055 
.4718 
.4828 
.4696 
.4573 
.4684 
.3703 
.4994 
.4863 
* 5330 

E 
GKI 

165.9 
164.6 
158.4 
161.3 
162.2 
157.5 
155.7 
150.6 
163.1 
155.7 
156.0 

F tu  9 

MPa 

606.1 
591.4 
597.7 
553.5 
591.4 
639.8 
635.6 

576.6 
559.8 
530.3 

581.4 

51f3.5 

___.- 

___. 

Specimen 
number 

& t u  

0.007138 
.006988 
.007285 
.006448 
.007407 
.0076 15 
.007856 
.005608 
.007252 
.006964 
.006535 

0.007008 

2628 
2728 
2828 
2928 
3028 
3128 
3428 
3528 
3628 
3728 
3828 

0.2735 
.2804 
.2950 
.3027 
.2895 
.3112 
.2948 
.3163 
.3008 
.2760 
.2620 

-23.55 
-23.61 
-23.46 

-23.45 
-23.40 
-23.25 
-23.09 
-23.55 
-23 - 43 
-23.39 

-23.31 

0.5932 
.6065 
.5837 

.5863 

.5619 
,5388 
.508 1 
.6084 
.5814 
.5834 

,558 1 

-23 39 
-23.28 
-23.15 
-23.29 
-23.07 

-23.41 
-22.65 

-23.30 

-23 - 33 
-23.20 
-23.50 

-23.41 -23.23 0.4775 Average 0.5736 159.2 0.2911 

( b )  Transverse tests 

. . ~ 

1n bxx 
- 
Specimen 

number 

2629 
2729 
2829 
2929 
3029 
3129 
3429 
3529 
3629 
3729 
3829 

F t u  Y 

MPa 
vXY 

I 

0.2430 
.2245 
.2446 
.2548 
.2352 
.2398 
.2078 
.2492 
.2267 
,2172 
,240 1 

0.2498 
.2783 
.2170 
.3109 
.2830 
.2990 
.2583 
.2815 
.2270 
.3048 
.2014 

-20.77 
-2 1 .36 
-21.34 
-21.18 
-22.33 
-22.20 
-21.83 

-21.10 
-22.65 
-20.12 

-20.32 

179.9 
169 .O 
138.4 
184.8 
164.2 
119.9 
130.4 
143.1 
128.4 
117.8 
124.2 

0.00623 1 
.005429 
.005785 
.006269 
.005930 
.00236 1 
.002535 
.003366 
.004192 
.002364 
.002537 

136.3 
136.8 
122.6 
135.4 
126.1 
125.0 
129.4 
131.5 
129 .O 
134.2 
118.7 

0.2649 
.3387 
,3342 
.3078 
.4496 
.2152 
.3633 
.2063 
.3007 
.1877 
.1938 

0.2875 

-20.31 
-20.45 
-19.94 
-20.68 
-20.41 
-20.54 
-20.35 
-20.49 
-20.03 
-20.56 
-19.93 

-20.34 Average 0.004273 
~. - 

0.2348 
- ~ ... 

0.2646 
_ _ ~  

-2 1 .38 
~- 

145.5 
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TABLE V.- STRESS-STRAIN PARAMETERS FOR [+45] LAMINATE - 2s 

( a >  I k 
0.02019 120.1 
.01529 131.2 
.008621 125.2 
.02620 119.8 
.02665 118.5 
.03074 128.0 
.01648 133.9 
.03189 b126.2 
,02502 129.3 
-01846 130.8 
.03077 125.3 

Specimen 
number 

vxy /In bxx 

0.3261 -19.67 
.3074 -19.70 
.3002 -19.81 
.3182 -19.63 
.3306 -19.71 
.3440 -19.81 
-3182 -19.91 
b.3224 -19.81 
.3408 -19.89 
-3044 -19.92 
.3342 -19.77 

1128 
1228 
1328 
1428 
1528 
1628 
1928 
2028 
2128 
2228 
2428 
2518 

Average 
_ _  

-. .~ 

1129 
5 229 
1329 
1429 
1529 
1629 
1929 
2029 
2129 
2229 
2429 

Ftu 9 

MPa 

194.6 
191.5 
220.6 
203.8 
164.7 
260.5 
221.4 
244.4 
183.1 
290.3 
255.9 
216 .O 

220.6 

Ftu  Y 

MPa 

166.2 
173.9 
142.5 
186.9 
185.4 
195.3 
193.1 
215.3 
244.4 
263.5 
187.7 

195.8 

€ t u  
(a>  

0.02084 
-02052 
.02525 
-02509 
.01506 
.0258 1 
.01998 
.02392 
.02030 
.02789 
.01719 
.03457 

0.02304 

( a>  Longitudinal  tests 

E 
G K  

127.9 
119.0 
134.0 
120.3 
125.7 
127.4 
128.3 
137.6 
129.1 
129.3 
129.5 
114.4 

126.9 

vYX 

0.3212 
.3269 
.3216 
.3212 
.3039 
-3377 
.3212 
.3479 
.3302 
.3427 
.3150 
.3068 

0.3247 

bYY 

-19.87 
-19.77 
-19.88 
-19 -77 
-1 9 -79 
-20.01 
-1 9.89 
-19.91 
-19.80 
-19.84 
-19.86 
-1 9.89 

-19.86 

( b )  Transverse tests 

( nyy -1 

0.2245 
.2206 
.2214 
.2153 
.2105 
-2147 
.2017 
.I949 
.2136 
.2195 
.2179 
.2082 

0.2136 
~ 

-19.81 
-19.73 
-19.82 
-19.77 
-19.77 
-19.95 
-19.83 
-19.88 
-19.80 

-1 9.82 
-19.89 

-19.77 

-19.82 

0.1990 
.I983 
.2173 
.I936 
-2088 
.2101 
.2068 
.I956 
.2244 
.2302 
.2088 

0.2084 

(nyX)-l 

0.1951 
.i970 
.1948 
.1999 
.1882 
.1868 
.1719 
-1760 
.1967 
.1957 
.1965 
.1958 

0.1912 

I n  bxy 1 (nxY)-l 
-19.62 
-19.66 
-1 9 -77 
-19.59 
-19.71 
-19.76 
-19.83 
-19 -79 
-19.83 
-19.80 
-19.68 

-19.73 

0.1730 
.1737 
.1934 
-1710 
.1889 
.1839 
.1723 
.1743 
,1985 
.1915 
.1747 

0.1814 

a s t r a i n  a t  which gage fa i led .  
bElastic c o n s t a n t s  could not  be determined from data because CY w a s  

no t  measured below 0.00025. Thus, t he  average e las t ic  c o n s t a n t s  from t h e  
o t h e r  tests were used t o  f i t  t h e  Ramberg-Osgood equat ion .  
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TABLE V I . -  ELASTIC CONSTANTS CALCULATED FROM LAMINATE THEORY 

_. - -. 

E 
G K  
- 

237.9 

188.5 

188.5 

171.2 

136.2 
~ - .- ~~ 

- . . . 

E X  9 

GPa 

144.4 

144.0 

144.0 

142.2 

136.2 

VYX 

.. -. 

0.2040 

.3056 

.3056 

,3375 

.3986 
_. 

- - .~. 

VXY 

0.1225 

.2334 

.2334 

.2804 

.3986 
-. . 

- 

Gxy 9 

GPa 

48.68 

65.82 

65.82 

71.43 

82.94 

. 

_ _  _ _  

22 



~~~~ ~~ .. . . . . . .  

TABLE V I 1 . -  ULTIMATE TENSILE STRENGTH AND STRAIN FOR CYCLIC TESTS 

Specimen 
number 

Longi tudinal  tests 

0928 

1028 

5428 

5528 

6028 

3928 

4028 

2328 

2528 

0.007449 

.008269 

.007020 

.006925 

.007942 

.006884 

.006955 

a. 024880 

a.  02 10 10 

Transverse tes ts  

0319 

0419 

5429 

5529 

6029 

3929 

4029 

2329 

2529 

0.000577 

.000882 

.002406 

.005558 

.00525 1 

.001680 

.002639 

a. 0 16050 

a. 022260 

Ftu  9 

MPa 

1646 

1544 

763.9 

736.4 

871.5 

552.0 

550.7 

236.4 

242.2 

70.81 

92.80 

110.2 

135.6 

135.6 

111.2 

124.5 

168.0 

216.1 

a s t r a i n  a t  which gage f a i l e d .  
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Transverse direction t 

Fiber 
direction 

305 mm 

Specimen types : 
1 Fracture 
2 Fracture 
3 Fracture 
8 Tensile 
9 Tensile 

Longitudinal direction 

Figure 1.- Specimen l ayou t s  f o r  the  two s i z e s  of boron/aluminum s h e e t s .  
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Channel 
numbers 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Figure  

Signal 

Strain gage voltage 
Load 

s t ra in  (front) 
E st rain (back) 
Load 

s t ra in  (front) 
s t ra in  (back) 

s t ra in  (front) 
s t ra in  (back) 

Load 
Peak-load reader 

€CY 

CY 

Et 
Load 

2 . -  Recording format for data. 

25 

I 



t t t  

counter 

I 

conditioner 

n 

I 

Specimen 
with 

strain gages 

d 

System - 

cell 
conditioner 

cell 

Integrating 
digital 

voltmeter 

Figure 3.- Schematic diagram of da ta  a c q u i s i t i o n  
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i h E  
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1500 - R 

c 

bh 1000 - 
m- - 
65 
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a, 
k 
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Figure 6 .- Stress-strain curves for [+45/02] laminates. 
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(a) Young's modulus. 

Figure 17.- Elastic constants for longitudinal and transverse tests. 
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Figure 20 .- Stress-strain curve fo r  [+45/02] laminate subjected t o  three loading cycles. 
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