
NASA Contractor Report 3000 

" 

Preliminary  Investigation 
of Crack  Arrest in Composite 
Laminates Containing Buffer Strips 

James G. Goree 

GRANT NSG-1297 
MAY 1978 

NASA 

https://ntrs.nasa.gov/search.jsp?R=19780017516 2020-03-22T03:00:21+00:00ZCORE Metadata, citation and similar papers at core.ac.uk

Provided by NASA Technical Reports Server

https://core.ac.uk/display/42873837?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




TABLE  OF  CONTENTS 

Pase 

LIST OF FIGURES ...................................... iv 

LIST OF TABLES ....................................... vi 

SUMMARY .............................................. vii 

I . INTRODUCTION ..................................... 1 

I1 . HYBRID/GRAPHITE/EPOXY LAMINATES 

A . CONSTRUCTION OF LAMINATES ................... 5 
B . TEST  SPECIMEN  PREPARATION ................... 10 
C . TESTING  PROCEDURE ........................... 12 
D . TEST  RESULTS ................................ 1 3  
E . CLASSICAL  LAMINATION  THEORY ................. 18 

I11 . BUFFER  STRIP  PANELS 

A . CONSTRUCTION OF PANELS ..................... 22 
B . TEST  RESULTS ............................... 25 

IV . CONCLUSIONS ..................................... 27 

REFERENCES ........................................... 28 

iii 



LIST OF  FIGURES 

Figure Page 

1. Coupon  Designation  for  Panels  in  Groups 
A and B .......................................... 30 

2. Coupon  Designation  for  Panels  in  Groups 
C and D .......................................... 31 

3. Top  View of the  Alternating  Laminae  in  the 
Unidirectional  Panels of Group A .............. 32 

4. Top  View  of  the  Four  Strips of Tape  in  a 
+45" Lamina  in  the  Group B Panels ................ 33 - 

5. Top  View of the  Seven  Strips of Tape  in  a 
+45" Lamina  in  the  Group  C  and  D  Panels .......... 34 - 

6.  Curing  M.ethod  for  Hybrid/Graphite/Epoxy 
Laminates ........................................ 35 

7. Modified  Curing  Method  for  Hybrid/Graphite/Epoxy 
Laminates ........................................ 36 

8. Test  Specimen  with  Through-the  Laminate  Center 
Notch  for  Determining  Stress  Intensity  Factor. 
K1 ............................................... 37 

9.  Test  Specimen  for  Obtaining  Stress/Strain 
Relationships .................................... 38 

10.  Tensile  Stress/StrainCurves (Ell) for  the 
Unidirectional  Laminates of Group A .............. 39 

11. Tensile  Stress/Strain  Curves (Ell) for  the ................. - +45"  Degree  Laminates of Group B 40 

12.  Tensile  Stress/Strain  Curves (E1 1) of  Eight 
P l y  Multidirectional  Laminates of Groups 
C and D .......................................... 41 

13. Tensile  Stress'/Strain  Curves (E22) of  Eight 
Ply  Multidirectional  Laminates of Groups 
C and D .......................................... 42 

iv 



LIST OF FIGURES (Cont'd) 

Figure  Page 

14. Buffer  Strip  Panel ............................... 43 

15. Placement of the  Teflon-Coated.Glass in 
the  Buffer  Strips ................................ 44 

V 



LIST OF TABLES 

Table Page 

1. Construction of the  Laminate  Panels .............. 45 

2. Percent  Fiber by Weight of the  Uncured 
Preimpregnated  Tape  Used in  Construction 
of the  Laminate  Panels ............................ 4 6  

3 .  Autoclave  Cycle  Recommended  by  NARMCO 
for  Curing  Panels ................................. 47 

4. Autoclave  Cycle  Used  with  the  Modified 
Curing  Method  for  Panels .......................... 48 

5. Moduli  of  Elasticity  and  Poisson's  Ratios 
for  the  Single  Material  Laminates (A and B) ....... 49 

6. Moduli  of  Elasticity  and  Poisson's  Ratios 
for  the  Hybrid  Laminates  (C  and D) ................ 50 

7. Notch  Sensitivity  Factors,  Un-notched  Ultimate 
Stress,  Notched  Ultimate  Average  Stress,  and 
Net  Section  Average  Stress of the  Coupons ......... 51 

8. Buffer  Strip  Panels ............................... 5 2  

vi 



SUMMARY 

The  experimental  determination of the mechanical  pro- 

perties  of  some  specific  composite  laminates  and  a  preliminary 

investigation of the  crack  arrest  potential  of  laminates  con- 

taining  buffer  strips  are  considered. 

All laminates  used in the  material  property  portion  of 

the  investigation  were  eight ply, constructed  from  single- 

ply  tape  containing  unidirectional  fibers  preimpregnated in 

177OC cure  Rigidite 5208 epoxy resin.' The basic,  or  parent, 

laminate  was  graphite/epoxy,  and  the  hybrid  materials  were 

S-glass,  E-glass  and Kevlar-49.' Standard test coupons 

5.08 cm wide by approximately 25.4 cm  long were used.  The 

tests were performed  under  static  loading  and  room  temperature, 

dry  conditions.  Tabulated  values  for  elastic  properties  and 

stress  intensity  values  are  given,  as well as complete  stress/ 

strain  curves for each  laminate  tested.  The  experimentally 

determined  values  of  the  elastic  properties  are  compared  with 

the  values  calculated  using  classical  lamination  theory  and 

good  agreement  is  shown for those  laminates  exhibiting  linear 

stress/strain  behavior.  Some  comments  are  made  concerning  the 

connection  between  ply  delaminatian and fracture  toughness, 

both  as  observed in the  present  study,  and  as  noted by other 

investigators. 
~~~ ~ 

IRigidite 5208: Registered  trademark  of  Narmco  Materials Inc. 
*Kevlar-49:  Registered  trademark  of E. I. du Pont de Nemours & 

~~ ~~ ~ 

Co., Inc. 
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The b u f f e r   s t r i p   l a m i n a t e s   f o r  the  c rack  arrest p o r t i o n  

of t h e   s t u d y  were f a b r i c a t e d   u s i n g   s i x   l a y e r s   o f  woven f i b e r  

g l a s s   c l o t h  and  room t e m p e r a t u r e   c u r e   p o l y e s t e r   r e s i n .  Each 

lamina te  was approximate ly  3 0 . 5  cm by 3 0 . 5  c m  and  contained 

two b u f f e r   s t r i p s  formed by i n t e r r u p t i n g   t h e   c l o t h   a n d  weak- 

ening t h e  inne r   l amina r  bond w i t h  T e f l o n - c o a t e d   g l a s s   f a b r i c .  

Woven Kev la r   c lo th  was a l s o  used i n  p l a c e  of t h e   f i b e r g l a s s  

b u f f e r   s t r i p s .  R e s u l t s  i n d i c a t i n g   t h a t  a  weak i n t e r f a c e  

bond d o e s   e n h a n c e   c r a c k   a r r e s t  were observed.  

3 

3Tef lon:   Regis te red   t rademark   of  E. D. du Pont de Nemours & 

Co., Inc.  
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I. INTRODUCTION 

In  investigations  concerning  the  potential use of com- 

posite  materials in advanced  structures,  considerable  atten- 

tion  has  been  given  to  problems  associated  with  damage or 

flaws  and  the  resulting  fatigue  and  fracture  characteristics 

of the  composite.  The  need  for  the  capability  to  design 

damage  tolerant  composite  structures  with at least  the  same 

degree  of  confidence  as  now  exists  for  metallic  structures 

is  essential  if  such  materials  are  to  be  used  in  production. 

For  composite  laminates,  the  technique of hybrid 

material  buffer  strips  embedded at regular  intervals  through- 

out the  laminate  has  been  demonstrated,  for  example  see 111, 

to  have  the  capability  of  arresting  through-the-laminate 

cracks, and  in  some  cases  qives  a  residual  strength  approach- 

ing  the net section  capacity of the  laminate.  The  mechanism 

associated  with  the  crack  arrest  and  ultimate  failure of such 

laminates  has not, however,  been  explained  nor  have  satis- 

factory  methods  been  developed  to  allow  for  accurate  pre- 

diction of crack  arrest  loads or ultimate  failure  in  terms of 

the  laminate  geometry  and  materials. 

This  is  in  contrast  with the  analogous  desiqn  for 

metallic  structures  in  which  case  either  bonded or riveted 

stringers  are  added  to  the  metal  panel  without  significantly 

interrupting  the  continuity of the  basic  panel.  The  panel 

and  stringers  then act much  more  independently  during  crack 



growth  and  fracture  than  appears  to  be  the  case  in  composite 

laminates  with  internal  buffer  strips. A detailed  investi- 

gation of the  problem of riveted  stringers  reinforcing  a 

cracked  isotropic  elastic  sheet  is  presented  in [2]. A 

similar  study  concerning  composite  laminates  with  buffer 

strips  has not, to  the  knowledge  of  this  writer,  been  com- 

pleted. 

The  purpose  of  the  present  study  was  to  investigate 

experimentally  the  mechanical  properties of specific  com- 

posite  laminates as part  of  an  overall  program  to  study, 

both  analytically  and  experimentally,  the  nature  of  crack 

arrest  and  failure  in  composite  panels  with  buffer  strips. 

Due  to  its  widespread  use  in  advanced  composite  structures, 

T-300 graphite  with  an  epoxy  matrix  was  chosen  as  the  parent 

laminate  material.  Three  additional  fibers,  1014  S-glass, 

E-glass,  and "Kevlar-49"  were  chosen  as  being  representative 

of  suitable  buffer  strip  materials. All laminates  in  this 

part  of  the  study  were  eight-ply  using NARMCO 5208 (177 C "  

cure)  epoxy  resin. 

In  order  to  gain  some  further  insight  into  the  mech- 

anisms  associated  with  crack  arrest  at  an  internal  hybrid 

buffer  strip  in  a  laminate,  a  limited  series  of  tests  were 

also  developed  using  fiberglass/polyester  laminates  contain- 

ing  two  buffer  strips  each.  The  panels  were  designed  in  an 

attempt  to  study  the  effects of the  strength  of  the  interface 

bond  between  laminae  in  the  buffer  strips on crack arrest, 

2 



as it appears  that  the  coupling of adjacent  laminae  due  to 

the  presence of interface  normal  and  shear  stresses 

significantly  increases  the  potential  for  crack  growth. 

It was  then  planned  to  weaken  this  interface  coupling  by 

adding  strips of Teflon-coated  glass  cloth  between  laminae 

in  the  buffer  strip  regions.  Hybrid  buffer  strips of 

Kevlar  woven  cloth  replacing  the  glass  fabric were also  used, 

both  with  and  without  the  Teflon-coated  glass  cloth. 

Considerable  analytical  work  has  been  done  for  both 

isotropic  and  orthotropic  materials  in  investigating  the 

stresses  in  the  vicinity  of  a  crack  tip  for  the  crack  being 

near, at, crossing or along  a  material  interface.  (See 

[31, [ 4 1 ,  [51, [ 6 1 ,  and [ 7 1 . )  These  studies  considered 

the  laminate as a  thin  homogeneous  isotropic or orthotropic 

plane  and  investigated  the  resulting  two-dimensional  stress 

state.  Through  the  thickness  variations  in  material  proper- 

ties  and  stresses  were not considered.  It  appears  that  for 

the  imbedded  hybrid  buffer  strip  the  significant  stresses are, 

in  fact,  the  interlaminar  stresses  and  the  three-dimensional 

problem  must  be  considered. It does not seem  reasonable  to 

expect to  develop  a  general  solution  in  the  manner  of  the 

above  mentioned  two-dimensional  studies,  as  the  extension 

to  a  three-dimensional  stress  state  with  finite  thickness 

would  be  exceedingly  complicated. 

Some  possibility  of  success  might  be had in  modeling 

the  laminate as in  classical  lamination  theory,  where, as 
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discussed  in [ 8 i ,  [ 91 ,  and [lo], the  interlaminar  stresses 
near a free  edge of a  laminate  have  been  approximated. 

Finite  element or finite  difference  solutions  also  are  a 

possibility;  however,  without  some  improvements  in  the 

current  three-dimensional  programs  to  account  for  through- 

the-thickness  variations,  the  computation  time  seems  pro- 

hibited. A different  approach  which  appears  to  have  some 

potential  is  to  model  the  laminae  as  in [ll], [12], and 

[13], resulting  in  differential-difference  equations  with 

the most  significant  characteristics of the  fibers  and  the 

matrix  accounted  for.  An  attempt  to  model  a  three-dimen- 

sional  laminate  in  this  fashion  will  be  attempted  in  the 

continuation of this  investigation. 

A significant  part of the  justification  for  the  current 

experimental  study  was  to  develop  a  better  understanding 

of  the  behavior of laminates  in  order  to  be  able  to  model 

more  accurately  the three-dimensional-stress problem. 

Certain  commercial  materials  are  identified in  this  paper 

in order to  specify  adequately  which  materials  were  investi- 

gated  in  the  research  effort.  In  no  case  does  such  identifi- 

cation  imply  recommendation or endorsement of  the  product  by 

NASA,  nor  does it imply  that  the  materials  are  necessarily  the 

only  ones or the  best  ones  available for the  purpose. 

The  writer  wishes  to  express  his  appreciation to  the 

National  Aeronautics  and  Space  Administration  for  the 

support  of  this  investigation  under  NASA  Grant  NSG-1297. 

The  generous  use  of  the  autoclave  facilities  provided 

by the  Lockheed-Georgia  Company  is  also  acknowledged. 
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11. HYBRID/GRAPHITF/EPOXY LAMINATES 

A. Construction  of  Laminates 

Relatively  large  panels o f  each  material  and  geometric 

configuration  were  fabricated  such  that  two  duplicate  cou- 

pons  could  be  obtained  for  almost  all  particu1,ar  material 

property  tests.  The  laminate  designation,  test  coupon  size 

and  material/geometric  construction  is  given  in  Table 1. 

The  particular  test  coupon  designation  is  shown  in  Figures 

1 and 2. 

I 

The  first  test  laminates  were  from  unidirectional 

panels  of  each  of  the  four  chosen  materials  and  were 

designated A1 for  graphite, A2 for  S-glass, A3 for  E-glass, 

and A4 for  Kevlar.  The  second set of coupons  were  from  all 

- + 4 5 "  panels  of  each  of  the  four  materials  and  were  designated 

B 1 ,  B2, B 3  and B 4  for  all  graphite,  S-ulass,  E-glass, and 

Kevlar,  respectively.  There  were  four  panels  each  in  groups 

A and B and  four  test  coupons  cut  from  each  panel  giving 

thirty-two  coupons as indicated  in  Figure 1. All coupons 

in  qroups A and B were  loaded  in  the  zero  degree  direction. 

The  "hybrid  laminates"  consisted of eight  panels,  each 

of which  contained  eight  test  coupons as shown in Figure  2 

and  defined  in  Table 1. The  first  four  panels  were  of  quasi- 

isotropic  construction [ g o " ,  +45", - O 0 I s  with  panel C1 being 

all  graphite  and  panels C2, C3 and  C4  being  hybrid  laminates 

formed  by  replacing  the  two  center 0" laminae  with  S-glass, 
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E-glass  and  Kevlar,  respectively.  The  last  four  panels  were 

fabricated as [ g o " ,  +45", -45", +45',  +45', 90'1 and were 

the  only  unsymmetrical  laminates.  Panel Dl was a l l  graphite 

and  panels D2, D3, and D4 were  again  hybrid  laminates  formed 

by  replacing  the  center -45", +45" laminae  with S-glass, 

E-glass  and  Kevlar  respectively.  Laminates  from  panel C1 

are  referred  to  as  "parent"  laminates  with  a  major  emphasis 

of  the  test  being  to  determine  the  change  in  elastic  pro- 

perties  between  test  coupons  from  the  seven  "liyhrid"  laminates 

C2, C3, C4, Dl,  D2, D3 and D4 and  the  corresponding  coupon 

from  the  "parent"  laminate  C1.  There  were  eight  of  the  above 

panels,  each  containing  eight  test  specimens or sixty-four 

coupons  from  the  hybrid  panels.  The  direction  of  loading 

for  the  coupons  in  groups  C  and D was  either  zero  or  ninety 

degrees  as  indicated  in  Figure 2 and  designated  as  Cn-0, 

Dn-0  for  zero  degree  loadinq  and  Cn-90,  Dn-90,  for  ninety 

degree  loading. 

- 
- 

All panels  were  fabricated  using 7 . 6 2  cm wide  unidi- 

rectional  preimpregnated  tape  (slit  net),  which  had  an 

accuracy of - + 0 . 0 7 6  cm  across  the  width.  Cured  ply  thick- 

ness  was  estimated  by  the  vendor  to  be 0.013 cm  for  all 

but  E-glass  which  was  0.023  cm.  Cured  laminate  dimensions 

agreed  closely  with  this as seen  in  Table 1. 

Sections of the  uncured  preimpregnated  tape  were  analyzed 

by  the  chemistry  department of Clemson  University  to  ascer- 

tain  the  fiber  to  resin  ratio  by  weight.  These  results 
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agreed  quite  closely  with  the  ratios  reported by  the  vendor 

as seen  in  Table 2. 

Laminates of group A were fabricated  as 21 .6  cm  wide 

by 26 .7  cm  long  panels,  those  of  group B were 21.6 cm wide 

by 21 .6  cm  long,  and  group C and D panels  were 26.7 cm 

wide by 41.91 cm  long.  The  lay-up  for  all  laminates was 

begun  by  placing a  nylon  peel  ply on the  work  surface. A 

carpenter's  square  was  used  to  provide  a  common  edge  for  the 

eight  laminae  and  fiber  orientation  was  established  with  the 

use  of  a  drafting  triangle. 

Three  and a  half  strips of tape  were  used  per  ply  in 

laying  up  the  unidirectional  laminates  in  groups A. The 

stacking  arrangement  shown  in  Figure 3 provided  an  over- 

lapping  strip  at  each  place  where  two  edges  of  the  tape  came 

together. 

Panels of all  plus-minus  forty-five  degrees,  group B, 

were  constructed  of  alternatinq  plies  made  of  four  strips 

of  tape  as  shown  in  Figure 4 .  The  center  two  plies  were 

both  minus  forty-five  degrees  to  provide  mid-plane  symmetry. 

Groups C and D panels were bequn  with  a  ninety  degree 

lamina  using  five  and  a  half  strips  of  the  tape,  and  the 

forty  five  degree  plies  were  constructed  of  seven  strips  as 

shown  in  Figure 5. The  center  plies of the  group C laminates, 

when  orientated at zero  degrees,  were  stacked  as  in  the  uni- 

directional  laminates.  When  the  center  plies  were  at  forty- 

five  degree, they were  constructed  similar  to  the  second  and 

third  layers,  and were the  only  panels not having  mid-plane 

symmetry. 
7 



When  the  lay-up  was  completed,  each  panel  was  covered 

with  a  nylon  peel  ply  and  prepared  for  curing.  Platens 

were  made  from  aluminum.  Each  platen  was  mechanically 
'.. 

sanded  and  hand  polished  to  obtain a  mirror  finish  and  coated 

with  a  mold  release.  The  laminate was placed on  it's  platen 
\\ ~ 

and  surrounded  by a  cork  edge  dam  to  control  resin 

flow  during  the  curing  cycle. A layer  of  Teflon-coated  glass 

cloth,  fiber-glass  bleeder  cloth  (style 181), and a  pressure 

plate  made  from 0.160 cm  aluminum  were  then  fitted  inside 

the  edge  dam. A release  film  was  draped  over  the  plate  and 

secured  to  the  edge dam  using  masking  tape.  This  arrangement 

is  shown  in  Figure 6, and  the  curing  cycle  is  shown  in  Table 

3 .  The  fiberglass  breather  cloth  and  vacuum  bag  were  pro- 

vided  by  Lockheed of Marietta,  Georgia,  along  with  the  use 

of  their  autoclave  facilities.  This  curing  method  produced 

approximately  fifty  per  cent  unuseable  material.  Excess 

resin  accumulated on the  platens  such  that  several  of  the 

laminate  panels  could  not  be  removed.  Further  damage 

resulted  from  the  outer  layer,  platen side,  of  the  laminates 

adhering  to  the  peel  ply  when  it  was  removed.  Because  of 

this  damage,  there  were no D2-90 coupons.  Replacements  for 

the  remaining  damaged  panels  were  laid-up as described 

earlier,  but  the  curing  method  was  modified  as  shown  in 

Figure 7. Using  bleeder  cloth  and  Teflon-coated  glass  on 

both  sides  of  the  laminate  panel  resulted  in  one  hundred 

per cent  useable  material  and  provided  a  better  surface  for 
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mounting  strain  gages  and  attaching  end  tabs.  The  autoclave 

cycle  used for the  modified  curing  method  is  shown  in  Table 

4 .  Final thickness  of  the  laminates  was  essentially  the 

same  for  the  two  methods, and material  properties  were  within 

the  range of the  experimental  scatter. 

The  chemistry  department  attempted  to  measure  the  fiber 

to  resin ratio by weight  of  the  finished  laminates,  but 

were  unsuccessful  with  attempts  to  dissolve  cured  samples. 

Based on discussions  with  the  vendor,  the  cured  laminates 

were  estimated  to  be  approximately  seventy-four  per  cent 

fiber  by weight, or sixty  per cent fiber by  volume. 

A post  cure  was  suggested by the  vendor;  however, 

this  is  shown  in  [l]  to  offer  no  improvement  in  mechanical 

properties  when  the  laminates  were  used  (tested) at room 

temperature. It was  then  decided  that  the  post  cure  could 

be  omitted  without  introducing  any  measureable  effects. 

For  elevated  temperature  and  with  absorbed  moisture  in  the 

matrix,  the  post  cure  is  significant. 
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B. Test  Specimen  Preparation 

The  panels  were cut into 5.08 cm  wide  coupons  using 

a  surface  grinder  initially  fitted  with  a 0.160 cm  thick 

by 15.25 cm  diameter  diamond  cutting  wheel.  This  wheel 

had a  diamond  section  depth  of 0.32 cm  with  a  one  hundred 

grit  size  and  was  operated at 3000 rpm.  Attempts  to  cut 

the  panels  in  groups  A  and B resulted  in  the  diamond  wheel 

becoming  saturated  from  both  the  glass  and  "Kevlar". No 

difficulty  was  experienced  with  the  graphite.  This  caused 

overheating  and  cracking  of  the  wheel  around  the  rim. A 

standard,seventy  grit,cutting  wheel,  which  is  self  cleaning 

in  that  the  diameter is constantly  reduced  by wear,  was 

found  to  be  satisfactory  for  all  the  remaining  laminates. 

Panels  in  groups A and B produced  four  coupons  each  as  shown 

in  Figure 1 and  groups  C  and D panels  produced  eight  cou- 

pons  each  as  shown  in  Figure 2. Due to a  cutting  error  by 

shop  personnel,  there  were  no D4-0 coupons. 

The  end  tabs were  constructed  using 5.08 cm  squares 

of 0.160 cm  aluminum  bonded  to  the  coupons  with  121°C  cure 

adhesive  film.  After  bonding,  the  tabs  were  milled  to  a 

uniform  thickness  to  prevent  bending  from  misalignment  in 

the  testing  machine.  Only one  failure  was  experienced  with 

the  aluminum  tabs  during  the  tests.  As  an  initial  trial, 

end  tabs of 0 . 6 3 5  cm  Plexiglas  were  bonded  to  a  coupon 

using  urethane  air  cure  glue,  however,  the  glue  failed  at 
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approximately 8 OOON, which was well  below  the  load  carry- 

ing  capacity of most  of  the  coupons. 

Coupons  three,  six and seven of the  groups C and D 

panels  and one coupon  from  each A and B panel  were  used  to 

determine  the  stress  intensity  factors.  These  coupons were 

notched  using a 0.238 cm end  mill  to  give  a 1.27 cm center 

notch  throuuh  the  coupon as shown in Figure 8. 

Two coupons of the  same  construction,  from  which stress/ 

strain  values  were  obtained,  were  prepared  by  mounting  both 

longitudinal  and  transverse  strain  gages on each  side as 

shown  in Figure 9 .  The gages had  a resistance of 350 ohms, 

a  gage  length  of 3.18 mm, and a self-temperature-compensation 

of 1.08 x K . -1 
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C. Tes t ing   Procedure  

The specimens were l o a d e d   i n  a 4 3 4  000  N u n i v e r s a l   t e s t i n g  

m a c h i n e .   S t r e s s / s t r a i n   r e l a t i o n s h i p s  were o b t a i n e d  by s lowly  

i n c r e m e n t i n g   t h e   l o a d   s u c h   t h a t  it w a s  e s s e n t i a l l y  s t a t i c .  

A t  e ach   i nc remen t ,   r ead ings  f r o m  t h e   f o u r   s t r a i n   g a g e s  

were manual ly   recorded.  Tests t o  d e t e r m i n e   t h e  stress 

i n t e n s i t y   f a c t o r s  were conducted by loading  each  coupon 

u n t i l   c o m p l e t e   f a i l u r e .  

12 



D. Test Results 

The  experimentally  determined  stress/strain  diagrams 

are  given  in  Figures 10, 11, 12 and 13. Figure 10 corre- 

sponds  to  the  unidirectional  laminates,  group A, with  the 

load  being  in  the  fiber  (zero  degree)  direction.  Figure 

11 gives  the  stress/strain  relationship  for  the + 4 5 " ,  - 

group B, laminates  also  under  the  action  of  a  uniaxial 

(zero  degree) load. The  hybrid  laminates  of  groups C and 

D are  presented  together  in  Figures 12 and 13 where  Figure 

12 gives  the  results  for  zero  degree  loading and Figure 

13 for  transverse  (ninety  degree)  loading. 

Moduli of Elasticity  and  Possion's  ratios  both  as 

measured  from  the  above  stress/strain  diagrams  and  as 

computed  from  classical  lamination  theory [ 8 ]  are  given 

in  Tables 5 and 6 .  Stress  intensity  factors  for  the  notched 

laminates  are  presented  in  Table 7 .  A brief  discussion 

of  classical  lamination  theory  is  given  in  section E of 

this  report. 

All elastic  properties  were  computed  using  the 0 .2  

percent  strain  offset  method  and  the  Poisson's  ratios 

were  determined at the 0.2 percent  strain  level. 

The stress/strain  curves  were  found  to  be  essentially 

linear  over  the  full  range of loading,  except  for  the 

group B ( + 4 5 " )  - laminates. The calculated  values of material 

properties  agree  quite  well  with  the  measured  values  for 

13 
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the  linear  materials  as  can be seen  from  Tables 5 and 6. 

It should  be  noted  that  in  calculating  the  elastic  proper- 

ties  using  classical  lamination  theory,  the  lamina  pro- 

perties E11 and v12 as  measured  for  the  group A laminates 

were  used  for  the  known  unidirectional  lamina  properties. 

The  unidirectional  lamina  shear  modulus G12 and  transverse 

modulus E22 was  not  measured  and  average  values  obtained 

from  the  vendor  were  used.  The  transverse  Poisson's  ratio 

for  a  lamina  was  then  computed  as v21 = v ~ ~ E ~ ~ / F ~ ~ .  

Examination  of  the  stress/strain  curves  seem to indicate 

that  failure of the  un-notched  coupons  occurs  at  a  strain 

level  close  to  that  of  the  lowest  strain-to-failure  lamina 

in  the  laminate.  It  is  interesting  to  note  that  the  zero 

degree  graphite (All and - +45' graphite (Bl) both  fail  at 

approximately  0.95  per cent  strain  which is also  the  strain- 

to-failure  of  the 5 2 0 8  resin  alone (1.0% as  obtained  from 

the  vendor).  It  appears  then  that  for  the - +45" graphite 

fibers,  the  bending  and  distortion  introduced by the  matrix 

failure  results  in  fiber  failure at an  axial  fiber  strain 

considerably  less  than  the  corresponding  uniaxial  strain- 

to-failure  as  determined  from  the  group A laminates.  For 

this  same  laminate  at  elevated  temperature  and  high  moisture 

content,  the  strain-to-failure of the  matrix  increases 

drastically; i.e.,  for temperatures  above  the  glass  transi- 

tion  point  for  the  epoxy  matrix,  strain-to-failure on the 

order  of  10-15%  has  been  observed.  Under  these  conditions, 

the  behavior  of  the - +45" specimen  could  be  expected  to  change 

14 



considerably  with  much  larger  strain of the  laminate  and 

with  significant  reduction  in  cross-section  of  the  coupon. 

For the  present  room  temperature,  dry  test,  very  little 

reduction  in  cross-section was observed  for  any of the 

coupons.  In fact,  for  the  four  materials  tested,  the 

E-glass ( A 3 ,  B 3 )  was the  only one in which  strain-to-failure 

for  the + 4 5 "  - laminates  was  greater  than  the  corresponding 

value  for  the 0" laminates. 

For  the  hybrid  laminates,  groups C and D, the  coupling 

between  laminae  reduces  the  strain-to-failure of the  laminate 

in  the  direction of loading  in  all  cases.  In  the  instance 

of  a  transverse  load,  as  depicted  in  Figure 13, all  coupons 

failed  at  nearly  the  same  strain  of  about 0.8 percent  which 

is  less  than  the 0.95 per cent for  unidirectional  graphite. 

It  should  be  noted  that  the  scale  on  the  stress-strain 

diagrams  is  different on each  curve  due  to  the  considerable 

change  in  load  range. 

A more  significant  part  of  these  tests  was  perhaps 

the  investigation of notch  sensitivity of the  various 

laminates  and  the  observations  indicating  their  suitability 

as  potential  candidates  for  buffer  strip  material.  Stress 

intensity  factors, Kl, were  computed  for  the  coupons  as 

described by Newman  in [141, to  account  for  the  finite  width 

of the  coupon. 
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K 1  = F 

where CT = P / w t ,  a = c r a c k   h a l f - l e n g t h ,  

P = a x i a l   l o a d ,  W = coupon  width, 

t = coupon  thickness  and F = f i n i t e   w i d t h  

co r rec t ion   f ac to r   f rom  Tab le  VI1 of  [141. 

For a l l  l a m i n a t e s   t e s t e d ,  a = 0.635 c m ,  

w = 5.08 c m ,  t = t h i c k n e s s  of t h e  p a r t i c u l a r  

coupon,  and F = 1 . 0 4 1 6 .  

T h e s e   f a c t o r s   a r e   p r e s e n t e d  i n  Table 7 a l o n g   w i t h   t h e  

u l t i m a t e  stress of  the  coupons,   and t h e  n e t  sec t ion  average  

s t r e s s - a t - f a i l u r e .  

A l l  f ou r   un id i r ec t iona l   l amina te s   o f   g roup  A were 

o b s e r v e d   t o   b e   i n s e n s i t i v e  t o  a center   no tch   and   in   none  

o f   t he  tes ts  d i d  a s e l f - s i m i l a r   c r a c k   o r i g i n a t e  a t  t h e  

notch .  The u l t i m a t e  and n e t   s e c t i o n   a v e r a g e  stress of t h e  

n o t c h e d   u n i d i r e c t i o n a l   g r a p h i t e  and S -g la s s  were n o t   o b t a i n e d  

a s   b o t h   c o u p o n s   f a i l e d   n e a r   t h e   g r i p s   a t  a reduced stress. 

Laminates i n  group B a l l  f a i l e d   a l o n g   f o r t y - f i v e   d e g r e e  

l i n e s   p a s s i n g   t h r o u g h   t h e   n o t c h   e n d s ,   w i t h  some de lamina t ion  

occur r ing   be tween   t he   p l i e s .  N e t  s e c t i o n   a v e r a g e   s t r e s s - a t -  

f a i lu re   ag reed   c lose ly   w i th   t he   un -no tched  u l t i m a t e  stress 

f o r   t h e   g l a s s  and   "Kev la r "   a s   t he   e f f ec t   o f   t he   no tch  w a s  

mainly a r e d u c t i o n   i n   c r o s s   s e c t i o n   a r e a .  The a l l  f o r t y -  

f i v e   d e q r e e   g r a p h i t e  w a s  most a f f e c t e d  by t h e   c e n t e r   n o t c h  
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as the net section  average  stress-at-failure was twenty-six 

per cent less  than  the  ultimate  stress  of  the  un-notched 

specimen. 

Notch  sensitivity of the  C and D qroup  coupons w a s  

demonstrated  by  comparing  the  net  section  stress-at-failure 

with  that  of  the  parent  laminate (Cl). As  shown  in  Table 

7, for  the  Cn-0  coupons,  with  the  center  plies  parallel  to 

the  load,  S-glass and "Kevlar" had the  least  reduction  in 

net section  stress-at-failure . From  this it seems  that 

they  would  perhaps  be  the  best  buffer  strip  materials. 

However, itwas observed  that  S-glass  and  E-glass  delaminated 

more  than "Kevlar", and  the  delamination  of  the  glass  plies 

in  C2-0 and C3-0 had the  same  appearance as buffer  strips 

which  were  shown  to  arrest  cracks  in 1 . The  Dn-0  cou- 

pons,  with  forty-five  degree  center  plies,  did  not  produce 

significant  delamination, and  the net section  averaqe 

stress-at-failure  was  significantly  less  than  that of C1-0. 

The  Cn-90 and Dn-90  coupons  were  all  notch  sensitive,  and 

failure  resulted  in  self-similar  cracks  growing  outward  from 

the  center  notch.  Again,  very  little  delamination  was 

observed. 
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E. CLASSICAL LAMINATION THEORY 

A  complete  description of the  development of the  macro- 

mechanical  behavior of a  laminate is covered  in [ 8 ]  where 

the  resultant  normal  forces  and  twisting  moments  are  shown 

to  be  related  to 

rotations by the 

The Aij are 

the  laminate  mid-dle  surface  strains  and 

following  equations. 

the extensional  stiffnesses, 
the Bij are 

the  coupling  stiffnesses  and  the Dij are  the  bending  stiff- 

nesses.  The  coupling  stiffnesses,  corresponds  to  a 

coupling  between  the  bending  and  twisting  of  a  laminate. 

For  a  laminate  whose  individual  laminae  are  symmetrically 

placed  with  respect  to  the  midplane,  no  couplinq  will  exist 

and the  Bij  will  be  zero.  The  qroup D laminates  of  the  pre- 

sent  study  are  the  only  ones  which  are  not  symmetric  and  the 

Bij 
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degree of non-symmetry  is  very  small due to  the  six  symmetric 

laminae.  Very  little out of plane  deformation was noted 

on any of the  test  coupons  during  loading. 

In  the  above  equations,  the  resultant  forces Nx, N 
Yr 

N are  related  to  the  average,  through  the  laminate,  stresses 

as 
XY 

J-t/2 

where u u u are  actual  stresses and u 0 0 0 
0 I O  

X I  y, xy X I  Y XY 
are  averaqe  stresses.  The  laminate  thickness  is  denoted by 

t. 

For  a  symmetrical  laminate (B = 0 ) ,  and  the  average ij 
strains  are  related  to  the  average  stresses by inverting 

equation (1) as 

A1 2 
- 1  

9-2 2 
-1  

- 1  
A2 6 
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where A = cofactor of Aij/ ]AI, ]AI is  the  determinant of 

[AI. 

-1  

ij 

Then, if  the  laminate  is  fabricated  such  that  the  zero 

degree  direction  corresponds to the  x-axis, it is  seen  that 

for  a  uniform  load, Nx, in the x direction  only 

0 
U 

E o -  
X - 1  0 "- 

X E l  1 - AIP, 

or  therefore 

Similarly  for  an  applied  load of first  only N and 
Y' 

then  only N the  elastic  moduli E22 and G12  are 
XY 

Again  considering  the  case of an  applied  load, 
NX 

in  the  x-direction  only 

E = Allox t,  and 0 - l  0 

X 

E o -  - A12ax  t = ' ~ 1 2 ~ ~  , 0 0 

Y 
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therefore 

-1  
A1 2 A12A66'A16A26 

A1 1 A22A66-A26A26 
V I 2  = - -1 

- - 

Similarly if N # 0, Nx = N = 0, 
Y XY 

E 
0 = A 2 2  'ayot, 

Y 

therefore 

The  above  equations ( 5 )  through (9) are  used  to  compute 

the  average  laminate  elastic  properties Ell, E 2 1 ,  G12, v12, and 

v 2 1  as  given  in  tables 5 and 6 for  all  laminates. As men- 

tioned  above,  the  qroup D hybrid  laminates  are  unsymmetric; 

however,  the  degree of non-symmetry  is  not  extreme and  is 

ignored  in  calculating  the  elastic  constants.  The  computer 

program  used  does,  in  fact,  determine  the A i j r  Bij and D 

and  the  ratio of the  maximum  value of A to  the  maximum 

value of Bij was found  to  be 0 ( 1 0 4 )  for  the  qroup D laminates. 

ij 

ij 
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111. BUFFER STRIPS PANELS 

A. Cons t ruc t ion   o f   Pane l s  

The b u f f e r   s t r i p   p a n e l s  were f a b r i c a t e d  from s i x  

l a y e r s   o f   s t y l e  7500, ten   ounce  ( 4 4  g/cm2) woven f i b e r  

g l a s s   c l o t h   i n  a room t e m p e r a t u r e   c u r e   p o l y e s t e r   r e s i n .  

S t y l e  7500 c l o t h  i s  woven to   have   approx ima te ly  t h e  same 

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

d i r e c t i o n  as i n  t h e  f i l l   ( t r a n s v e r s e   d i r e c t i o n  i n  t h e  loom) 

d i r e c t i o n  as it has   6 .5   ends /cm  in   the  warp and  5.5  ends/cm 

i n   t h e   f i l l i n g ,   w i t h   t h e  same f i b e r   u s e d   i n   e a c h   d i r e c t i o n .  

The f i n i s h  on t h e   f a b r i c  was S tevens  S-910,  which. g i v e s  a 

good  bond w i t h   t h e  33402 R e i c h h o l d   T o o l i n g   p o l y e s t e r   r e s i n  5 

used .  

I n   c o n s t r u c t i n g   t h e   p a n e l s ,   t h e   i n n e r   f o u r   l a y e r s   o f  

c l o t h  were p laced   w i th   t he   warp   d i r ec t ion   a long   t he   ze ro  

deq ree   ax i s   ( t he   ax i s   o f   l oad )   and  the o u t e r   l a y e r  of c l o t h  

on e a c h   s i d e  of t h e  pane l  w a s  o r i e n t a t e d   a t  - +45"  from t h e  

a x i s .  Each pane l  w a s  t r imed t o  f ina l   d imens ions   o f   30 .5  c m  

by 30.5 c m  a s  shown i n   F i g u r e  1 4 .  

The b u f f e r   s t r i p s  were 2.54 c m  wide  and  5.08 c m  a p a r t  

and were formed by i n t e r r u p t i n g   t h e   i n n e r   f o u r   l a y e r s   o f  

c lo th   du r ing   f ab r i ca t ion   and   by   add ing  2 . 5 4  c m  wide s t r i p s  

of   Tef lon-coa ted   g lass -c lo th   be tween  layers  i n  

'Stevens S-910: Regis te red   t rademark  of J. P. S tevens  & Co. 

533402  Reichhold  Tooling:  Registered  trademark of Reichhold 
Chemicals  Inc.  
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t h e   b u f f e r   s t r i p s .   D i f f e r e n t   d e g r e e s  of weakening were 

ob ta ined  by u s i n g  more l a y e r s   o f   T e f l o n - c o a t e d   g l a s s  as 

i n d i c a t e d   i n   F i g u r e  15 and  Table 8 .  

F i v e   p a n e l s  as descr ibed   above  w e r e  t e s t e d   w i t h   p a n e l  

E l  be ing   con t inuous ,  i . e . ,  no b u f f e r   s t r i p s ,   p a n e l  E2 had 

b u f f e r   s t r i p s  fo rmed   by   i n t e r rup t ing   t he   c lo th   bu t   d id   no t   have  

the   Tef lon-coa ted   g lass   added .   Pane ls  E3, E4, and E5 had i n t e r -  

r u p t e d   b u f f e r   s t r i p s   a n d   i n   a d d i t i o n   h a d   t h r e e ,   f i v e   a n d   e i g h t  

l a y e r s   o f   T e f l o n - c o a t e d   g l a s s ,   r e s p e c t i v e l y ,   a d d e d   t o  weaken t h e  

i n t e r - l a m i n a r  bond. Two add i t iona l   pane l s ,   F1   and   F2 ,  were fab-  

r i c a t e d  by r e p l a c i n g   t h e   i n t e r r u p t e d   s l a s s   c l o t h   a t   t h e  

b u f f e r   s t r i p s   w i t h   f i v e   o u n c e  ( 2 2  g/cm ) woven "Kevlar-49" 

s t y l e  281 c l o t h  which  has 7 ends/cm i n  t h e  warp  and f i l l  

d i r ec t ion .   F ive   ounce   Kev la r   c lo th   has   app rox ima te ly   t he  

same t h i c k n e s s   a s   t h e   s t y l e  7 5 0 0  g l a s s   c l o t h .  P a n e l  F1  had 

no Teflon-coated  glass   added  and  panel  F 2  had f i v e   l a y e r s   a d d e d  

t o   e a c h   b u f f e r   s t r i p   i n   t h e  same manner as p a n e l  E4. 

A l l  p a n e l s  had  end tabs  formed by  addin.g s i x   l a y e r s  

( 3  l a y e r s  on   each   s ide)   o f   the  7 5 0 0  g l a s s   t o   t h e   e n d s  as 

d e p i c t e d   i n   F i g u r e  (14) . 
I t  s h o u l d   b e   n o t e d   t h a t   t h e   i n d i v i d u a l   l a m i n a e   f o r   a l l  

o f   t h e s e   p a n e l s  w e r e  n o t   f r a c t u r e   t o u g h ,  i . e . ,  f o r   a n  

i n i t i a l   c r a c k   b e i n g   p e r p e n d i c u l a r   t o   t h e   l o a d ,  bhe load  

f o r   c r a c k   p r o p a g a t i o n  and f a i l u r e  i s  c o n s i d e r a b l y  less than  

t h e  computed  load t o   f a . i l u r e   b a s e d   o n   t h e   u l t i m a t e  stress 

f o r   a n  undamaged lamina.  This i s  i n   d i r e c t   c o n t r a s t   t o   t h e  

l a m i n a t e s   i n   P a r t  I1 where a l l   l a m i n a e   h a v i n g   z e r o   d e g r e e  
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fiber o r i e n t a t i o n  were f r a c t u r e   t o u g h   a n d   s e l f - s i m i l a r  

c r a c k   e x t e n s i o n  d i d  not   occur   and t h e  n e t   s e c t i o n  stress 

w a s  approximately  ault .  
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B. T e s t  R e s u l t s  

The r e s u l t s   o f   t h e  t es t  on t h e   b u f f e r   s t r i p   p a n e l s  

are g i v e n   i n   T a b l e  8 ,  where it i s  s e e n   t h a t  a s i g n i f i c a n t  

i n c r e a s e   i n   t h e   u l t i m a t e   l o a d   c a r r y i n g   c a p a c i t y   o f   t h e  

p a n e l s ,   i n   g r o u p  E,  i s  ob ta ined  as t h e   i n t e r f a c e  i s  progres-  

s i v e l y  weakened.  Panels F1 and F2 were cons ide rab ly  

s t r o n g e r   t h a n   p a n e l  El and  approximately  the same  amount of  

de l amina t ion  was o b s e r v e d   i n  F1 as F2 d u r i n g   c r a c k   a r r e s t  

and p r i o r  t o  u l t i m a t e   f a i l u r e ,   i n d i c a t i n g   t h a t   t h e   i n t e r -  

l aminar   bond  for   the   Kevlar  was  somewhat weak w i t h o u t   t h e  

Te f lon -coa ted   g l a s s .  

Pane l  E5 s u p p o r t e d   t h e   l a r g e s t   u l t i m a t e   l o a d   e v e n  

though i t  w a s  p o o r l y   c o n s t r u c t e d   s u c h   t h a t   t h e   b u f f e r  strips 

were n o t   s t r a i g h t   a n d   t h e  3.81 c m  i n i t i a l  c r ack  was w i t h i n  

0.0492 c m  o f   o n e   b u f f e r   s t r i p .  Crack  i n i t i a t i o n  began a t  

approximately 35 600N a t   t h e   n e a r  end b u t   a r r e s t e d  upon 

r e a c h i n g   t h e   b u f f e r   s t r i p .   C o n t i n u e d   i n c r e a s e  i n  t h e   l o a d  

t o  39 140N i n i t i a t e d  crack growth a t  the   o the r   end   o f   t he  

no tch   wh ich   a l so   a r r e s t ed  upon r e a c h i n g   t h e   b u f f e r   s t r i p .  

As i n d i c a t e d   i n   T a b l e  (8), t h i s   p a n e l   r e q u i r e d  a load   of  

55 600N f o r   u l t i m a t e   f a i l u r e .   T h i s  i s  about  a 25% i n c r e a s e  

i n   t h e   l o a d   c a r r y i n g   c a p a c i t y   o f   t h e   p a n e l   o v e r   p a n e l  El. 

Panel  E2 and E3, even  thouqh  they  did arrest . t he   c r ack ,  

r e q u i r e d  little a d d i t i o n a l   l o a d  t o  r e - i n i t i a t e   c r a c k   e x t e n -  

s i o n   a n d   h a d   a n   u l t i m a t e   f a i l u r e   l o a d  less than  E l .  The 
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u l t i m a t e   l o a d   f o r  a pane l  of group E having  a width  of  

30.48 c m  - 3.81 c m  wi th  no notch  was 94 184N. The i n f l u e n c e  

of t h e   n o t c h   i n   p a n e l  E5 r e d u c e d   t h e   u l t i m a t e   l o a d  t o  59% 

of t h i s   v a l u e  and pane l  El c a r r i e d  46% of t h e   u l t i m a t e .  

I t  does   t hen   appea r   t ha t   uncoup l ing   t he   l aminae   by  

weakening   the   in te r laminar  bond g i v e s  a measu rab le   i nc rease  

i n  t h e  l o a d   c a r r y i n g   c a p a c i t y  of a damaged lamina te   even  

f o r   t h e  case o f   f r a c t u r e   s e n s i t i v e  laminae .  Comparing t h e  

f i v e   p a n e l s   o f   g r o u p  E it i s  s e e n   t h a t   v e r y  l i t t l e  change i s  

p r o d u c e d   b y   i n t r o d u c i n g   t h e   b u f f e r   s t r i p s   i n  E 2  o r  by  then 

weakening   the   in te r face   be tween  the  0 "  p l i e s   o n  t h e  b u f f e r  

s t r i p s  as shown i n   F i g u r e   1 5 ,   ( a )   a n d   ( b )  . The s i q n i f i c a n t  

change  occurs  when t h e  0 "  p l i e s   i n   t h e   b u f f e r   s t r i p s  are 

uncoupled  from  the - + 4 5 "  p l i e s   i n   p a n e l  E4  and F5 and shown 

i n   F i g u r e  1 5 ,  ( c )  and ( a ) .  R e p l a c i n g   t h e   b u f f e r   s t r i p  material 

with  Kevlar-49 woven c l o t h   a s   i n   p a n e l s  F1 and F2 gave  consid- 

e rab le   de l amina t ion  i n  bo th   ca ses   and   t he   phys i ca l   appea rance  

of   panels  F1  and F2 a f t e r   f a i l u r e  were b o t h   s i m i l a r   t o   p a n e l s  

E4 and E 5  i n  terms o f   t he  amount  of de l amina t ion .  The major 

d e l a m i n a t i o n   r e g i o n   i n   p a n e l  F1  was be tween  the   res in   and  

t h e   K e v l a r   a t   t h e   i n t e r f a c e   o f   t h e   b u f f e r   s t r i p  w i t h  t h e  

- +45"   ou te r   p l i e s .   Th i s  same reg ion   be tween  the  - + 4 5 "  p l i e s  

and t h e   b u f f e r   s t r i p  was a l s o  t h e  zone   of   s ign i f icant   de lami-  

n a t i o n   i n   p a n e l s  E 4 ,   E 5 ,  and F 2 .  
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IV. CONCLUSIONS 

Thesetestsdemonstrate  considerable  variation  in  the 

mechanical  properties  of  laminates  depending  on  the  com- 

bination of materials  and/or  lamina  orientation.  Classi- 

cal  lamination  theory is shown  to  give  a  good  approxima- 

tion  for  the  elastic  properties  for  all  but  the - +45" 

laminates or, therefore,  all  laminates  exhibiting  a  linear 

stress/strain  relationship. 

Observation  of  the  hybrid  laminates  in  Part I1 of  the 

study  and  the  buffer  strip  panels  of  Part I11 indicate  that 

interlaminar  debonding  is  a  significant  mechanism  associated 

with  fracture  toughness  and  the  same  delamination  process 

appears  to  occur  when  a  crack  arrests  at  a  buffer  strip  as 

takes  place  in  a  notched  hybrid  test  coupon.  Suitability 

as  a  possible  candidate  for  a  buffer  strip  could  then 

initially  be  determined  by  fracture  test  of  small  notched 

hybrid  coupons. 
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Figure 3. Top View o f  t h e   A l t e r n a t i n g  Laminae i n  t he   Un id i r ec t iona l  
Panels o f  Group A 
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Figure 6.  Curing Method for Hybrid/Graphi  te/Epoxy Lami nates 
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Figure 7 .  Modified Curing Method for Hybrid/Graphite/Epoxy Laminates 



0.23813 cm x 1.27 cm 
Notch 

Figure 8. Test Specimen w i t h  Through-the-Laminate  Center Notch 
for  Determining Stress  Ihtensity  Factor, K1 
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/- 
buffer  strips  are  either 
glass  cloth  or Kevlar-49 cloth 

a )  no Teflon-coated glass 
in  the  buffer s t r ips  

b )  three layers of Teflon-coated 
glass i n  the  buffer  strips 

'c)  five  layers of Teflon-coated 
glass in  the  buffer s t r ips  

d )  eight layers of Teflon-coated 
glass in  the  buffer s t r ips  

see  figures  a, b y  c y  and d above 

+45 O - 

+45 O - 

Figure 15. Placement  of the Teflon-Coated Glass 
in  the Buffer Strips 
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Table 1 .  Construction of t he  Laminate  Panels 

Laminate Panel 

A1 5.08 cm x 20.32 cm x 0.110 cm All  Graphite [ O o l 8  
A2 5.08 cm x 20.32 cm x 0.115 cm All  S-glass [O"], 
A3 5.08 cm x 20.32 cm x 0.195 cm All  E-glass [ O o l 8  
A4 5.08 cm x 20.32 cm x 0.120 cm All  llKevlarll [ O o l 8  
B1 5.08 cm x 20.32 cm x 0.114 cm A1 1 Graphite [ (+45")2] 
B2 5.08 cm x 20.32 cm x 0.117 cm All  S-glass  [(+45"),Is 
B3 
84 
c1 

- 

rp 
cn 

5.08 cm x 20.32 cm x 0.202 cm A1 1 E-g1 a s s  [ (+45"),] 
5.08 cm x 20.32 cm x 0.126 cm All  "Kevlar"  [(+45")2]s 
5.08 cm x 25.4 cm x 0.109 cm All  Graphite [go", +45", O 0 I s  

- 
- 

c2 5.08 cm x 25.4 cm x 0.114 cm 0" P1 ies replaced by 0" S-glass 
c3  5.08 cm x 25.4 cm x 0.141 cm 0" I' 

c4 5.08 cm x 25.4 cm x 0.114 cm 0" II 

D 1. 5.08 cm x 25.4 cm x 0.119 cm 0" 4-45' Graphite 
D2 
D3 
D4 

II 
I' 0" E-glass .. 
I' 0" ''Kevlar" I1 

- 
5.08 cm x 25.4 cm x 0.118 cm 0" II 

5.08 cm x 25.4 cm x 0.145 cm 0" 
5.08 cm x 25.4 cm x 0.117 cm 0" II I' - 4-45' IIKevlar" 

I1 
I' +45"  S-glass 
I' 4-45' E-glass 

- 
I1 - 
I1 



.. . . 

Tab le  2. Per  Cent  Fiber  by  Weight o f  the  Uncured 
Preimpregnated Tape Used i n   C o n s t r u c t i o n  o f  t h e  
Laminate  Panel s 

Tape 
Exper imenta l  NARMCO 

Resu l ts   Repor t  
( % I  

~~ 

E-G1 ass 

~ 

59.75 

~ 

56 

"Kev l   a r "  49 57.96  55 

1014  S-Glass  64.78  65 

T-300  Graphite  62.28 62 
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Table 3. Autoclave  Cycle Recommended by Narmco Mater ia l s   Inc .  
f o r  Cur ing  Graphi te   Par t s  

Step 

1 .   I n i t i a l  Pressure 

2.  I n i t i a l  Heat  Rise 

3. Dwell 

4.  P r e s s u r i z e  

5.  Final  Heat Rise 

6.  Cure 

7.  Cooling 

Procedure 

22 inches Hg. Vacuum 
(74.29  kPa) 

Room tempera tu re   t o  
135 + 3°C a t  
2-3"T)min 

60 minutes b e g i n n i n g  a t  
129°C 

Apply 
586 t o  689 kPa 
Vent vacuum a t  
138 kPa 

118 + 3°C t o  
179 T 3°C a t  
2-3"C/min 

120 + 5  minutes a t  
179 - 6°C 

Cool t o  60°C o r  
below  under p re s su re  
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Table  4.  Autoclave  Cycle Used W i t h  the Modified  Curing 
Method f o r   G r a p h i t e   P a r t s  

1 .   I n i t i a l  Pressure 

2. I n i t i a l  Heat Rise 

3. Pressurize 

4.  Final  Heat Rise 

5. Cure 

6.  Cooling 

29 inches Hg.  Vacuum 
(98  kPa) 

Room tempera tu re   t o  
121 2 3°C 

Begin pressurizing a t  

Apply  414 kPa 
p r i o r '  t o  o b t a i n i n g  

121 "C 

132°C 

0.6  "C/mi n t o  
179 - + 3°C 

120 minutes a t  
179 + 3"C,  414 kPa 
and 2 9  inches Hg (98 kPa) 

Cool t o  140°F  (60°C)  under 
pressure 
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Table  5. Moduli o f   E la s t i c i ty  and Poisson ' s   Rat ios   for  the 
Single  Material  Laminates ( A  and B )  

Unidirectional  Laminates ( [Oo18,  same material  5.08 cm wide) 

Laminate Thickness E l l  x Pa E 2 2  x Pa v12 v2 1 G12 x Pa 

A1 (Graphite) 0.110 cm. 1142.52 211.72 10.32 30.026 '4.48 
A2(S-Glass) 0.115 cm 1 51.02 21 1.03 10.29 30. 063 24.48 
A3(  E-G1 a s s )  0.195 cm 1 43.44 210.34 IO. 30 30. 071 22.41 
A4( Kevlar-49) 0.120 cm 1 62.54 5.52 10.39 30,034 22. 07 

Forty-Five  Degree  Laminates ( [ f45"I4 ,  same material  5.08 cm wide) 

Lami na t e  Thickness E l l  x Pa E 2 2  = E l l  v12 9 1  = v21  G12 x Pa 

B1 (Graphite) 0.114 cm 

BZ(S-Glass) 0.117 cm 

B3(E-Glass) 0.202 cm 

B4( Kevlar-49) 0.126 cm 

127.24  10.88 
416.13 40.80 
l19.72  10.57 
414.27 40. 59 
11 3.79  10.53 

8.34 40. 73 
1 7.86  10.90 

7.45 40.80 

437.  03 

'+14.13 

412.14 

416.13 

Experimental  value 
Average values  given by the vendor 

v21 = V12E22/E11 

Computed using CLT [ 81 



Table  6 .  Moduli o f  E l a s t i c i t y  and  Poisson 's   Rat ios   for  the Hybrid  Laminates ( C  and D )  

Hybrid  Laminates ( [90",+45°,- ,- ,+450,900] - - , 5.08 cm wide) 

Laminate Thickness E l l  x Pa E 2 2  x Pa v12 v2 1 G12 x Pa 

c1 50.26  55.50 0.32 0.31 

0" ,O" 55.02  55.02 0.32 0.32 
c2 30.00  53.02 l . 0 . 3 0  1 0.47 

0" ,O" 31.79  51.09 0.32 0.52. 
c3  32.54  45.99 0.41 0 .43 .  

0" ,O" 32.41  45.09  0.32, 2;0.45 
ul c4  32.54  53.02  0.31  .0.41 
O ( Kevl ar-49 1 0.114 cm 220.13 

(Graphite)  0.109 cm 220.75 

(S-Glass)  0.114 cm 220. 75 

(E-Glass)  0.141 cm 217.24 

0" ,O" 34.96 50.68  0.33  0.47 
Dl 26.75 50.82,  0.38 0.60 

(Graphi te)   0 .119 cm 228. $9 
i45"  25.58  48.40  0.40  0.76 

D2 26.75 1 ' 0 .33  - I  

(S-Glass)  0.118 cm 
. -  

223.17 
k45"  23.31  47.99  0.35  0.72, 

D3 18.62 43.09 1 0.32 1 0.64 

k45 " 20.20 40.06 0.37 0.74 
D4 1 45.99. 1 0.69 

+45 O 22.27 46.20 0.36 0.75 

( E 4 1   a s s )   0 . 1 4 5  cm 220. 89 

(Kevl ar-49)   0 .117 cm 223. 65 

Experimental l , y  determined  value Computed from C . L . T .  [8] 



Table 7. Notch S e n s i t i v i t y   F a c t o r s ,  Unnotched Ul t ima te   S t r e s s ,  
Notched  Ultimate  Average  Stress,  and Net Section  Average  Stress 
o f  the Coupons. 

A1 
A2 
A3 
A4 

B1 
82 
83 
B4 

c1-0 
c2-0 
C3-0 
C4-0 

D5-0 
D6- 0 
D7-0 
D8- 0 

c1-90 
C2-90 
C3-90 
c4-90 

D5-90 
D6-90 
D7-90 
D8-90 

- 

76  498 
157  565 

- 

13  178 
20  386 
15  053 
1 2  097 

31 477 
35  520 
31 575 
35 493 

23 750 
24 849 
20 288 
- 

31 539 
26 175 
26 536 
26  536 

26 731 

20 939 
27 204 

- 

1  404  356 
1 443 330 

748  452 
1  026  038 

163 756 
199 831 
136 321 
104  597 

445  038 
371 641 
279  379 
339 448 

180  035 
176  098 
163  177 - 

442  149 
326  637 
336 986 
419  837 

401 854 

322  215 
382  527 

- 

- 
- 

524 771 
726  230 

90  408 
139  853 
103 259 

82 981 

215 931 
243  890 
216  606 
243  483 

162  922 
170 409 
139 251 
- 

216 365 
179 560 
182 042 
184 772 

183 379 

143  644 
186  620 

- 

- 

715 322 
1  027 320 

- 

120 531 
186 599 
137  824 
110  906 

287  066 
325  189 
288 956 
324  755 

217 299 
227 245 
185 607 
- 

288 439 
239  408 
242 683 
246 655 

244 ,504 

191  529 
248  496 

- 

u = Ult imate  stress o f  the un-notched  coupons = P u l t / w t  

u = Ultimate   average stress o f  the center  notched  coupons = 

U 

n u  P u l  t/wt 

0 = Net sec t ion   average  stress o f  the center notched  coupons = n P u l  t/ (w-2a) t 
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T a b l e   8 .   B u f f e r   S t r i p   P a n e l s  

b u f f e r   s t r i p   T e f l o n - c o a t e d   i n i t i a l   c r a c k   c r a c k   i n i t i a t i o n  U1 t i m a t e  

Styl e 7500 

10 oz. 

pane l   ma te r ia l  G1 ass 1 ength 1 oad 1 oad 
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The  mechanical  properties  of  some  hybrid  buffer  strip  laminates  and 
the  crack  arrest  potential  of  laminates  containing  buffer  strips  were 
determined. 

The  hybrid  laminates  consisted of graphite  with  either  S-glass, E- 
glass,  or  Kevlar.  Unnotched  tensile  coupons  and  center-cracked  fracture 
coupons  were  tested.  Elastic  properties,  complete  stress/strain 
curves,  and  critical  stress  intensity  values  are  given.  The  measured 
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The  glass  hybrids  had  more  delamination  and  higher  fracture  toughness 
than  the  all-graphite or the  Kevlar  hybrid. 

The  buffer  strip  laminates  for  the  crack  arrest  study  were  fabricated 
using  six  layers of woven  fiberglass  cloth  and  polyester  resin.  Each 
laminate  contained  two  buffer  strips  formed  by  interrupting  the  cloth 
and  weakening  the  inner  laminar  bond  with  teflon  coated  glass  fabric. 
Woven  Kevlar  cloth  was  also  used  in  some  laminates  in  place  of  the 
fiberglass  buffer  strips.  Results  indicate  that a weak  interface  bond 
does  enhance  crack  arrest. 
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