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Abstract 

This report  presents the  major hdmg of the  Montana  State  University  Composite  Materials  Fatigue 
Program  from  1997 to 2001,  and is  intended to be  used in conjunction  with  the DOEMSU Composite 
Materials  Fatigue  Database.  Additions of greatest  interest  to  the  database in this time  period  include 
environmental  and  time  under  load  effects  for  various  resin  systems;  large  tow  carbon  fiber  laminates  and 
glass/carbon  hybrids;  new  reinforcement  architectures  varying h m  large  strands to prepreg  with  well- 
dispersed  fibers; spectrum loading  and  cumulative  damage  laws;  giga-cycle  testing of strands; tough resins 
for  improved  structural  integrity;  static  and  fatigue  data  for  interply  delamination;  and  design  knockdown 
Mors  due to flaws  and  structural  details as well as time under  load  and  environmental  conditions.  The 
origins of a  transition to increased  tensile fatigue sensitivity  with  increasing  fiber  content are  explored m 
detail  for  typical  stranded  reinforcing bbrics. The  second  focus  of  the  report is on stmctural  details  which 
are prone to delaminationfdure, includmg  ply  terminations, skin-stiffenerintersections,and sandwichpanel 
terminations.  Finite  element  based  methodologies  for  predicting  delamination  initiation  and growth in 
structural  details are developed  and  validated,  and  simplified  design  recommendations are presented. 
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EXECUTIVE SUMMARY 

I 
I 
I 
D 
1 

This  report  brings  together the findings of a  broad  range of individual  studies  related to the 
strength and  fatigue  resistance of composite  materials  and substructural elements  intended  for 
application in  wind  turbine  blades. Previous contractor reports have  provided  extensive data and 
analysis for the  effects of major  materials  parameters on strength and  constant  amplitude fatigue 
properties for commonlyused  blade  materials, as well as validation ofthe application ofthe materials 
database to a  beam  substructural  element  representative of blade structure. Previous  fmdmgs are 
summarized in the Background chapter of this report. 

The focus of  individual  chapters of the  first part of this repori is new  data,  including:  new 
fatigue  results  for  carbon  fiber  composites and glass/carbon  hybrids, as well as other new  reinforcing 
fabrics;  the  effects of tougher resins on structural integrity; the effects of moisture  and  temperature 
on static  and  fatigue  strengths  for  different resii systems; the first  fatigue  data  to  10"  cycles; 
knockdown  factors for a  variety of flaws,  structural  details, time scales,  and  hot/wet  conditions, 
which relate to partial  safety  factors in design;  the  first data for the delamination  resistance of blade 
materials  under  static  and  fatigue  loading;  and  a  systematic study of the effects  of  spectrum  fatigue 
loading on material  lifetime,  including  an  assessment of different  cumulative  damage laws. 

The  second  part of the report  considers  generic  types of structural details  which are typically 
prone to delamination  failure,  including  skin-stiffener  intersections and sandwich  panel  closeouts,  in 
addition to ply  drops  which  are  addressed  earlier. Structural detail test geometries  have  been 
designed,  fabricated,  and tested. The test geometries  serve  two  main purposes: first, to establish  and 
validate  design  methodologies  based on finite  element  analysis  and  using database properties, 
particularly delamination  resistance;  and,  second,  for  use as a standard specimen  for  evaluation of 
different  fabrics,  resins,  and  manufacturing  methods  in  a structural context. 

Design  recommendations are provided  at the end of  the substructure chapters, as well as for 
chapters on materials  studies,  where  appropriate.  The  following  provides  a  summary of individual 
chapters, in order of appearance. 

PART A: MATERIALS  STUDIES 

The  chapters  in  this part of the report provide data  and  analysis  primarily  fiom  coupon-type 
materials tests. The  data are available in the current  installment of the DOE/MSU  Composite 
Materials  Fatigue  Database  available on the SNL website at www.sandiagov/Renewable-Energy/ 
wind-energy/. 

Chapters 3 and 4 Resins,  Fabrics,  and  Environmental Effects 

Chapters 3 and 4 explore  issues m the  selection ofresms and  reinforcing  fabrics,  the  former  with 
a  focus on environmental  resistance  and structural integrity. The DOE/MSU  Fatigue  Database  has 
been expanded to include  a  number of matrix  resins ofpotential interest in wind turbine  blades. The 
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main considerations in resin  selection  have  been to increase  the  structural  integrity (such as 
delamination  resistance)  in  blades  while  maintaining or improving other mechanical  properties, 
particularly  under hot, wet  conditions. The resins  included in this  phase  of  the  study are also 
appropriate for the wind  turbine  blade  application  in  terms  of cost and  processing  characteristics (all 
materials were prepared by resin  transfer  molding).  Resins  included  unsaturated  polyesters,  vinyl 
esters,  epoxies, and a  urethane.  Mechanical properties have  been  obtained  for wet  and dry specimens 
tested at temperatures fiom -25 to 70°C.  Fatigue,  delamination resistance (Mode I and I1 crack 
growth), and performance in stiffener substructure sections  have  been  evaluated  for  selected  cases. 
Significantly  improved  performance relative to baseline  polyester is shown  for  several  resins;  the 
baseline ortho-polyester is found to have inadequate resistance to hot/wet conditions for blade 
applications. 

The static and  fatigue properties of typical  wind  turbine  blade  composite  materials  depend 
strongly  on the architecture ofthe reinforcing  fabric  (woven,  stitched,  etc.)  as wellas the overall fiber 
type  (glass versus carbon), content  and  orientation.  Fabric  architecture  also  has  a strong influence on 
resin flow characteristics  during  manufacturing  and on the sensitivity of the properties to structural 
detail  geometry. The DOE/MSU Fatigue Database  contains  data on many  commercially  available 
reinforcing  fabrics  tested in a  variety of laminate  configurations  under several loading  conditions.  Two 
factors of concern are  the low  compressive strength ofwoven fabrics,  and  a  transition to poor tensile 
fatigue  resistance at high  fiber content, which  can  plague all stranded  fabrics  under  some  conditions. 
Furthermore, the unidirectional  stitched  fabrics,  which  have  shown  the  best  overall  performance, are 
not generally  available in.the long, or warp direction of the Gbric  roll  except  when stitched to 
additional  layers such as mat,  which  significantly  reduces the tensile  fatigue  resistance.  Thus, the best 
performing stranded fabric  cannot be used  for the main  lengthwise  reinforcement  in the blade.  This 
chapter presents  a  summary of the merits of several widely used fabrics as well as results  for several 
new  fabric types including  bonded  fabrics  which  show  potential  for  improved  performance. The 
results include an assessment of manufacturability  and  performance in structural details. The final 
section  deals  with European fabrics  having  large 0" tows stitched to a  woven  fabric,  with 
disappointing  tensile  fatigue  resistance as well. Tests on evolving  large tow carbon  reinforcements 
are reported in Chapter  10. The effects of fabric  on  simulated  flaws  and structural details are 
addressed in a  Chapters 8 and  10. 

Chapter 5 Spectrum  Loading 

This chapter addresses the effects of spectrum loading on lifetime  and  residual  strength. Over 
1100  tests have been run on a  typical  flberglass  laminate  configuration  under  a  variety of load 
sequences.  Repeated  block  loading at two or more load levels as well as a  modified  standard 
spectrum  have  been studied Data have  been  obtained for residual strength at  various stages of the 
lifetime.  Several  lifetime  prediction theories have  been  applied  to the results. 

The repeated block  loading data show  lifetimes  that are usually  shorter than predicted  by the 
most  widely  used  linear  damage  accumulation  theory,  Miner's  sum.  Actual  lifetimes are in the range 
of  10 to 20 percent ofpredicted lifktime  in  many cases. Linear  and  nonlinear  residual strength models 
tend to fit the data better than Miner's sum, with the nonlinear  providing the better fit of  the  two. 
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Direct tests of residual strength at various fiactions of the lifetime are consistent  with  the  residual 
strength  damage  models for several cases.  Load  sequencing  effects  are  not  found to be significant. 
The more a spectrum deviates  from  constant  amplitude, the more  sensitive  predictions  are to  the 
damage  law  used.  The nonhear model  provided  improved  correlation  with test data for  a  modified 
standard  wind  turbine  spectrum.  When  a  single,  relatively  high  load  cycle  was  removed,  all  models 
provided adequate correlation with the experimental  results. 

Additional  results  for  compression,  reversed  loading,  and  the  unmodified WISPERX spectrum 
may  be  found in a  forthcoming SNL report or Wahl's doctorial dissertation.  The  effects of constant 
amplitude data extrapolationmodels  are  also  explored in these  references,  and  found to be significant. 

The  residual  strength  models may provide a  more  accurate  estimate of blade  lifetime  than 
Miner's  rule  for  some  loads  spectra.  They have the  added  advantage of providing an estimate of 
current blade  strength  throughout the service  life.  A  simplified  approach  suggested  in  the  literature 
is also found  to  provide  a  conservative  prediction of lifktime  in  this  study:  use  Miner's  Sum,  but 
consider  failures to occur  when  the sum is 0.1 instead  of 1 .O. 

Chapters 6 and 7 High Cycle  Testing  and  Time  Under Load Effects 

Chapters 6 and 7 provide  results for very  high  (giga)  cycle  tensile  fatigue  testing of small 
strands, as well as data for the  effects of static load  duration  and strain rate.  Chapter 6 describes the 
development  and  application of a  novel,  low-cost,  high-frequency  fatigue  testing  apparatus,  and  its 
application  in  obtaining  very  high  cycle data for small  impregnated  glass  strands. The first known 
tensile  fatigue data out  to lo9 to 10'' cycles  have beenobtained using  two  matrix  systems.  The  results 
can be represented by a  power law S-N trend or an exponential  trend  with  a htigue limit around 10' 
cycles, or a  combination of the two. Both these results  and  related tests to lo9 cycles  using  larger 
strands support the use of a  power  law  extrapolation of S-N data trends to very  low  stresses  and  long 
lifetimes.  This is critical in the application of cumulative  damage  laws to spectrum  loading. 
Interpretation of  the results  for  larger  volumes of material is difficult due to the high static strength 
and  less steep S-N curve for  the  very  small strands. A tougher resin  system, 8084 vinyl ester, showed 
only  slight  improvements in fatigue  resistance at high  cycles. 

Chapter 7 considers the effects of strain rate and time under  load  on strength. Static tensile  and 
compressive  strength data are presented  in the database for a  wide  range  of  materials,  including 
different  environmental  conditions.  These data are obtained  fiom  standard  size  test coupons loaded 
at a  high strain rate to be  consistent  with  fatigue strain rates. The  high  strain rate produces  higher 
strength  values than would  low strain rates. The use of these strength  data in blade  design  requires 
consideration of the  timescale  of  loading  under  extreme  wind  conditions. If the  maximum  stress 
conditions  for the blade  involve  significant  time at high  stress,  such as more than one  second,  then 
the timescale of the event  should be considered  before  using  strength  values in the  database. 

This chapter provides  a  detailed  consideration of time  under  load  effects  for  various  laminates. 
The  effects of time  under  load and strain rate are more  significant  than  expected  from  earlier 
investigations.  Load  transfer  between *45" and 0" plies  is  sensitive to time under  load,  and 
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contributes  significantly to time  effects  in  addition to the  expected  static  fatigue  effects  for  the  glass 
fibers.  Rate  effects are significant in compression as well as tension.  Knockdown  in strength required 
for  longer  time durations are additive  with ictors such as strand waviness  in  woven  fabrics,  which 
reduce  compressive strength, and  environmental  effects. 

Chapter 8 Design Knockdowns 

Chapter 8 considers design  knockdowns  for  flaws, structural details,  time  and  environment. 
Material partial safety  factors  are  an  important  part of blade  design.  They are intended to account, 
in part, for  the  effects of flaws  and  geometries  not  present  in  normal  material test coupons, as well 
as environmental  conditions  and time effects.  Safety  factors can be  rendered  more  rational  by 
exploring  specific contributing factors, which  is the  subject  of  this  chapter. 

Laminates  fabricated from stranded  glass  fiber  fabrics  commonly  used  in  wind  turbine  blades 
have  been  found to exhibit a strong sensitivity to  fiber  content.  The  tensile  fatigue  resistance 
decreases  rapidly  over a narrow  range  of  fiber  volume  fraction as the  fiber  content is increased.  Many 
manufacturing processes produce  fiber contents in this range, and  local  variations in fiber content 
mound details  such as stiffeners are often  not  well controlled. Thus, the fatigue  resistance around 
structural details may drop precipitously if the  fibers are locally  pinched  during  manufacturing. 

A second  problem  associated  with structural details  is  delamination  between  plies  of  fabric due 
to out-of-plane stresses. Delamination  can  lead to breakdown of a structure directly, often with 
subsequent  buckhng, or indirectly,  by  accelerating  fatigue  breakdown  of the fiber strands. Another, 
independent type of flaw,  fiber  waviness,  affects  compression  strength in many  types  of  composites. 
This  is  mherent in woven  fabrics,  and is often  introduced  by  manufacturing  processes in otherwise 
straight-fiber  reinforcements. It is  particularity  difficult  to  avoid in thick  sections. 

This chapter explores the static and  fatigue strength of a number  of  real  and  simulated  flaws  and 
structural details whch may  be  associated  with  local  increases m fiber content as well as delamination 
and  waviness.  The  flaws  and structural details  investigated  include  ply  drops,  skin-stiffener 
intersections in I-beams,  local  matrix  rich  and  transverse  fiber  areas,  surface  indentation,  sandwich 
panel  closeouts  and  waviness.  These are compared to unflawed  laminates  and  laminates  containing 
severe flaws  such as through-thickness  holes.  The  results  are  represented in two ways.  First,  the stress 
or strain  required to produce a 25 mm  delamination in static  or fatigue tests in 105 cycles is 
documented for cases which delaminate;  and  second, as knockdown factors on the  ultimate static 
strain  and  maximum strain to produce total laminate  failure  in lo6 cycles.  Two  types of 0" fabric are 
included  in  most  cases. The knockdown  factors on static  properties  ranged up to 4.0, with the  worst 
case being a sandwich  panel closeout. In fatigue,  knockdown factors also  ranged  up to 4.0, with the 
worst  case  being a double ply drop in compression,  with a sandwich  panel  closeout a close  second. 
Extended  time  under  load  showed a knockdown of about 1.3, while  50°C/wet  conditions  produced 
a knockdown of 1.9 for the  ortho-polyester  resin in  compressive  fatigue.  Materials  with  poor  initial 
properties, such as woven fabrics  in  compression  and  high  fiber  contents  in  tension  fatigue,  require 
lower  knockdowns than did materials  with the best  performance. 
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Chapter 9 Delamination 

Chapter 9 provides  the fKst significant  look  at  delamination  problems  in this program. 
Delamination  between  plies  is  widely  viewed as the “Achilles  heel”  of  composite  material structures. 
Failures in blades due to delamination  have  been  observed  in both service  and W-scale blade tests. 
Delaminations occur in areas of complex,  three-dimensional  stress  states  which are rarely  analyzed 
in detail during design.  The  resistance  to  failure  due to thickness-direction  shear  and  normal stresses 
is  very  low relative to  the  fiber  dominated properties along  the  primary  load paths. Lower cost 
thermoset resins are brittle,  and  their  composites  have  low  delamination  resistance, as shown  in the 
matrix  resin  chapter. Manuficturing problems such as resin-rich  areas  and  porosity can provide  sites 
for  delamination  initiation.  Environmental factors and fitigue loading  can  lead to the spread of 
delaminations at low  load  levels. In aerospace  applications, the delamination problem has  been 
addressed  primarily  through  increased  resin  toughness  (which  is  costly),  conservative  designs  in 
structural detail areas,  and  a  variety  of  rules-of-thumb. 

Relative to aerospace  composites,  where  delamination  problems  have  been  addressed  in  detail, 
wind  turbine  blades  tend  to  be  more  heterogeneous  (thicker  plies  and  stranded  fabrics),  which  may 
raise  both the stresses causing  delamination  and the material’s  resistance to delamination growth. The 
more brittle, low cost resins  which are commonly  used  in  blades  produce  lower  delamination 
resistance,  while  glass  fibers  tend to reduce  delamination  stresses  due  to  the  reduced  anisotropy 
relative  to carbon fiber  composites. 

Methodologies for  dealing  with  delamination  are  described in this chapter, and m later 
substructure chapters. Test  methods  which  are  applicable  to  blade  materials are identified,  and  test 
procedures are described which produce  conservative  measures of delamination  resistance.  Methods 
of analysis for both standard  delamination  tests  and  complex substructures are described,  with 
applications of the latter in the  substructures  chapters.  Test data are limited to a  few  cases at  this 
time;  these cases relate to the matrix study  discussed  earlier,  and the substructure studies which 
follow. To use delamination  data  in the design of structural details, it  is  necessary to have data for 
basic  opening  and  shearing  modes of delamination growth for the ply  interfaces  of concern, with the 
appropriate fabrics,  resins,  and  fiber  contents. To date,  only  limited  data  have  been  obtained  for static 
delamination and fatigue  crack growth. A simplified procedure of using only initiation  values indesign 
is recommended. 

Chapter 10 Other Database Additions 

This chapter contains results  for  several  types  of  materials  not  previously  available  in  the 
database. Data are presented in separate subsections for carbon  fiber  and carbodglass hybrid 
laminates;  glass  fiber  composites  with  well-dispersed  fibers  (compared  with stranded fabric 
reinforcement);  sandwichpanels;  injection  molded  carbon  fiber/thermoplastic  matrix  compo  sites;  and 
useful  relationships  between  molding  pressure, ply  thickness,  and  fiber  content  for  most  materials  in 
the database. 

The carbon fiber  results  focus  primarily on the large tow, low cost carbon  fabrics.  Most  of the 
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results are for  hybrid  laminates  with  carbon 0" plies  and  glass a5"plies. There  were  diiliculties  with 
fabrication  and  testing in some cases and tests  are on-going. Results to  date indicate  good 
performance in  tension  for  static  and  fatigue  properties. Fatigue stress and  strain  levels m tension are 
better than  those  for all glass  laminates, as is the  elastic  modulus, as expected. The compression data 
are disappointing  when  viewed  in  terms of strain  levels  for static and  fatigue properties. While 
prepreg materials,  with  relatively  well  dispersed  and  well  aligned  fibers,  show  longitudinal 
compressive  ultimate strains above 1.0 percent, woven  fabrics  with  large tows are in the 0.6 to 0.7 
percent  range,  and  stitched  fabric is in the 0.7 to 0.8 percent  range.  Million-cycle  compression  fatigue 
strains are inthe range of 0.35 to 0.45  percent  for  the  woven hbrics and 0.55 to 0.60 percent for the 
stitched fabrics.  The  fabrics  were  tested  with a vinyl ester matrix.  The  carbon  fabric  compression 
strains fall  well  below  values  for  glass  fabrics,  and  may  be  sufficiently  low to be a h t i n g  factor in 
blade  design. 

'New data for impregnated strands and  prepreg  laminates  with  well  dispersed  glass strands 
support the  earlier  view that the  transition to poor tensile fatigue resistance  with  increasing  fiber 
content  (reviewed in the  background  section)  is  related  to  the stranded architecture of the  fabrics. 
While this  transition occurs around  40  percent  fiber by  volume  in stranded glass  fiber  laminates,  it is 
shifted to  the 60 percent  fiber  by  volume range when the fibers are well  dispersed, as in prepreg 
laminates.  This is explored  further in Chapter 11 .  

Sandwich  panel  construction is used  to raise the  bending  and  buckling  resistance of thm airfoil 
skin areas in  most  blades.  If  this construction is used in high stress areas of blades,  it  must  withstand 
the  same strain levels as do adjacent  primary  structures. A typical sandwich panel with  glass  fiber 
laminate  skins  and  balsa  core  was  subjected to static and  fatigue testing. The  results  show  very  similar 
tensile  ultimate  and  fatigue  strengths  when  compared to the base laminate  without  the  core.  Chapter 
14 deals  with  the  greater  problem  of  transitions  between the sandwich  panel  and  plain  laminate. 

Static and  fatigue  testing  was  also doneon an  injected moldedcarbonfiber/thermoplastic matrix 
material.  Test  specimens  were cut from small turbine  blades. The results show  relatively good 
stiffhess,  strength  and  fatigue properties compared  with typical database  glass  fiber  laminates. 
However,  these  materials are probably  not  appropriate for large  blades  due  to  relative  brittleness  and 
probable  molding  related  problems .in thick  sections. 

A final  part  of  this  chapter provides data  for  most database materials,  relating  molding  pressure 
and  ply  thickness  to  fiber  content.  These data can be usehl in initial  mold  and process design, to 
obtain desired  fiber  contents  (associated  with  weight  and  mechanical properties). 

Chapter 11 Tensile  Fatigue  Effects 

This  chapter  provides a detailed  interpretation  of  database  trends in the area of fiber  content 
effects  on  tensile  fatigue.  The  transitions to  poor tensile  fatigue  performance with increasing  fiber 
content  have  been  discussed  in earlier sections.  Materials  with  well  dispersed  fibers (strands and 
prepreg) have  been  found to provide  good  tensile  fatigue  resistance up to 60 percent or  more  fiber 
by  volume. The stranded  fabric  architectures,  which  constitute  most  of  the database materials,  show 
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such  a  transition in the 40 percent  fiber  volume  content range, with the transition  occurring at about 
two percent  lower  fiber  content  for  multidirectional  laminates than for  unidirectional  materials  with 
the  same 0" reinforcing hbric. Chapter  10  clarifies the later trend, since  the  actual  fiber  content  and 
ply  thickness is higher  in the 0" plies  when  laminates  contain  *45"  plies  with  most  fabrics,  since the 
h45" absorb  more  resin. 

This chapter explores  the  origins ofthe difference  between  stranded  fabrics  and  materials  with 
well  dispersed  fibers, in terms of the fiber  content  where the transition in tensile  fatigue  resistance 
occurs.  Detailed  microscopy  analysis  has  been  carried  out for laminates  with  different  fiber  contents. 
As expected, the fiber  content  within  strands  is  much  higher  than the average  fiber  content  of the 
laminate.  Furthermore, as the  average  fiber  content  increases, the local  fiber content within  the 
strands  also  increases  significantly,  particularlynear stitchor weave crossoverpoints. The strands also 
distort  significantly  at  higher  fiber  contents. 

The  results of this  study, and data presented  earlier,  clearly  show  that  the  transition in  tensile 
fatigue  resistance is related to increases  in the local  fiber content within  the  strands of the 0" plies. 
While some hbrics, such as A130,  are  less  severe in this respect than others,  such as D155, all  
stranded  fabrics have  problems at high  fiber contents,  particulary  near  stitch or weave points. To 
obtain  good  tensile  fatigue  resistance  in  glass  fiber  laminates at average fiber contents in the 50 to 60 
percent  by  volume  range,  it is necessary to use  materials,  like  prepreg,  with  well  dispersed  fibers. 

PART B : SUBSTRUCTURE STUDIES 

Substructure studies  were  designed to explore four areas: (1) validation of use of the 
DOE/MSU  database in design  and  analysis of blade substructures, (2) identification of critical 
materials  issues  to  be  addressed in the database, (3) development and validation ofmethodologies for 
designing  complex structural detail areas where  delamination  is the dominant  failure mode and (4) 
to provide  standard  test  specimen  geometries  for structural integrity, whch could  be used for 
comparison of different  resins,  reinforcement,  and  processing  methods.  The  choice of structural 
details  was  influenced strongly by the desigdmanuhcturing effort  centered  on the AOC  15/50  blade 
as part of the Montana  DOE  EPSCoR  program, but the geometries  are  generic  to  most  blades 
constructed from composite  materials. 

Chapter 12 Skidstiffener Intersection  (Strength) 

Chapter 12 considers the skidstiffener intersection under static loading.  Most  composite  blades 
contain some type of internal  stiffener  spar. The goals for this study were  to  combine  experimental 
testing  with  finite  element  analysis  (FEA)  to  establish  design  guidelines  and  develop accurate FEA 
methods  for  predicting  skin-stiffener  €facture  loads and locations.  A  follow-on  study reported in the 
next chapter explored the fatigue response. An additional goal of the study was to establish  a 
structural  integrity  test  geometry  for  materials  and  manufacturing  evaluation. 

A  strength-based  failure  prediction  with  FEA  results  was adequate to  predict  damage  onset in 
the  stiffener  samples in regions without  high stress gradients.  However,  a fracture mechanics 
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approach was necessary to analyze the flange  tip  region.  Good  agreement  with  experimental 
delamination  initial growth loads was obtained by  using the one-step  virtual crack closure  technique 
(VCCT-1) to calculate strain energy  release  rate  vah;es. These values  were  used  with the linear 
interaction  criterion  for crack growth to predict  propagation  loads. An initial  crack  length  of  less  than 
0.2 mm and  a  crack  length to crack extension  ratio (dda) of greater than 20 provided good results 
for the modeling of damage  onset  at the flange tip. The use of R-curve data for predicting the 
extension of large  delaminations  produced  generally  conservative  results. 

Experimental fiacture toughness tests showed  that  delamination growth resistance  was  higher 
for cracks  propagating at a h45 degree ply  interface  than  for cracks between two 0" plies.  Increasing 
the skin  bending  stiffness  and  matrix  material  toughness  produced  large  increases  in  pull-off  loads. 
Increasing the flange  thickness and the adhesive  bond-line  thickness  caused  the  damage  location to 
change fiom the web/flange  bend  region to the flange  tip. This was due to the  increasing  geometric 
discontinuity  at the flange  tip,  which  created  high  interlaminar stresses. Detailed  design 
recommendations are presented. 

Chapter 13 SkinBtiffener Intersection  (Fatigue) 

This chapter considers the same  skin-stiffener  intersection  geometry under fatigue  loading. 
Experiments  have  been run to measure damage  initiation  conditions  and  geometries  as  well as 
delamination growth rates.  Using  finite  element  analysis  and data for strength, delamination 
resistance,  and  delamination  fatigue crack growth, damage initiation and growth under static and 
fatigue  loading is predicted  following aprescribed methodology,  and  compared to experimental  data. 
Delamination growth is by a  mixture of Modes I and 11, and  a  mixed-mode  criterion  has  been  assumed 
in the absence 0.f definitive  data.  Overall  fatigue  lifetime trends with  varying  maximum  load are also 
established, and the  sensitivity to matrix variations is explored. 

The  results in this section serve to define  and  validate  a  methodology  for  predicting 
delamination  failures at structural details using finite  element  analysis  and  database  delamination 
fatigue  crack growth and fiacture data. W e  the  correlations ofpredictions with  experimental data 
are generally  good,  they  indicate  a  need for a  definitive fiacture mode  interaction  criterion for static 
and  fatigue  delamination  for  a  range of reinforcing  fabrics,  matrices,  and  particular  ply interhces. A 
simplified  method for predicting fatigue  performance  in  the  design of delamination-prone 
substructures is also  presented. 

Chapter 14 Sandwich Panel  Terminations 

Chapter  14  addresses the complex  substructure  geometry  where  sandwich  panels  are  closed-out 
against  normal  laminate.  Typically,  sandwich  panel construction is used in the  trailing edge side of 
most  blades to increase  resistance to panel  buckling of thin  airfoil  skins.  Sandwich  panels are 
composed of thin structural skins and  a  very  lightweight core material,  such as balsa,  polymer  foam, 
or honeycomb.  The  thickness  added  by  the core raises the moment of inertia  of  thin  panels,  increasing 
the bending  stiffness  and  buckling  resistance  at  little  expense  in terms of  weight  or  cost.  Achieving 
the same  buckling  resistance  with  a  thicker  laminate  would  greatly add to weight and cost.  Other 
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stiffening  methods such as  multiple  webs  and "hat" shaped riis are also  effective. 

The  results  show  very poor tensile  performance  for  the standard 30" longitudinal  closeout 
geometry. Delamination  and  failure occur at  much  lower  strains  than  can be withstood  for the 
laminate or sandwich  panel  without terminations. Decreasing the termination  angle to 10" or 5" 
siglllficantly  increases the structural  performance,  with the 5" case approaching  the control laminate 
performance  with no closeout. Fmite  element  predictions  based on point-stress  failure  criteria are in 
good agreement  with the experimental  data, using input  material  properties  for the fiberglass  and 
balsa  which were developed in this  study. In tensile  fatigue, the sandwich  panel  lifetime  without 
closeouts approached that of the  baseline  laminate.  Specimens  with  a 30" closeout  showed  a  similar 
fatigue  sensitivity to other delamination  results, but a steeper S-N curve to failure  than  for the base 
laminate. On  an absolute  basis, the strain  levels  for  delamination  and  failure  at lo6 cycles were low, 
in the range of 0.3 percent,  compared  with the baseline  laminate  value  above  1.0  percent.  Design 
recommendations  are given at the end of the chapter. 

Chapter 15 Concluding Remarks 

The  overall findings with  regard to different  material  parameters  expressed  in  this  and  previous 
reports lead  in two directions.  The  use of materials  with  well  dispersed  fibers,  like prepreg, should 
provide near optimum properties,  assuming  that  severe  fiber  waviness  problems  could be avoided. 
Furthermore, adequate carbon fiber compression  strain  levels  could  probably be obtained ifthe fibers 
were straight. A toughened resin  system  could provide improved  resistance to delamination in 
structural details, but  would  probably  prove  costly. 

A second direction involves  the  use of hand  layup, RTM, and  similar  processes,  using  various 
stitched and woven reinforcing  fabrics.  Here, there is a question of  whether  the  materials  which 
produce the highest strength and  fatigue  properties  are worth additionalmaterials  and  manufacturing 
costs, since  their  performance  would be subject  to  high knockdown hctors due to the effects of 
common  flaws and structural details.  Lower  performing  materials m simple coupon tests are often 
subject to  greatly reduced  knockdown factors. Higher  fiber  contents,  with  improvements in most 
properties except tensile  fatigue  resistance,  makes sense ifthe good tensile  fatigue  resistance  at  low 
fiber contents is unavoidably  lost  due to local  strand  packing  near  details. 

Regardless of material  and  process  choices,  several  other  factors  must be addressed The  time 
duration of high-load events could  significantly  reduce strength properties. In spectrum  loading, the 
use of Miner's Sum of 1 .O is nonconservative  by  up to an order  of  magnitude. An improved  model 
or  areduced sum like  0.1  is  recommended.  Finally, the efficient  andreliable designofstructural detail 
areas is essential; the fracture mechanics  based  methods  explored  here  are  promising,  but  require 
further  refinement,  validation,  and  simplification.  The  response of structural  details  under  more  severe 
environments and spectrum  loading  has  not  yet  been  addressed. 
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1. INTRODUCTION 

The  study  of composite materials  for  wind  turbine  blade  applications  at  Montana State 
University  (MSU)  was  initiated  in  1989  with  support  from SandiaNational Laboratories (SNL). The 
program has continued  since  that  time  with  continuous  support fiom SNL as well as additional 
support at  various  times  from  the  National  Renewable  Energy  Laboratory  (NREL)  and the 
Department of Energy (DOE) EPSCoR  program, the latter with  matching state funds.*  Two  earlier 
SNL contractor reports in 1992 [ 13 and  1997 [2] detailed  fatigue  studies on material  coupons,  while 
an NREL report [3]  gave  the  results of a study of sub-structural  beams representative of blade 
structures, and  effects of ply drops used m tapering  the  thickness.  Additional  results  have  been 
available  in literature publications [4 - 231  and graduate  student  theses [24 - 441. The application of 
these results to the fatigue  design of wind  turbine  blade structures has  been reported by Sutherland 
[45]. This report  presents  results  generated  since the 1997 report [2] fiomboth basic  materials tests 
and tests on  representative  structural  details; funding in this  period  was  provided  by SNL,** as well 
as the DOE  EPSCoR  program. 

Individual test results from  nearly  all of the basic  materials  tests  may  also be found in the 
DOEMSU Composite  Materials  Fatigue  Database,  with the most current version  available  through 
SNL’s website  at www.sandia.gov/Renewable-Energy/wind energy/. The database, which is updated 
regularly,  contains  summaries ofthe static and  fatigue properties with  detailed  materials  descriptions, 
as well as raw test results.  The current database  contains  results fiomover 7000 tests on 130  different 
materials.  Detailed  descriptions of the test  methods  were  given,  for  basic  materials, in the 1997 SNL 
contractor report [2], and, for sub-structural  beam  elements,  in  the  1998 NREL contractor report [3]. 
Greater  details  in both of these  areas, as well as special sma l l  strand  testing may be found  in the 
masters thesis by Samborsky [38]. This  report  only  describes  test  methods which differ  fiom  those 
published in the sources just cited. 

Additions to the  database  since the 1997  report are mostly in the following areas: high cycle 
strand tests,  which  address  questions  such as fatigue  limits  and  S-N  (maximum stress versus  cycles 
to failure)  curve  trend shapes  at high  cycles;  effects of matrix  variations on delamination  and 
environmental  (hot-wet)  resistance;  new  reinforcing  fabric  styles andprepreg materials  withuniformly 
distributed  fibers (rather than strand segregation);  carbon  fibers  and gladcarbon hybrids;  and the 
effects of spectrum  loading,  including  simple  spectra  and  spectra representative of actual blade 
loading. 

Substructure studies are  not  generally  included  in the database,  and  details  may be found  in 
the student  theses  cited. The main  focus of the substructure  studies is on the behavior of structural 
details  under static and fatigue  loading.  Details  studied  include  ply drops, skin-stiffener  intersections, 
sandwich  panel  (balsa wood core) closeouts at the edges of stiffened areas, and stud - root 
connections.  The substructures and  details  were  selected  from the design  and manuhcturing of an 
8 meter  blade  from  an AOC 15/50 turbine as part of the DOE  EPSCoR program, although the studies 
are generic  and  apply to most  blade  designs.  Most of  the substructure studies  involve  delamination 
failures  (separation of plies  of the composite  or  secondary  bonded  areas). A common  feature of the 

*DOE EPSCoR  (Experimental  Program  to  Simulate  Competitive  Research), contract DE-FC02-91ER7568 1. 
**Sandia  National Laboratory  subcontracts AN-0412 and BC7159. 
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studies is the development of methodology to predict delamination  failures,  including fiacture 
mechanics based static and fatigue crack growth generic data generation,  applied to the specific 
complex  geometries through fmite  element  analysis. 
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2. BACKGROUND 

The  1997 SNL contractors report [2] provided  a  detailed  analysis of  the static and  fatigue 
properties  of  a  wide range of materials,  tested  under  a  variety  of  loading  conditions.  Test 
development is often required  to obtain desired  gage-section  failures in test coupons for  each 
significantly  new  material.  Variations  in  the fiaction of axial (OO) fibers  (in the load  direction),  fiber 
content, thickness,  fiber properties (glass  versus  carbon)  and  reinforcement  architecture  (woven 
versus unidirectional  layers,  for  example)  all  require  modifications to test  geometry.  Test  conditions 
such as the frequency  of  fatigue  loading  must  be  chosen  to avoid excessive  hysteretic  heating.  Higher 
frequencies are possible  with  thinner  specimens  due  to  improved  heat  transfer.  Reference  2 descriies 
the development of thin  test sections for  higher  frequency testing, m the 50 to 100 Hz (cycles per 
second)  range.  These  tests  were used to generate fatigue  data  to 10' cycles  at  various  tension  and 
compression  loading  conditions,  which  yield  Goodman  diagrams  that  can be used for  design. The 
present  study  extends the high  frequency  test  approach  using small strands  and  fiequencies  to  300 
Hz, for  study of very  high  cycle  frequency trends, out  to 10''  cycles. 

Fatigue  trends  were  analyzed  in  Reference  2 for over 4000 test  results,  including  materials 
supplied  by  industry  as  well as materials  fabricated  at MSU. The materials  fabricated  at MSU by  resin 
transfer  molding  included  systematic  variations  in  fiber content, fiaction of 0" and *45" material, 
reinforcement  architecture,  and  loading  conditions  (tension-tension,  compression-compression, and 
reversed  tension-compression).  The  following  is  a  summary of the  findings reported in  Reference  2. 
All results  are  for  E-glass  fiber  reinforcements,  primarily  with an orthophthalic  unsaturated  polyester 
matrix. All fatigue  tests  were run with sine-wave  loading at a  constant  stress  amplitude. An S-N curve 
was generated  for  a  constant  ratio of R (minimum  stress  over  maximum stress). 

The S-N fatigue trends have  been fit to  an exponential  relationship  which  is  linear  on  a 
maximum stress versus  log  cycles to fail  basis,  yielding,  for  a  static  strength So, 

- -  - 1 - b Log N, 
SO 

(1) 

where S is the maximum  cyclic stress, N is the cycles to failure,  and  b  is the fatigue  coefficient, the 
slope of the  normalized S-N curve. In this  form,  the  fit  is forced through  the  static  strength at a  single 
cycle. An alternative  representation  would be as a  power  law, 

where C is the value of S/So at one cycle,  which  may be forced through 1.0, m is the  fatigue 
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exponent,  and -l/m is  the  slope of the S-N curve on a log stress versus log N plot. 

The  findings of the earlier  studies  are  summarized m the following: 
1. Tensile  fatigue  resistance. The fatigue  coefficient,  b,  varied  significantly intension. The  best 

glass  fiber  composites  have  a  value of b  close to 0.10,  while  the  worst  have  a  value  close to 0.14. As 
shown in Figure 1, this difference in b  can  represent  a  difference in cycles to failure of about a factor 
of 100,  depending on the stress.  Figure  1  also  illustrates  that  composites  with  high  fiber  content  have 
reduced  fatigue  resistance,  with  b  approximately 0.14. Figures 2 and 3 express similar results in terms 
of the value of b  versus  fiber content, and the maximum strain  which  can  be  withstood  for  1 O6 cycles, 
respectively. The value of b goes through  a  transition  from  around  0.10  to  0.14  in  the  fiber  content 
range  of  40  percent for fabrics  with  discrete  strands. The lo6 cyclic  strain-to-failure drops markedly 
in the same range.  Thus, by either measure,  the  high  fiber  content  laminates are significantly  more 
fatigue  sensitive, so that strains must be kept  much  lower to avoid  fatigue  failures. These results  also 
show  that the transition occurs at slightly  higher  fiber  contents  for  unidirectional 0" materials  than for 
materials  containing some k45" fibers;  triax  fabrics,  with k45" fibers  stitched to *Oo fibers,  show poor 
fatigue  resistance  down to very  low  fiber  contents. The origins of these  effects  are  explored  later  in 
this report. It should  be noted that the fiber  content  where the transition  is  observed, in the  range of 
40 percent  fiber  by  volume, is in the upper range of simple  hand  layup  processes,  and the lower range 
ofmany resin  transfer and bag  molding  processes. For reasons to be discussed  later, the transition  for 
typical  prepreg  materials,  with  more  uniform  fiber  dispersions, occurs at  much  higher  fiber  contents. 
Materials  with  less  than 50 percent 0" material  show  somewhat  lower lo6 cycle  strains. 
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Figure  1.  Normalized  Tensile  Fatigue  Data  for DD Materials  (0/*45/0),, R = 0.1 
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Laminates  with 0" and *45" Fibers  (top),  and for Unidirectional 0" Composites 
Based on Various Fabrics (bottom), R = 0.1. 
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Figure 3. Fiber  Content  versus  Million  Cycle  Tensile Strain for Various 
Materials  From  Figure 1, R = 0.1 

2. Compression  fatigue  is  significantly  less  sensitive to fiber  content  and  fabric  style in terms 
of the  coefficient,  b,  and the lo6 cyclic  strain-to-failure.  Initial strengths are usually  lower  than in 
tension,  but S-N curves are less steep. Although the value of b  does  not  change sigdicantly with 
most  parameters,  the  initial static strength is  much more sensitive to reinforcement  style than is the 
tensile  strength.  Woven  fkbrics,  which  cause an out-of-plane  waviness to  the fiber strands,  have  a 
much lower static compressive  strength  than  do  materials with straight  fibers.  Woven fabncs often 
produce  a  compressive  strength  reduction to about half  the  value  found  with straight fibers,  but  with 
the  value of b not  significantly  affected. 

3. Reversed tension-compression  fatigue trends fall  below the lowest  of the tension  and 
compression  curves,  considering  absolute  values of stress. Thus, reversed  loading  produces the 
greatest  fatigue  sensitivity,  whenconsidered in terms of absolute  maximumstress as opposed to cyclic 
amplitude. 

4. Tensile S-N data sets  for  conditions  which  produce the best  fatigue  resistance,  b = 0.10, 
show no tendency  to  reach  a htigue limit out to lo7 cycles  when  plotted as linear  stress  versus  log 
cycles; the data for tests  with  gage-section  failures fd well  to  Equation 1, as  shown in Figure 4 for 
a  laminate  with  relatively small scatter. Tensile  fatigue  S-N trends for  laminates  with  steeper S-N 
curves,  such as those at higher  fiber  contents in Figure 1, tend to flatten at stresses in the  range of 15 
to 20 percent of the static strength.  However,  these  curves  may  appear  linear ifplotted as log 
stress versus log  cycles. The proper  fatigue  trend  to  use in extrapolating  beyond the cycle  range 
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where data are available  has  been uncertain. The best  fit to those data for extrapolation  purposes  is 
explored in ths  report. 

5. The  choice of resin  has  not  been  found to influence  the  strength or fatigue  resistance  for 
laminates  with  a  significant 0" fiber content. Polyesters,  vinyl  esters,  and  epoxies  gave  similar S-N 
results  out to lo6 cycles.  The  important role of the matrix in  providing  delamination  and 
environmental  resistance  is  explored in this report. 

6.  Goodman  Diagrams  (plots of alternating  stress or strain versus  mean  values  for  particular 
number of cycles)  for  unidirectional  material  loaded  in the longitudinal (0") and  transverse (90") 
directions  were  generally  nonsymmetrical  about  zero  mean stress or strain.  Longitudinal  direction 
diagrams  showed  higher static and fatigue strength in tension  than in compression.  The  transverse 
direction  diagram  was the opposite, much  stronger  incompression.  Diagrams  for  both  directions were 
provided  out to 10'  cycles  without  extrapolation,  using  specialized (small) high fiequency  test 
coupons. Additional Goodman diagrams are provided in this report. 

The  materials  database represents a  major step in the efficient  design ofblades. However, 111 
scale  tests  conducted on blades  usually  show  failure at static and  fatigue  strains fir below  database 
values.  One  source of error  is  that  many structural failures  involve  buckling,  which has also  been 
addressed in detail at MSU as part of the DOE  EPSCoR  program [37,46]. Other  factors  which  result 
in structural failure  below database values  may  include structural details,  material  flaws,  and  size 
effects.  Many  failures of composite  material  structures  involve  delamination  failures  due  to  thickness- 
direction stresses, particularly in load  transfer  areas  in structural details  such as ply  drops, skin- 
stiffener  intersections,  root  connections,  etc. 

A  first  attempt  at  addressing these concerns  involved  using  selected  database  materials  in 
substructural  elements representativeofblades. AnI-beam test specimen  was  developed  for static and 
fatigue  testing  under  four-point  bending. The beam  was  developed  with  detailed  finite  element 
analysis  (FEA)  in  several  iterations, until fatigue  failures  in  load  transfer areas were diminished, and 
most  failures occurred in the flange  and  web  areas.  The  methodology of using  FEA  with  database 
properties was validated in the beamperformance. Failure  strains  were  in  agreement  with  predictions 
from test coupons used in generating  the  database  values. In all, tests of 52 beams  were reported in 
Reference 3. As predicted,  the  mode of failure  in htigue switched  from  compression  at  low 
cycleshigh stresses, to tension at higher  cycles/lower  stresses. Stfiesses and strains were well- 
predicted by  FEA  using  database  properties.  However, accurate prediction of web-flange 
delamination  was  not  achieved for cases with  poor  load-transfer  design,  and the iterative  design  and 
testing process  required in that  study is prohibitive in full-scale  blade  design.  Improved  methodology 
for the prediction of delamination  has been a  focus  of  the substructure studies presented  later  in  this 
report. 

Other  research  reported  in  Reference 3 included  a  parametric study of ply-drop  effects  in 
regions of thickness  tapering. Static and  fatigue  tests were run on a  number  of  configurations 
involving  position of plies  dropped,  number  of  plies dropped at  a  single  point,  and the optimum 
spacing ofply drops. Design  recommendations  were made  for  minimizing  delamination at ply drops, 
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so that the  potential strength of the laminate  with  tapered  thickness  could be realized. 

A review ofEuropean experience in the area of fatigue of composites  and structures for  blade 
applications is provided in Reference 47. 
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PART A: MATERIALS STUDIES 

3. SELECTION OF RESIN  MATRIX  FOR  ENVIRONMENTAL 
RESISTANCE  AND  STRUCTURAL  INTEGRITY 

3.1. Summary 

The DOEMSU Fatigue Database has been  expanded  to  include  a  number of matrix  resins of 
potential interest in wind  turbine  blades.  The  main  considerations in resin  selection  have  been to 
increase the structural integrity  (such as delamination  resistance)  in  blades  while  maintaining or 
improving other mechanical properties, particularly  under hot, wet  conditions. The resins  included 
in this  phase of the study are also appropriate for the wind  turbine  blade  application in terms  of  cost 
and  processing  characteristics  (all  materials  were  prepared by resin  transfer  molding).  Resins  included 
unsaturated  polyesters, vinyl esters,  epoxies,  and  a  urethane.  Mechanical properties have  been 
obtained  for  wet  and dry specimens tested at temperatures fiom -25 to 70°C.  Fatigue,  delamination 
resistance (Mode I and II crack growth), andperformance  in  stiffened  substructure  sections  have  been 
evaluated  for  selected  cases.  Significantly  improved  performance  relative  to  baseline  polyester  is 
shown for several  resins  and the baseline  ortho-polyester  is  found to have  inadequate  resistance to 
hot/wet conditions  for  blade  applications. 

3.2. Introduction 

Wind  turbine  blades  should perform under  a  variety of loads  and  environmental  conditions 
for a  twenty  to  thirty  year  service  life.  Fiberglass  blade  materials  derive much of their  strength  and 
stiffness fiom the  fiber  reinforcement.  However,  several  key  properties  are  dominated by the matrix 
resin,  including  compressive strength and  resistance to delamination  between  plies.  Delamination  is 
a  dominant  failure  mode  in  composite  material structures, leading to the breakdown of structural 
integrity in areas  such  as the trailing  edge,  spars,  and root connections. Experience in aerospace 
composites [48] indicates that the  toughness of the matrix  resin,  as  well  as  the  design of details, 
controls interlaminar  ji-acture  resistance and structural performance,  as well as facewise  impact 
resistance.  The low cost matrix  resins  (general purpose polyesters,  vinyl  esters,  and  epoxies)  used  in 
most  turbine  blades are relatively  brittle,  and so the delamination  resistance of most  blade  materials 
is  relatively  low.  Tougher  versions of these  and other resins are investigated  in  this  study. A second 
type of resin,  thermoplastics,  also have high toughness, but their  high  viscosity limits their  use in 
conventional  blade  manufacturing  techniques. Tougher resins  which  bond  well to the fiberglass also 
tend to give  higher  strengths in off-axis directions  relative to the  fiber  reinforcement. 

A second  concern  with  matrix  resins is that, if their  elastic  moduli  are  not  high  enough,  they 
do not support the fibers  adequately  against  compressive  buckling.  Thus,  a  softer  matrix  willproduce 
a  lower  compression strength for  loads  along the fiber  axis,  usually the lengthwise  direction of the 
blade.  Compression strength and fatigue  resistance are design  drivers of primary  importance.  Typical 
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matrix  resins  used in blades,  such as ortho  polyesters, generally have  adequate  elastic  modulus at 
moderate temperatures to provide good compressive strength. However, at elevated temperatures 
and  with  high  moisture  contents, these resins may not retain sufficient  modulus  (a  neat  resin  modulus 
of around 3.0 GPa is usually  adequate).  Resins  such as polyesters  and  epoxies will generally absorb 
several weight  percent  moisture,  which swells and softens the polymer  network  (reversibly) and 
reduces the elastic  modulus  and  glass transitiontemperature (TJ. Toughenedresins canhave reduced 
modulus  relative  to the base  resin if toughness  is achieved through  the  addition of low modulus 
materials  like  elastomers.  Epoxies  are  usually  the  resin of choice  for  carbon  fibers,  with some use of 
vinyl  esters;  polyesters provide poor  bonding  to  carbon  fibers. 

This  phase of the study  evaluated  a  number of base and toughened  resin  systems  which are 
suitable  for  common  blade  manufacturing  processes  (including  resin  transfer  molding  (RTM),  which 
requires  a  low  resin  viscosity).  Resin  cost  was  limited  to about $6.50/kg to be  competitive in blade 
applications,  which  eliminated  many of the  toughened aerospace resins.  The main objective  was to 
evaluate  resins  with  improved  toughness and temperature and moisture  resistance as compared with 
common  blade  resins. 

3.3. Experimental Methods 

All materials were resin  transfer  molded inclosed molds,  including neat resin  samples  (without 
reinforcement),  which  were  molded into their  final dog-bone shape  without  machining.  Types and 
sources of  resins  and  reinforcement are listed  in  Table  1.  Test  methods for static and  fatigue  loading 
in tension  and  compression  followed  standard  procedures  described in detail in Reference 2. 

Delamhation resistance in Modes I and I1 used  unidirectional 0" double cantilever beam 
(DCB)  and  end  notched  flexure  test  specimens [ 13,491. Test methods  for  delamination studies are 
described  in  a  Chapter  9.  These  specimens  used  a  teflon crack-starter strip  embedded  during 
fabrication as an initial crack. The Mode I ftacture toughness,  GIc, was determined  after  a  short 
increment  of crack growth beyond the starter  strip;  this  value  is  termed  the  initial GI, to  distinguish 
it  from  higher  values,  which  result  from  fiber  bridging  as the crack grows  longer. The Mode I1 value, 
G,, was  determined  using the Mode I specimens  after  the  crack  was grown fbr several c m ,  with the 
specimen  then  loaded  in  three-point  bending  for  Mode 11. These methods are described  in  References 
36 and 47.  The structural integrity  was  evaluated with the T-section  pull-off  test  shown in Figure 5 
and  describedin  detail  in  the substructures section ofthis report. The typical  load-displacement curve 
in  Figure  6 was used to determine the  initial  damage  force, the maximum  force,  and the displacement 
at maximum  force. 

3.4. Results and Discussion 

3.4.1.  Matrix  Resin  Properties 

Table  1  lists the resins studied, all  of  which are thermoset  polymers. Further details of the 
resins  and  their  processing can be found m Reference  36.  Figure  7  gives  prices quoted (spring 1999) 
for  each  resin in 208 liter  drums for a total of 20,000 kilogram  lots. Prices can vary  significantly. 

I 
I 
I 
i 
I 
I 
I 
I 
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More costly resins  with  improved  properties  are  also  available,  but  were  not  included  in  this  work. 

Table 1. Materials  Investigated. 

MATRIX  MATERIALS 

I Resin I Description Product 
Description Supplier 

Ortho-polyester 
Corporation 75-AQ-0 10 isophthalic Iso-polyester 
Interplastics 63-AX-05 1 orthophthalic 

I PET  Polyester PET  modified I orthophthalic I PET  P460 I Alpha  Owens Coming 

Vinyl  ester 

Derakane  8084  rubber  toughened Vinyl  ester 
Derakane  4 1 1 C-50 unmodified  Vinyl  ester 

TECTRA Incorporated Swancorp 980 rubber  toughened 

Dow  Chemical 

EPOXY 

SC-14  acrylate  modified EPOXY 

s c -  12 acrylate  modified EPOXY 

System Three System 41 unmodified 

Applied  Poleramic  Inc. 

Urethane Polyteck  Development Poly  15-D65  unmodified 
FIBER  REINFORCING  FABRICS 

E- glass  Fabric  Type 
Dl55 

Bias,  stitched  h45"  Fabric  DB 120 
Woven  unidirectional 0" A130 
Stitched  unidirectional 0" 

Owens  Corning  Fabrics 

Owens  Corning  Fabrics I 
Figure 8 compares  tensile  stress-strain  curves  for  several of the neat  resins,  and  Table 2 lists 

their  properties.  Due to ditliculty inpreparing neat resin  specimens,  such as the urethane  matrix,  some 
resin  properties are not  included inTable 2. The target  modulus of3.0 GPa is not  achieved by the 980 
vinyl ester,  SC-  14  epoxy, or the urethane.  The stress-strain curves for the more brittle resins  such as 
unmodifiedpolyesters  and  epoxies canvary signifcantly depending on sample  molding  andmachining 
procedures.  The yield strength  is  taken as the 0.2 percent  offset  yield  strength  where this could  be 
determined.  Table 2 gives  heat  deflection  temperatures  measured  for  each  resin.  This  may  be taken 
as  an upper  use limit. 

The  moisture  absorption  characteristics of several  resins are shown  in  Figure 9 as weight  gain 
in  distilled  water  at  50°C  versus square root of time in hours,  following  typical  Fickian df is ion 
representation.  As  expected, the vinyl  esters  and the iso-polyester  absorb  much  less  moisture  than the 
ortho-polyester  and the epoxy.  The  composites  (Figure 10) absorb less  moisture, since the entire 
composite is not  resin,  but  the  ordering of the  materials  according to weight  gain is consistent  with , 

the neat resin  data. 
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Figure 5. Loading and Approximate  Dimensions for Skin- 
Stiffener  T-Specimens. 
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Figure 6. Typical  Load-Displacement  Curve  for  a  Skin-Stiffener  T- 
Specimen  (Displacement  is the position of the load point relative  to the 
lower supports in Figure 5) .  
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Figure 7. Price Comparison  for  Different  Resins (20,000 kilogram  base 
estimation). 
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Figure 8. Typical Stress-Strain Curves for Neat Resins. 
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Table  2.  Average  Tensile  and  Thermal Properties of Neat  Resins. 

0.2%  Offket 
Modulus, Yield  Strength, 

MPa GPa 
Failure 

Strain, % 

2.0  (0.3) 
1.2  (0.2) 

2.1 (0.1) 
3.0  (0.3) 
1.6 (0.1) 
1.4  (0.1) 
3.3 (0.3) 

30 (15) 

ation. 

Heat Deflection 
Temperature, "C 

55  (0.9) 
69 (1.2) 
60 (1.7) 
78  (3.7) 
75 (1.4) 
56  (3.6) 
95  (1.2) 
83 (1.9) 

Resin UTS,  MPa 

54.1  (4.6)' Ortho-polyester 
Iso-polyester 34.6  (2.8) 3.32  (0.14) 

Vinyl ester 980 25.7  (0.3) 20.6  (0.5) I 1.63  (0.02) 
Vinyl ester 4 1 1  C50 50.4  (2.5) I 3.21  (0.04) 57.7 (0.8) 

72.6 (2.7) 
52.6 (1.1) 

Vinyl  ester  8084 
Epoxy System  41 

EPOXY SC- 12 44.3 (3.1) ---- I 3.48  (0.04) 

EPOXY SC- 14 68.3 (2.7) 48.5  (1.3) I 2.80  (0.03) 
1 Numbers in 1 arentheses n k a t e  the  sample  standard dev 

I , I 

0 20 . 40 60 80 100 120 
Time, 

Figure  9.  Water  Absorption  for Neat Resin in Distilled  Water at 50°C. 

44 



1.4 

I .2 

E 0.6 

0.4 

.- 0) 

0.2 

0 

Time, JHours 
Figure  10.  Water  Absorption  at 5OoC m Distilled Water for [0/%45/0], 
Composites  with  an  Initial  Fiber  Volume  Fraction of 0.37. 

3.4.2. Interlaminar  Fracture  Toughness 

Figures  11  and  12  summarize the Mode  I  and  Mode I1 interlammar  fkacture toughness, 
respectively, for selected  resin  systems.  Additional  data  are  given  in  Reference 3 6. The  baseline ortho- 
polyester  has  a  very low G,,,typicalof  the  lowest cost polyesters,  vinyl esters and  epoxies. The other 
matrices  have  significantly  higher  Mode I toughness. All systems  have  increased  Mode I toughness 
at  50°C wet conditions  due  to  increased fiber  debonding  and  fiber  bridging, as found m other 
composites [50]. The Mode I1 toughness m Figure 12 tends to correlate  more  closely  with the T- 
stiffener test, described  below.  The  toughened  vinyl  ester  and  epoxy  SC14  show  the  highest G,, 
values at room temperature,  dry,  but the epoxy loses  Mode I1 toughness at elevated temperature, 
particularly when  conditioned  and tested wet. The  iso-polyester has higher G,, than the ortho- 
polyester,  particularly at  elevated  temperatures.  The  two  vinyl  esters  show  very  good  toughness 
under allconditions. While the vinyl ester and epoxy  toughness  values are slightly lower at -20°C than 
at room temperature, the differences  do  not  indicate  any  ductile-brittle  transitions  in  this  temperature 
range. 

45 



(a)  Ortho-polyester 
(b) Vinyl  ester  41 1 C-50 
(c)  Vinyl  ester 8084 

(e)  Iso-polyester 
(d) EPOXY  SC-14 

-2OOC dry 

2OoC dry 

H 5OoC dry 

SOOC wet* 

conditioned  for 45 days in 50'C water,  tested  at 50OC  wet. 

Figure 1 1. Effect of Matrix on the Initial Mode I Interlaminar  Fracture 
Toughness (0 degree Dl55 hbric, V, = 0.36). 
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(a)  Ortho-polyester 
(b) Vinyl  ester 41 1 C-50 
(c) Vinyl  ester 8084 

(e)  Iso-polyester 
(d)  EPOXY SC-I 4 

-2OOC dry 

2OoC dry 

H 5OoC dry 

WOC wet* 

. .  . .  

Conditioned  for 45 days in 50OC water,  tested  at 5OoC wet. 
Vinyl  ester 411 C-50  conditioned in water, failed in tension 

Figure  12.  Effect of Matrix on the  Mode I1 Interlaminar Fracture 
Toughness (0 degree Dl55 fibric, V, = 0.36). 

3.4.3. T-Stiffener  Pull-off 

Figure 13 shows  typical  T-stiffener  pull-off  specimens  after  testing;  the test configuration  is 
described in Chapter 12. These  specimens  show the usual delamination-dominated fiacture mode, 
simulating separation ofthe skin-spar interface  area ofblades. The  damage  has  been  modeled  in  detail 
and  associated  with  the  basic GI, and GnC results in Chapter 12.  Figure  14  compares  several  load- 
displacement  curves  fi-om  the  pull-off  tests,  and  Table 3 lists results for  seven resin systems. The 
tougher resin  systems  produce  increased stiffener pull-off  resistance, as expected.  Since  slight 
thickness  differences can affect  this  test  significantly [13], the results  should be  viewed  in  terms of 
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Figure 13. T-Stiffener  Pull Off Specimens of Vinyl  Ester  8084  and  Epoxy 
System  4 1, Showing  Delamination  Damage. 
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Figure  14.  Typical  Load-Displacement Curves for T-Specimens. 
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Table 3. Effects of Matrix on T-Stiffener  Pull-off  Resistance  (average  values). 

Resin 
(See Table 1) 

Initial 
Maximum  Load, Load, Damage 
Displacement at Maximum 

Load,  N/cm' mm N/cm 

Ortho-polyester 

8.4 164  120 PET  polyester 

6.8  (0.6)  135 (6) 87 (6)2 

~~ ~ I vinyl  ester  980 I 119 (9) I 182 (6) I 13.5  (1.8) 

vinyl  ester  8084 

11.6 262 141 urethane 

19.1 192 132  epoxy SC- 14 

6.7 209  168  epoxy  System  41 

9.0  194  144 

Specimens 
Tested 

3 

1 

4 

2 

2 

2 

1 
1 N per cm of T-specimen  width, 
Numbers in parentheses  indicate  the  sample  standard  deviation. 

both the force levels  and the displacement,  with  higher  values of both  indicating  greater structural 
integrity. The System 41 epoxy  (untoughened) is particularly interesting,  since it shows  high T- 
stiffener  pull-off  resistance.  The  average  GIC  value for this  resin  was 23 1 J / d ,  lower  than  most other 
resins  (Figure  1 l), while the average  Gnc  was  3776  J/m2,  among the highest  measured at room 
temperature (Figure  12). The ortho-polyester  system,  low in both G, and  Gnc  (Figures  1  1  and 12), 
produced the poorest pull-off  resistance.  Thus, the T-stiffener  resistance  appears to correlate better 
with G, than  with G,. 

3.4.4. Composite  Strength  and Modulus versus  Temperature  and  Moisture  Condition 

Figures 15 through  2  1  give  basic  composite  mechanical  properties  for  composites  fabricated 
with five of the more  interesting  resins as a  function of temperature, both for dry (ambient) 
conditioned  specimens and for  specimens  conditioned  for  approximately  45  days  in  50°C  distilled 
water. The laminates  were  either  [O/It45/0],  tested at 0" or 90" or [(%45),]  tested at 0" as  indicated. 

Figure 15 gives the most critical matrix  sensitive  property:  compression  strength in the 0" 
direction. The compression strength decreases  moderately  for dry specimens up to 70°C,  with the 
greatest decrease shown in the ortho polyester.  The  wet  conditioned and tested  specimens  show even 
greater decreases,  particularly the ortho-polyester  and the epoxy  (which  also  absorbs the most 
moisture,  Figure  9).  The  iso-polyester  and  both vinyl  esters are much  less  sensitive  to  moisture.  The 
sensitivity of the ortho polyester  composite to moisture at elevated  temperature for longer  times is 
even more  significant, as shown in Table 4, with  reductions of 26 percent  and  30  percent  under hot- 
wet conditions for composites based on  Dl55 and  A130 0" fabrics,  respectively.  These  are  very 
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serious  decreases,  particularly  for  the A130 hbric, whose  woven  architecture  gives  a  low  baseline 
compressive strength. This  demonstrates  that  the  effects of weave  and  environment  on  compressive 
strength are additive. 

Tension properties in the 0" direction are fiber  dominated,  and are not  much  affected  by 
temperature  and  moisture (Figures 16 and 17). The same  laminate  tested  in  tension in the 90" 
direction  is  more  matrix  sensitive,  showing  decreases  in  modulus  which  parallel  the  compressive 
strength (Figure 18); 90" tensile  strength  (Figure 19) is surprisingly  insensitive. The A45" laminates 
tested in tension in the 0" direction are also  matrix  dominated,  giving  significant temperature and 
moisture  sensitivity  (Figures 20 and 2 1). 

The  fatigue  sensitivity  has  been  found to be matrix  insensitive in earlier results [2]. Figures 
22 and 23 compare the baseline  ortho-polyester  with  the two Derakane vinyl esters  under  tensile, 
compressive,  and  reversed  loading, R = 0. 1 , 10, and -1, where R is the  ratio of minimum to maximum 
stress  in  each  cycle.  These tests were run under  ambient  conditions.  Again, there is no  significant 
improvement in room  temperature  fatigue  resistance,  even for the  toughened vinyl ester 8084. 
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Dry Conditioned  and  Tested  Wet  Conditioned  and  Tested 
I I I 

F I  I 
20 * 

20 40 60 80 20 40 60 80 
Test  Temperature, OC - Ortho-polyester t Iso-polyester + Vinyl  Ester 41 1 - Vinyl  Ester  8084 +- Epoxy  SC14 

Figure 16. Tensile  Modulus in the 0" Direction  versus  Test Temperature, Dry  and  Wet, 
[0/*45/0], Laminates. 

700 

a m 

600 
5- 

5 
2 400 

0) c 
500 

- .- Q) 

F 

Dry  Conditioned  and  Tested 
1- 

Wet  Conditioned  and  Tested 

1 :  
............ . 

............ 

20 40 60 80 20 40 60 80 
Test  Temperature, OC - Ortho-polyester f- Iso-polyester + Vinyl  Ester 41 1 - Vinyl  Ester  8084 +- Epoxy  SC14 

Figure 17. Tensile  Strength in the 0" Direction  versus  Test Temperature, Dry  and  Wet, 
[0/*45/0], Laminates. 

50 



Dry  Conditioned  and  Tested Wet  Conditioned  and  Tested 

20 40 60 80 20 40 60 80 

Test  Temperature, OC - Ortho-polyester + Iso-polyester - Vinyl  Ester 41 1 - Vinyl  Ester 8084 -t- Epoxy SC14 

Figure 18. Tensile  Modulus in the 90" Direction  versus  Test Temperature, Dry  and  Wet, 
[O/f45/0], Laminates. 
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Dry Conditioned  and  Tested Wet  Conditioned  and  Tested 

20 40 60 80 20 40 60 80 
Test  Temperature, OC 

+ Ortho-polyester +- Iso-polyester - Vinyl  Ester 41 1 - Vinyl  Ester 8084 - Epoxy SC14 

Figute 20. Tensile  Modulus in the 0" Direction  versus  Test  Temperature,  Dry  and  Wet, 
[(*45"),] Laminates. 
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Dry Conditioned  and  Tested Wet  Conditioned  and  Tested 

20 40 60 80 20 40 60 80 
Test  Temperature, OC - Ortho-polyester + Iso-polyester - Vinyl  Ester 41 1 - Vinyl  Ester 8084 - Epoxy SC14 

Figure 2 1. Tensile Strength in the 0" Direction  versus  Test  Temperature,  Dry  and  Wet, 
[(*45"),] Lammates. 

52 



Table  4.  Effect  of  Moisture  Exposure  and  Elevated  temperature  Testing on Compressive Strength 
of (0/*45/0),  Laminates.  Distilled  Water  Conditioning  at  40°C  for  the  First  5000 Hours, Followed 
by  20°C  Conditioning.  (Ortho-polyester, Dl55 and  A130 0" Fabrics, V, = 0.36). 

Exposure 
Time, 

"C hours 
Temperature, 

% 
strength Change 

0 
-9.5 472  (57) 0 0 50 0 
-- 517  (39) 0 0 20 

24 I 20 I (o.ol) I 0.29  (0.03) 1 516 (19) I -0.3 0.20 

144 I 20 1 (o.ol) I 0.54  (0.02) I 481  (30) 1 -6.9 0.47 

1,315 20 (0.06) 0.73  (0.04) 

20 4,650 

-9.0 471  (35) 

-19 421  (3  1) 0.64  (0.08) 
Oh2 

(0.1 1) 
4,650 I 50 I 0.62 I 0.64 I 403  (30) I -15 

15,355 20 (0.25) 

-26 348  (34) 0.99  (0.04) 
0*99 

(0.22) 50 15,355 

-22 404  (31) 1.02  (0.05) 
0.94 
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A130 
Ave. 

strength 
(S.D.),  MPa 

265  (39) 
250  (17) 

262  (55) 

287  (27) 

219  (26) 

240  (17) 

174  (32) 

203  (28) 

175  (40) 

% 
Change 

-- 
-5.7 

-0.8 

8.4 

-17 

-9.3 

-30 

-23 

-30 



R - value and Resin Type 
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Figure 22. Effect of Matrix on 20°C Dry Fatigue  Resistance in the 0" Direction 
Under  Tensile (R=O. 1) and  Reversed  Loading  (R = -1); [0/%45/0], Laminates, 
V, = 0.34 - 0.36. 

700 I I I 
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Cycles to Failure 

Figure 23. Effect of Matrix on 20°C Dry Fatigue  Resistance in the 0" Direction 
Under  Compression  (R=lO) [0/*45/0], Laminates, V, = 0.34 - 0.36. 
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3.4.5. Fatigue  Resistance  Under  Hot-Wet  Conditions 

3.4.5.1. Materials and Testing 

Test  coupons  utilizing  a (0/3Z45/0),  lay-up (Dl55 0's and  DB120  45's)  and V, = 0.36 were 
manufactured  using  four  different  resin  systems.  The  resin  systems  included  CoRezyn  63-AX-05  1 
orthothalic  polyester,  CoRezyn  75-AQ-010  isothalic  polyester,  Derakane 41 1C-50  vinyl  ester and 
Derakane 8084 vinyl  ester.  Coupons  were  conditioned  and  placed  in  distilled  water  at 50 "C for 2200 
hours and then at  20  "C  until  tested. The final  fatigue  test was completed  approximately  7000  hours 
after first  immersion.  The  temperature was lowered  to  20°C  after 2200 hours to equalize  the  through- 
thickness  moisture  content, while obtaining  a high  enough  moisture content in  a  reasonable  amount 
of time.  The  50°C  maximum  soaking  temperature  was  determined fiom prior tests, which  at 60 "C 
showed extraction of material fiom the ortho polyester  resin  system. 

Compression  coupons  were tested without any  additional tab material,  which is consistent 
with the other tests in  the  database. This also  avoids  environmental  problems  with tab adhesives. 
Tensile coupons were dogbonedand tested with and without  additional tab materials (ortho polyester 
only). No significant difkrence in properties or failure  modes  were seen in  these  tensile tests (with 
versus without  tabs).  Wet  coupons were stored in water  until tested to prevent  drying.  Wet  and dry 
control coupons  (four  each  per  resin  and  condition)  were  routinely  weighed to determine  moisture 
absorption. The dry control coupons  did not change  weight  significantly (3~0.03 percent). 

A  temperature  chamber  was  constructed  inexpensively h m  plywood  which  encased the 
hydraulic grip assemblies  and the coupon area.  Two separate 1200 W elements  with 5 m3/minute 
blowers (1 00 percent  regenerative)  supplied  the  heat.  This  approach  eliminated  any  grip  thermal sinks 
and  allowed  for  a  large  range of testing  gage  lengths. At 50 "C,  the  temperature control was 3Z1 "C. 
Temperature control was  maintained  by  a  thermocouple  placed  on or within  1 mm of the test coupon 
gage surface.  With  wet  specimens the thermocouple  was in contact  with  a  plastic bag enclosing the 
specimen  during the test. For the 50 "C tests, the coupons were placed in the oven for 10 - 15 
minutes  before  testing was started. 

Tensile  (R = 0.1)  and  compressive (R = 10)  constant  amplitude  fatigue  tests  were  performed 
on the ortho-polyester  coupons. The remaining  resin  systems were only tested in compression. 
Coupons were  tested  under an air temperature  of  20 "C  (lab  air  temperature G°C) and 50 3Zl "C  in 
both a "dry"  and  "wet" condition.  The  wet  coupons were sealed  in  a  plastic  bag  containing  a  water 
soaked fabric to prevent drymg. Since the compressive gage length  was 13 mm, a  thin  sheet ofplastic 
encased the water  soaked  fabric  and  was  sealed/attached to the  composite gage section with  a  thin 
rubber O-ring  assembly  and  super  glue.  This  reduced  the  amount of water contact with the hydraulic 
wedge  gripping  surfaces,  which  oxidized  under  these  conditions. 

3.4.5.2.  Results  and  Discussion 

Tables 5 through 8 and  Figures  24 to 29  give  the  results of these tests. All  systems  showed 
some decrease in  compressive  static  and  fatigue strengthat 50 "C both dry and  wet. The fatigue data 
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were fit to Equation (l), where  b is listed as b, for  compression. The decrease in fatigue  resistance 
was  very  significant  for the ortho-polyester system,  but  minor for the remaining  matrix  systems. 
Average  moisture contents are given  at the bottom of each  table.  Only the polyester,  with  the  largest 
moisture  gain andlowest heat  distortion  temperature  (Table 2) showed  a  significant drop in  static and 
fatigue strengthwhen tested at  20  "C wet. Tensile  fatigue resistance for  this  environmentally  sensitive 
matrix  system, ortho polyester,  was not significantly  affected  by the 50 "C condition, dry  or wet, and 
so tensile  fatigue  was  not  tested  for the other  matrix  systems. 

The  results  for  this  independent  series of tests are  consistent  with the static strength results 
given  earlier  in this Chapter.  Those  materials  were  loaded in the 0" direction  for the [0/*45/0], 
laminates, so the tensile  properties  were  fiber  dominated  and  unaffected by the environment. 
Compressive  properties are matrix  dominated,  and  showed the expected  level  ofsensitivity to hot/wet 
conditions,  based on earlier data. Theortho-polyester systemnot onlydecreasedin compressive static 
strength with  higher  moisture and/or temperature,  but the slope of the S-N curve also increased 
significantly  when  normalized by the static strength. The strain for lo6 cycles under 50  "C/wet 
conditions is 0.69 percent,  compared  with the dry 20 "C lo6 cycle  strain of 1.3 percent, a  reduction 
of 47 percent in strain capability  due  to  environmental  effects. 

Table 5. Summary of Compressive  Fatigue  Data  for Material DDSP,  (0/*45/0), , V, = 0.36, 
CoRezyn  63-AX-051  Ortho Polyester Resin. 

UCS,  MPa E,  GPa lo6 stram, % b,* 
20 "C Dry 

20.9 -0.69  0.107  -398 50 "C  Wet 

21.3 -1.17  0.089  -533  20 "C  Wet 

21.8 -0.90 0.102  -499 50 "C Dry 

23.6 -1.30 0.080  -607 

* S/So = 1 - b, Log N; Wet  coupons  had  a moisture content of 1 .O percent. 

Table 6. Summary of Compressive  Fatigue  Data for Material  DD5P2,  (0/*45/0), , 
V, = 0.36,  CoRezyn  75-AQ-010 Is0 Polyester  Resin. 

UCS,  MPa  E,  GPa lo6 strain, % b,* 
20 "C Dry 

1.45  0.069 -586 20 "C  Wet 

---- ---- -526 50 "C Dry 

1.56 0.067  -61  1 

23.5 

I 50°C Wet I -546 I 0.081 I 1.18 I 
*%So = 1 - b, Log N; Wet  coupons  had  a  moisture content of 0.55  percent. 
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Table 7 Summary of Compressive  Fatigue  Data for Material DDSV, (O/rt45/0), , 
V, = 0.36, Derakane 41  1C-50 Vinyl  Ester  Resin. 

I UCS,  MPa I b,* I lo6 strain, % I E, GPa 

20 "C Dry -1.44 0.066 -562 

50 "C Dry 

- 1.47 0.066 -57 1 20 "C  Wet 

___- ---- -500 
23.5 

I I I 

50 "C  Wet -1.29 0.067 -507 - 
*S/So = 1 - b, Log N; Wet coupons had a  moisture content of 0.52 percent. 

Table 8. Summary of Compressive  Fatigue Data for Material  DD5V2, (0/&45/0), , V, = 0.36, 
Derakane 8084 Vinyl Ester Resin. 

I UCS,  MPa I b,* I lo6 strain, % I E, GPa I 
20 "C Dry -1.41 0.065 -548 I 
50 "C Dry 

-1.28 0.077 -564 20 "C  Wet 

---- ---- -502 
23.5 1 

I I I 

50 "C Wet -506 0.077 -1.13 I 
*S/So = 1 - b, Log N; Wet  coupons had a  moisture  content of 0.56 percent. 
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Figure 24.Ortho-polyester Resin,  Tensile  Fatigue Data for  Dry  and 
Moisture  Conditioned (wet) Coupons at 20 and  50°C.  Material  DDSP, 
(0/%45/0)s,V, = 0.36, R = 0.1, wet coupons  averaged 1 .O percent  moisture 
content. 
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Figure 25.Ortho-polyester Resin,  Compression  Fatigue Data for Dry  and 
Moisture  Conditioned (wet) Coupons at 20 and  50°C.  Material  DDSP, 
(0/*45/0),, V, = 0.36, R = 10, wet  coupons  averaged 1.0 percent  moisture 
content. 
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Figure 27. Derakane 41 1C-50 Vinyl Ester Resin,  Compression  Fatigue 
Data for Dry and Moisture  Conditioned (wet) Coupons at 20 and  50°C. 
Material DDSV, (0/*45/0),, V, = 0.36, R = 10,  wet coupons averaged 0.52 
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Figure  28.  Derakane  8084 Vinyl Ester Resin,  Compression  Fatigue Data 
for Dry and  Moisture  Conditioned  (wet) Coupons at 20 and  50°C. Material 
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Figure  29.  Moisture  Absorption  versus  Coupon Soaking Time in Distilled 
Water at 60  and  20  "C. 
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3.5. Conclusions 

More ductile  resin  systems  produce  improved structural integrity  at moderate cost. The 
hot/wet properties  are much better  for  the  iso-polyester  and  vinyl  ester  systems  than  for the ortho- 
polyester or the epoxy  SC14,  again for moderate cost increases over the ortho-polyester.  Thus,  while 
the iso-polyester  provides  improved  environmental  resistance  over  the ortho-polyester for a small 
increase  in cost, the 41 1  and  8084  vinyl esters additionally provide much greater toughness  and 
structural integrity  for  a  slightly  greater cost increase. The independent  series of tests for hotlwet 
fatigue  showed  static  results  which were consistent  with  the  earlier  series.  Again, the ortho polyester 
matrix wasverymoisture/temperature sensitive,  and,  furthermore, the compressive  fatigue S-N curve 
slope  increased  with  hotlwet  conditions. The overall knockdowns in properties  for  the ortho- 
polyester  under  realistic  conditions  indicate  that  it  is  not appropriate for  most  blade  applications.  The 
iso-polyester  is  suggested as the minimum acceptable  resin  matrix. 

61 



4. SELECTION OF E-GLASS REINFORCING FABRICS 

4.1. Summary 

The static and fatigue properties of typical wind turbine  blade  composite  materials  depend 
strongly on the architecture of the reinforcing  fabric  (woven,  stitched,  etc.)  as  well as the overall fiber 
type (glass  versus  carbon), content and  orientation.  Fabric  architecture also has  a strong influence on 
resin  flow  characteristics during manufacturing  and on the sensitivity of the properties to structural 
detail  geometry.  The DOE/MSU Fatigue  Database  contains data on many commercially  available 
reinforcing  fabrics  tested in a varietyof laminate  configurations  under  severalloading  conditions. Two 
factors of concern  are the low  compressive  strength ofwoven fabrics,  and  a  transition to poor tensile 
fatigue  resistance at high  fiber content, which  can  plague  all  stranded  fabrics  under  some  conditions. 
Furthermore, the unidirectional  stitched  fabrics,  which  have  shown  the  best  overall  performance, are 
not generally  available  in  the  long, or warp direction of the  fabric  roll  except  when stitched to 
additional  layers  such as mat,  which  significantly  reduces the tensile  fatigue  resistance.  Thus, the best 
performing  stranded  fabric cannot be used  for  the main lengthwise  reinforcement in the  blade.  This 
,chapter presents  a  summary of the merits of several widely  used  fabrics as well as results  for several 
new fabric  types  including bonded fabrics  which  show potential for  improved  performance. The 
results  include an assessment of manufacturability  and  performance  in  structural  details.  The  final 
section deals  with European fabrics  having  large 0" tows stitched to a  woven  fabric,  with 
disappointing  tensile  fatigue  resistance  as  well.  Tests on evolving  large tow carbon  reinforcements 
are reported in Chapter 10. The effects of fabric on simulated  flaws  and  structural  details is addressed 
in a  Chapter 8. 

4.2. Introduction 

The  selection of reinforcing  fabrics  for wind turbine  blades  has  historically  focused on the 
materials  used  in the marine  industry.  These  have  been chosen for ease in handling  during  hand  layup 
fabrication  as  well as for cost considerations.  Extensive testing of various  materials as part  of the 
DOEMSU fatigue database [2] has  led to recognition of the  significance of fabric architecture to 
tensile  fatigue properties. Convenient "triax"  fabrics,  with  0"and *45" layers  stitched together, 
perform  poorly compared with  laminates  having  separate 0" and *45" layers  [2]. 

Testing  a  broad range of laminates  with  separate 0" and M5" layers  has  mdicated  additional 
problems.  First, all of the fabrics  with  clearly  delineated strands tend to show poor fatigue  resistance 
ifthe overall  fiber content is moderate to high, with  transitions to poor fatigue  resistance in the range 
of 40 to 50 percent  fiber by volume  (Figures 1,2 and 3). The  fiber  content, V ,  where the transition 
occurs depends  on the fabric architecture and the laminate  construction,  the  latter  primarilyreflecting 
the percentage  of  fibers in the  main  load (0") direction  [2, 81. A second problem is that  most  fabrics 
with  unidirectional strands in the  long, or warp direction (0") of the fabric  roll,  use  a  woven 
architecture, causing strand distortion in the thickness  direction. This significantly  reduces the 
compressive strength for  all  known  weave patterns when  compared  with  fabrics  which  have  straight 
strands, usually stitched together [2, 81. The  third  problem,  discussed in Chapter 8, is that those 
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stitched  fabrics  with  straight,  tight  strands  tend to lose  their  superior  performance  when  structural 
details,  such as ply drops, locally  crowd the strands together.  Thus,  a  blade  fabricated  by  hand  layup 
at  a  low  fiber content, such as 35 to 40 percent  fibers by volume,  may  show  poor  tensile  fatigue 
resistance  (high  knock-down  factors in design) if fkatures  such  as  ply drops or stiffeners  are  molded 
into the laminate [ 141. 

Fabric  selection  must also  involve  manufacturability  of the material.  Hand  layup 
manufacturing is relatively  insensitive  to the details of fabric  architecture,  with the main 
considerations  being the thickness of material  which can be  added at each  step,  wet-out  rate,  and the 
handlability ofthe fabric.  Resin  transfer  and  resin  infusion  processes  are  enhanced by hbrics with  high 
permeability,  which  is  increased by tight strands with  spaces  for  resin  flow  between strands. At  high 
fiber  contents, this leads  to poor tensile  fatigue  resistance. 

The  foregoing  observations  indicate  that  none of the  common  reinforcing  fabrics  provides  a 
good balance of properties and  manufacturability.  This  paper  provides  a  more usehl comparison of 
different  fabrics  than has been  available  previously.  Additionally, several new  fabric  types and 
variations suggested by  vendors have been  explored,  and  their  performance,  including 
manufacturability,  is  compared  with  that of commonly  used  fabrics.  The  best  overall  performance is 
observed  for prepreg materials  with  well  dispersed  fibers,  discussed in Chapter  10.3. 

4.3. Experimental  Methods 

Allmaterials  were  fabricated byresin transfer  molding  with  the  exception  ofmanufacturability 
studies  which  also  included  hand  layup.  The  reinforcing  fabrics are noted  with the results  for  each 
case. The matrix resin in  all cases was a  pre-promoted  orthophthalic  polyester  (CoRezyn 63-Ax-05 1) 
with  2 percent methyl  ethyl  ketone  peroxide as a  catalyst.  Details of molding,  test coupon 
preparation,  and test methods can be found in References  1  and  2,  and  specimen preparation for 
coupons  containing  ply drops can  be  found  in  Reference  14.  The  ply delamination tests using 
specimens  containing  ply drops followed test procedures  outlined  in  Reference 12 and are described 
in greater detail in  Reference  34. The interlaminar fiacture toughness data were  obtained using 
double-cantilever-beam  (DCB)  test  specimens  with  an  artificial  starter  crack  following test standard 
ASTM  D5528, discussed in Chapter 9. All  fabrics  discussed in this  section  used  E-glass  fibers. 

4.4. Results and Discussion 

Table 9 describes  various  reinforcing  fabrics  studied,  and  Figure 30 shows photographs of 
several fabrics.  As  indicated  earlier,  a  major  problem  with  reinforcing  fabrics lies in the lack of fabric 
with  straight  unidirectional  fibers in the  warp  direction of the fabric  roll,  which  can provide the 
primary load carrying structure in a  blade. The widely  used  A1  30  class of wovenfabric  produces  poor 
compressive strength, as will be shown  later.  Adaptations ofthe weft-direction Dl55 class of stitched 
unidirectional  fabrics  into the warp  direction by  stitching to k45"  fabric,  producing  a  "triax"  fabric, 
result  in verypoor tensile  fatigue  resistance  for severalstitching variations  investigated  (Figure  2) [2]. 
The  work reported here  gives  more  complete data for the baseline Dl55 and  A130  fabrics  than  has 
been reported previously,  and  compares  their  properties.  Results  are  also  presented for the best of 
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the previously  tested triax materials,  CDB200. Three new  fabric  types  have  been  studied  including 
CM1701,  with  D155-like  fabric  stitched  to  a  light  veil mat; TV-3400,  a  very  loosely  stitched trim 
fabric;  and UC  lOlOV  and  UC  1018V, both of which  contain  unidirectional  strands  bonded to a  thin 
veil  mat  with no stitching. A European  fabric  similar  to  CM 170 1,  but  with  larger strands, is reported 
in the last  part  of  this  chapter.  The f45" fabric  used in all  laminates  except triax is DB120, with 
stitched f 45"  layers. 

Table  9.  Fiberglass  Fabric  Description. 

Fabric 
Dl55 
A130 

' DBl20 
CM1701 
CDB200 

UC1018V 
UClOlOV 

AlOlO 
TV3400 

42024Lh450 
62002 

Manufacturer 

Owens  Corning 

Collins  Craft 

1 Brunswick 

~ AhIstrom 

Type Weight (g/m') 
Weft  Unidirectional,  Stitched 

390 It45  Bias  Ply,  Stitched 
1250 Warp  Unidirectional, Stitched 
1150 Triax O/It45, Stitched 
35 1 Warp Unidirectional,  bonded to veil 
351 Warp  Unidirectional, Stitched 
632 Warp  Unidirectional,  bonded to veil 
759 Triax  O/f45, Stitched 
587 Warp  Unidirectional, Stitched to mat 
393 f45 Bias  Ply,  Stitched 
444 Warp  Unidirectional,  Woven 
527 

4.4.1. Tensile  Fatigue  Resistance 

Table  10  compares the tensile  fatigue  resistance of laminates using the three new  types of 
fabric  with  the  baseline  D  155  weft  unidirectional  fabric  and  CDB200  Triax.  Laminates  with separate 
0"and  It45"  plies (Figure 31) contain  70 to 75 percent 0" fibers  with the indicated  fabrics in the ply 
configuration  [O/f45/0],. The trim materials  in  Figure  32  each  contain  about 50 percent 0" fibers. 

The  DD  14  laminate  with  CM1701  fabric,  in  Figure  3  1  and  Table  10,  shows  a  relatively  low 
tensile  fatigue  resistance,  with  a  maximum  strain  capability at lo6 cycles of 0.60 percent, compared 
with the baseline  DD5P  value of 1.15  percent.  This  low  tensile  fatigue  resistance,  even  at  a  low 
overall f%er  volume  content of 35 percent, is only  slightly better than the usual range for triax  fabrics 
(about 0.35  percent  to  0.60  percent  [2]),  and  is  about halfthe tensile  fatigue  capability of the  DD5P 
laminate  based on Dl55 0" fabric.  The A1  30  fabric produces slightly better tensile  fatigue  resistance 
compared to Dl55 at higher  fiber  contents  (Table 10). 
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Figure  30.  Dry  Fabric  Samples. 

Tests of  unidirectional  laminates  with  no  *45"  layers  present  (Table  1 1) show  corresponding 
lo6 cycle strain values of 0.64 percent  for  the  CM1701  fabric  and  1.12  percent  for the Dl55 fabric. 
These  values are consistent  with  the  [0/*45/0],  laminate results. Another  stitched  warp  unidirectional 
fabnc, A1 0 10, was  briefly  studied. The results  for the corresponding  laminate  DD20  in  Tabie  10  were 
very  poor in tensile  fatigue. 

The  bonded  unidirectional warp fabrics, UC 10 1OV and  UC  10  1  8V, are the  closest architecture 
to typical aerospace composites  fabricated  fiom prepreg. The 0" strands in the fabric  are  nested 
together with no stitching or weave crossover points to pinch  the  fibers together. It is  anticipated  that 
these  fabricsmight  produce  laminate properties at high  fiber contents which are sunilar to the baseline 
Dl 55  stitched  fabric at lower  fiber contents. As  noted  earlier, at higher  fiber  contents  and in structural 
details  which  pinch  the  strands together, the Dl55 fabric  laminates go through a  transition to poor 
tensile  fatigue  resistance [ 1,2]. Earlier  data for the D  155  fabrics  with  all  stitching  removed by  hand 
showed  good  tensile  fatigue  resistance retained to higher  fiber contents (Figure 2).  The  results in 
Table 11  and  Figure  31  indicate  that the bonded  fabric  laminate,  DD24, with a  fiber  volume of 39 
percent,  performs in tension  only  slightly below the baseline  DD5P  laminate,  with  a lo6 cycle 
maximum strain of  0.94  percent  compared  with  1.15  percent  for the Dl55 fabric  baseline  DD5P 
laminate.  Comparing  the  Table  10  laminates  having  higher,  46  to 49 percent fiber  by  volume,  based 
onD155fabric(DD4),Al30fabric(DD13),andthebondedUC1018Vfabric(DD25A),thebonded 
fabric  shows the highest  compressive  strength,  slightly  lower  tensile  strength, but the lowest  fatigue 
coefficient,  b. 
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4.4.2. Compressive  Strength 

The  compressive strength of the DD24  laminate,  5  1  1  MPa,  is  also  slightly  below the 574  MPa 
for DD5P (another Dl  55  fabric  laminate  with  a V, of  37 percent had  a  compressive  strength of 534 
MPa;  this  fiber  content  is  closer to the 39  percent  fiber  content of DD24). The heavier  bonded  fabric, 
UC  10  18V,  showed  a  laminate  ultimate  compressive  strength of 629  MPa at a  higher  fiber  content of 
49  percent  in  material  DD25A,  which is comparable  to values for Dl55 laminates at similar  fiber 
content  such as DD4,48 percent fiber,  541  MPa  strength;  DD,  5  1  percent  fiber,  788  MPa;  and  DD7, 
54  percent  fiber,  581  MPa  [2].  Comparisons of the bonded  fabric  laminates  with  the  woven  fabric 
laminates  in  Table  10  show  much  higher  values ofcompressiveultimate strength for  the  bonded  fabric 
laminates,  5  11  and  629  MPa,  compared  with the woven  fabric  laminates, DD11 and DD  13  with 
compressive  strengths of 3  14  and 319 MPa  for  fiber contents of  3  1  and 50 percent. 

Thus, the ultimate  compressive strength of the bonded  fabric  laminates  is  similar to that of the 
stitched  fabric  laminates,  which is expected  based  on  the  straight strands in each  material.  However, 
the stitched Dl55 unidirectional  fabric is not  available  with the fibers  parallel to the  warp (long) 
direction of the fabric  roll  unless  they are stitched to a  backing  material,  such as the mat used with 
the CMl701 fabric.  The latter fabric,  CM1701,  while  producing  a  fair  compressive strength ranging 
fiom 428  to  439  MPa in the database [2]  for  fiber  contents  ranging  from  25 to 43  percent  (laminates 
DD 14, DD15,  DD16)  shows  poor tensile fatigue  resistance  as  noted  earlier. It should  be  noted  that 
the ultimate  compressive strength is  the  parameter of interest  in  compression,  since the fatigue 
sensitivity in compression is similar,  relative to the ultimate strength, for  all  laminates [ 1,2]. 

Table 10. Comparison of Properties for  Laminates  Containing 0" and M5" Layers, 
Based on Different  Fabrics. 

Laminate* 

DD5P 
DD4 
DD11 
DD13 
DD14 
DD20 
DD24 

DD25A 
DD25B 

AA  Triax 
AA4  Triax 

0" Fabric 

Dl55 48 54 1 886 0.55 
A130 30  3  19 592 1.20 
A130 46 314 82  1 0.80 

CM1701 43 428 728 0.60 
AlOlO 34  3  13 587 0.50 

UClOlOV 39  511 730 0.94 
UC1018V 49 629 783 0.75 
UC1018V 31 419 5  14 1.03 
CDB200 31 348 452 0.50 
TV3400 33 449 377 0.67 

b, 0" Elastic 
(R=O. 1)  Modulus 

Equation  (1) (GPa) 

0.101 24.2 
0.136 31.0 
0.100 20.0 
0.130 29.5 
0.133 25.1 
0.137 22.2 
0.1 15 23.9 
0.121 28.5 
0.102 19.3 
0.140 18.8 
0.105 20.4 

materials are in the ply configuration [O/k45/0],,  where the k45 plies are DB120  fabric. 
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Figure 31. Tensile  Fatigue  Data  Comparing  Baseline  Laminate  (DDSP) 
With  Laminates Based  on Other Warp Unidirectional  Fabrics, R = 0.1. 
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Figure 32. Comparison of Tensile  Fatigue  Data  For  Triax  Fabric  Laminates, 
R = 0.1. 
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Table  1  1.  Comparison of Properties  for  Unidirectional  Laminates  Containing  a  Single  Fabric  Type. 

Ultimate 

(R=O.l) Strength Strength (%) 
for lo6 cycles  Tensile Compressive V, 
Fatigue strain Ultimate 

b, 0" Elastic 
Fabric (R=O. 1) Modulus 

(MPa) (%I ( M W  Equation (1) (GPa) 

Dl55 40 

30.5 0.126 0.64  796 573 38 CM1701 

31.6 0.091  1.10  728 373 36 A130 

31.5 0.102  1.12 854 653 

There is a potential problem  with  fiber  waviness  (deviations  from  straight 0' in  the  plane of 
the sheet) in  most of the fabrics  discussed  here.  This may occur in applications  even  when  it  is  not 
present in coupon tests  used to establish the database.  Effects of fiber  waviness on compressive 
strength  are  described in Chapter 8. 

4.4.3. Delamination  Resistance 

The  delamination  resistance  has  been  determined  in two types of experiments.  First,  a direct 
interlaminar fiacture toughness test  has  been run on unidirectional  specimens  containing  a starter 
crack. This is an  opening  mode  (Mode I) test using  a  double  cantilever  beam  specimen.  Table  12 
compares  the  delamination  resistance  for the baseline  stitched  and  bonded  fabric  laminates.  The 
results  show no significant  difference  in  delamination  resistance  between the two fabrics,  eliminating 
concern that the bonded  fabric,  with  its thin veil  mat  backing,  would  provide  a  favorable path for 
delamination  crack growth. 

The  second  delamination  test  uses  a  more  realistic  geometry of a  ply  drop,  which is typical 
of a  thickness-tapering section of a  blade.  Results of this type have beenpresented earlier for a  variety 
of ply drop  geometries [ 12, 17, 341. Figure 33 compares the rate of delamination growth in  fatigue 
from  a  single  ply drop for laminates  based on different fabrics. The ply arrangement  in  all  cases  is 
[0/0*/&45/0],, where the O* ply  is dropped  from the specimen at mid-length (see References  12, 17 
and  34).  Little  significant  effect of fabric  type is evident in Figure 33,  with  only  a  slightly  more  rapid 
crack growth for the A130  fabric  based  laminate for this  particular  ply  arrangement. Results for the 
bonded  fabrics  are  not  yet  available. 

Table 12. Interlaminar  Fracture  Toughness, G,, O"/O" Interface. 

Material Initiation G, (J/m') Fabric 
DD5P 140 Dl55 

DD25B I UC1018V I 176 
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Figure  33.  Typical  Delamination  Length  versus  Cycle  Data  for  Laminates 
ESB (Dl55 fabric) and  ESS  (A130  fabric)  With  a  Single Interior Ply  Drop. 

4.4.4. Manufacturability 

Laminates  containing  the  three 0" fabric types, D155,  A130, and UClOl8V, have  also  been 
evaluated  for  manufacturability  by  fabricating  flat  plates  at  different  fiber  contents  by  RTM,  and at 
low  fiber  content  by  hand  layup.  All  fabrics  are  in the same  general  price  range. As indicated in Table 
13, all laminates  were  easily  manufactured by  hand  layup in the 30 to 40 percent  fiber by  volume 
range,  but the A130  fabric  caused  some  difficulties in  handling  and wet-out. The D  155  fabric 
laminates were easily  manufactured  by  RTM  at  both  low (30 to 40 percent)  and  moderate (40 to 50 
percent)  fiber  content  ranges.  The  A130  based  laminates  were  .more  difficult to mold  at the higher 
fiber  content,  and  the  bonded  fabric  (UC1018V)  was  diBicult at low  fiber content and  nearly 
impossible at high  fiber  content  by  RTM.  The reason for the relatively  easy  molding of the Dl55 
laminates  by  RTM  is  the  resin flow paths  between  the  stitched  strands  (Figure 30), which are not 
present in the other fabrics.  As noted earlier,  variations in the bonded  fabric  are  being  pursued to 
improve  manufacturability.  Additionally,  process  variations to the RTM  method are also  being 
investigated for  low  permeability hbrics. 

4.4.5. European  Fabrics 

Several  European  E-glass  fabrics  (Table 9, Figure 30), said  to be used in European blades, 
were obtained fiom Ahlstrom.  The 0" fabric  (Figure 30) has  relatively  large tows, stitched to a  mat. 
It was thought  that  the  larger  tows  (compared to the  CM1701)  might  provide properties similar to 

69 



Table  13.  Manufacturability  with  Different 0" Fabrics. 

Fabric* 

volume  fraction)** volume fixtion) volume  fraction) 
(40 to  50  percent  fiber (30 to  40  percent  fiber (30 to 40 percent  fiber 
Resin  Transfer  Molding Resin  Tmnsfer  Molding  Hand Lapp 

Dl55 

Poor Fair Good UC1018V 

Fair Good Fair A130 

Good Excellent Excellent 

* Laminate  configuration  [0/*45/0],, h45" layers  are  DB120 hbric. 
** Vacuum  assist  helps at high fiber content 

Dl 55 laminates,  but  with the 0" strands in the warp  direction of the fabric  roll. The M5" fabric  is 
also  pictured in  Figure  30.  Laminates  with 76 percent 42024Lh450 and  24  percent  62002  were 
prepared  with the baseline  ortho polyester resin.  Materials  DD27A  and  DD27B  have  fiber  contents 
of 32  and 42 percent  fiber  by  volume. The ply  arrangement  was  (O/f45),.  Table  14  and  Figure  34  give 
the results of the static and  fatigue tests compared  with Dl55 fabric  based  laminates  like  DD5P  in 
Table  10. The compressive static strength is reduced  by 34 percent  and 48 percent  for  DD27A  and 
DD27B,  respectively,  reaching  levels  similar to those  for  wovenfabrics.  The  tensile  fatigue  resistance 
is  also  disappointing,  with  b  values and lo6 cycle  strain  values  similar to Dl 55 or A130  based 
laminates  at  much  higher  fiber  contents. It is expected  that  the  low  compressive strength is the result 
ofthe strand  waviness  (Figure 30), particularly  when  impregnated; the poor tensile  fatigue  resistance 
appears  to be the result of stitching to the mat,  locally  raising the fiber  content in the strand, as 
discussed in Chapter 11 (similar  to CM1701). 

Table  14.  Fatigue Summary Properties of Materials  DD27A,  DD27B,  Based on Ahlstrom 
42024/M50 0" hbric, compared  with  baseline  DD5P. 

Ultimate Ultimate  Tensile b, 0" Elastic Strain for 
Material Modulus lo6 cycles, (R=O. 1) Compressive v ~ ,  

'% Strength (MP4 Strength (MPa) Equation  1 

24.2  1.16  0.101 66 1  -574 37 DD5P 

25.9 0.60  0.133 667 -32  1 42 DD27B 

20.5  0.61  0.136 566 -38  1 32  DD27A 
(GP4 YO 
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Figure  34.  Fatigue  Diagram  for  Materials  DD27A (V, = 0.32)  and  DD27B (V, = 
0.42) Compared to Baseline  DD5P (V, = 0.37), at R=O. 1. 

4.5. Conclusions 

The  results  allow  some overall conclusions as to  the application of these  fabrics to wind 
turbine  blades.  For  blade  areas  where  compression  stresses are not  limiting, the A130  class of fabrics 
provide good performance.  While  low  in compression strength,  these  laminates  require  very  low 
knockdown  factors  at structural details in compression  (discussed later). For general  cases  with 
tension  and  compression as well as structural detail  variations, the bonded  fabrics  such as UC 101 8V 
appear very  promising  for  hand  layup,  but  manufacturability  may  limit their use  for  processes  such 
as RTM  which  require  resin  flow  in  the  plane of the  fabric.  The Dl55 fabric  is  available  in the weft 
direction of the roll of fabric  only,  and so cannot be used for  lengthwise  reinforcement  down the 
blade.  Fabrics such as  triax  and CMl70 1,  based on stitched 0' layers, are appropriate iftensile fatigue 
is  not  limiting in the  design.  They are easily  handled and molded. The  CM1701 can be  used  with 
separate *45" hbrics to produce a  higher 0" fiber content  than is available  in  triax  fabrics. Both the 
CM1701 warp unidirectional  fabric  and the TV3400  triax  fabric  provide  convenient  reinforcement 
with  a  moderate  sacrifice in tensile  fatigue  resistance  which maybe less  significant ifstructural details 
are present.  Compressive strength is also relatively  low  for  these  materials, as noted earlier, in part 
due  to  fiber  waviness.  the  European  fabrics,  with  large 0" strands  stitched  to  mat,  similar  to  CM1701, 
showed  relatively  poor  compressive strength and  tensile  fatigue  resistance.  Well  prepared  prepreg 
materials  should  provide the best  overall  properties  (Chapter 10.3), but  they  require  somewhat 
specialized  processing as well as incurring  the cost ofpreparing the prepreg product. 
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5. SPECTRUM  FATIGUE  LIFETIME AND RESIDUAL 
STRENGTH 

5.1. Summary 

T h  chapter addresses  the  effects  of spectrum loading  on  lifetime  and  residual  strength. Over 
1  100 tests have been run on a  typical  fiberglass  laminate  configuration  under  a  variety of load 
sequences.  Repeated block loading at two or more load  levels as well as a  modified  standard 
spectrum  have been studied. Data have been  obtained  for  residual  strength  at  various stages of the 
lifetime.  Several  lifetime  prediction theories have been  applied  to the results. 

The  repeated  block  loading data show  lifetimes  that are usually  shorter  than  predicted  by the 
most  widely used linear  damage  accumulation  theory,  Miner’s sum. Actual  lifetimes are in the  range 
of 10 to 20 percent ofpredicted lifetime inmanycases. Linear  andnonlinear  residual strengthmodels 
tend to fit the data better than  Miner’s sum, with  the  nonlinear  providing the better fit of  the two. 
Direct tests of  residual strength at various fiactions  of the lifetime  are  consistent  with  the  residual 
strength  damage  models  for  several  cases.  Load  sequencing  effects  are  not  found to be  significant. 
The more  a spectrum deviates ftom constant  amplitude, the more  sensitive  predictions are  to the 
damage  law  used.  The  nonlinear  model  provided  improved  correlation  with  test data for a  modified 
standard  wind  turbine  spectrum.  When  a  single,  relatively  high  load  cycle  was  removed, all models 
provided adequate correlation with the experimental  results. 

Additionalresults  for  compression,  reversedloading, and the unmodified  WISPERX  spectrum 
may  be  found  in the forthcoming SNL report [2 11 or Wahl’s doctorial dissertation [43]. The effects 
of constant  amplitude data extrapolation models are also  explored in  these  references,  and  found to 
be  significant. The residual strength models  may  provide  a  more  accurate  estimate of blade  lifetime 
than  Miner’s rule for some  loads spectra. They  have  the  added  advantage of providing  an  estimate 
of current blade  strength throughout the service  life.  Another,  conservative  approach  would  be to use 
a  residual  Miner’s Sum, such as 0.1 rather than  1.0. 

5.2. Introduction 

An investigation ofthe relationship  between  spectrum  loading  and  fatigue  lifetimes of a  typical 
wind  turbine  blade  fiberglass  material  has  been  undertaken  for the development of refmed  design 
tools. Present  design tools for  estimating  lifetimes of fiberglass  materials  produce  results  that  may  be 
significantly  non-conservative  for  some  loads  spectra.  These  tools or prediction  models  range fiom 
the simple  Miner’s sum and the various  deviations  to  more  complicated  ones  based  upon  residual 
strength [5 1-59]. Many  require testing of the  materials to establish  “fitting”  parameters to obtain the 
best  performance of the model. The objective of this  study is to  identi@  cumulative  damage  laws 
which  provide  improved  accuracy  in  predicting  lifetime  under  a  variety of loads  spectra  for  wind 
turbine  blade  materials.  Ease of incorporation  into  design codes is also  a  major concern 

This programwas conducted ma logical  progression fiomsimple to complicated  spectra;  that 
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is, from constant  amplitude  loading, to multi-amplitude  loading, to a  modified  standard  spectrum. 
Small dog-bone  shaped coupons were  manufactured,  tested  and  favorably  compared to standard 
tensile test coupons.  Baseline data for the development of stress-cycle (S-N) trends was  obtained by 
constant  amplitude fatigue testing of coupons by  using computer  controlled  hydraulic testing 
equipment.  Results of this  preliminary  testing  are  consistent  with  earlier  work  [2]. 

Tests were  then run using  repeated  blocks at two  stress  levels.  Initially, this two-block  testing 
was such  that  the  first  block  contained  ten  cycles of the  higher  stress load, followed  by  a  varying 
number of cycles at a lower stress level,  repeated  until  failure.  Two-block  testing by some 
investigators  has  been  limited to the application of a fixed number of cycles of the  first  stress  level, 
followed  by an undetermined  number of cycles at a  second  level,  until  failure.  This  reportedly  results 
in either  Miner’s  sums greater thanunity for high stress levels  followed  by  low  stress  levels  or  Miner’s 
sums less than unity  for  low stress levels  followed by high stress levels  [60].  The  present  work  used 
the rhore  general case of repeated  application of two-blocks until failure,  and  also  explored  load 
sequencing  effects. 

Testing of multi-block  spectra  was  then  performed  with  blocks ofthree and six stress  levels. 
Finally, coupons  were  subjected to a  modified  WISPERX  [6 1,621 spectrum  which  has  been reported 
to produce Miner’s sums less  than  unity. 

5.3. Nomenclature  and  Definitions 

The  linear  damage  accumulation  rule of Miner’s sum is frequently applied  to  fatigue  test 
results  and is here  defined  as: 

where D is a  quantified  damage  accumulation  parameter, n, is  the  number of cycles  experienced at 
a oi maximum  stress  level  and Ni is the number of constant  amplitude  cycles to failure at the maximum 
stress level oi and  R-value.  Typically,  failure is predicted  to  occur  when D reaches  unity, as originally 
proposed by  Miner [63]. 

The  cyclic  loading of a  specimen is frequently  reported as a maximum stress  and an R-value. 
The  R-value  is  the  ratio of the minimum to maximum stress. Several common  constant  amplitude 
sinusoidal  loading  waveforms  are  shown  in  Figure  35,  along  with  their  R-values. 

WISPERX [61,62] is  a  European  standardized loading spectrum  which  has  been  used  for 
analysis  of  fatigue ofwind turbine  components. It is provided as a  sequence of numbers  ranging  from 
1  to  64,  with  25  as  a  zero  value.  WISPERX  contains  25,663  loading  reversal points for  12,831 
cycles. An overall visual presentation of the  WISPERX  spectrum is shown m Figure  36. 
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Figure 35. Typical  Waveforms  With  Different R-values. 
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Figure 36. WISPERX Spectrum. 
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In this study,  WISPERX  was  modified to a spectrum of constant  R-value by  adjusting  the 
valley  reversal point after  each  peak  reversal  point.  This  was  done  for  R-values of 0.1 and 0.5, as 
demonstrated  in  Figure 37 for a  small  portion of the  WI'SPERX  spectrum. The WISPERX  spectrum 
was  scaled  for use with  testing  machinery control software.  The  results are shown in  Figure 38. 

The  first  modification  only  included  cycles  that  were  tensile-tensile.  The  results of thls 
modification  called the Mod  1 spectrum, are displayed in  Figure 39 for  R = 0.1. A second 
modifcation, that included  all  peak  reversal  points,  was  created. The resultant  spectrum,  Mod 2 
spectrum,  is  displayed in Figure 40 for  R = 0.1.  The main thrust of the modification was to create 
spectra  that  were of a  co'nstant  R-value,  thereby  aiding  in the application of the baseline  constant 
amplitude  fatigue data for  lifetime  predictions.  Comparison ofthe Mod 1 and  Mod 2 spectra allowed 
an investigation  into the damage contribution of essentially  one  major  event  per  pass  through the 
spectrum. 

0.7 I I 

Figure 37. Modified  WISPERX  Spectrum  Example. 

75 



I .5 

1 

0.5 

0 

-0.5 

-1 c I 

I 5001 

Figure 38. Scaled WISPERX 
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Figure 39. Mod 1 Spectrum for R = 0.1. 
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Figure  40.  Mod  2 Spectrum for  R = 0.1. 

5.4. Experimental  Methods 

5.4.1. Material and  Test  Specimens 

The  material,  termed  DD16  in  the  database [2], was  comprised of Owens  Corning Dl 55 and 
DB120  fabrics in a  [90/0/*45/0],  lay-up.  Plates of this material  were  fabricated by a  resin  transfer 
molding,  RTM,  process  with  Interplastics Corporation CoRezyn 63-AX-05 1 ortho-polyester  matrix 
to an average  fiber  volume fiaction of 0.36.  Details  can  be  found in the current  version of the 
DOEMSU Fatigue Database  and  Reference  2. 

Tensile-tensile  specimen  blanks  were  rectangularly  shaped,  typically 13 mm wide  by 4 mm 
thick  and 64 to 75 mm long.  These  blanks were then individually  machined to a  dog-bone  style  with 
a  pin router and  master  pattern.  Fiberglass tab material  was  attached to better distribute  testing 
machine  gripping  forces.  The minimum width of the  dog-bone  gage  section  was  typically 9.5 mm. 

5.4.2. Testing Equipment 

An Instron 8872 hydraulic  testing  machine,  with an Instron 8800 controller  was  used to 
subject the specimen  to the spectrum loads. Instron WaveRunner' and RANDOM? * software 
packages were used to develop  and  apply  the  loading  spectra.  Secondary  measurement  and  recording 
of  the actual loading  waveforms were favorably  compared to that available fiom the Instron 
equipment. 

Testing  was  performed at 8 or 10 Hz, with  fbrced  air  surfhce  cooling of the specimen to 
preclude  thermal  effects. 
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5.5. Testing  and Results 

5.5.1 Constant Amplitude  Testing 

The  fatigue  results  of the single  amplitude  testing are summarized in the stress-cycle (S-N) 
diagram,  Figure  41, for R = 0.1 and R = 0.5. 

1EO 1El 1E2  1E3  1E4 1E5 1E6  1E7 
Cycles to Failure 

Figure  41.  Constant  Amplitude S-N Fatigue  Data. 

The  slopes for the two tensile-tensile S-N lines are 0.108 and  0.1 19 for R = 0.'5 and  0.1 
respectively.  Over  175 tests are represented by the  information  in  Figure 41. Both  regression  lines 
have  correlation  coefficients  better  than  0.98. 

The generic  equation  [64]  for the two lines in Figure  41  is  (also  equation (1)): 

- -  - 1 - b log ( N )  
so 

where S = maximum  applied  stress,  MPa 
So = static strength, MPa 
N = number of cycles to failure 
b = slope or reduction in maximum  applied  stress for each  decade  increase  in  cycles. 

for R = 0.1, So = 578.7  MPa,  b = -0.1 19 
R = 0.5, So = 642.2  MPa,  b = -0.108 

The  average  data  shown in Figure  4  1  reflect  the average cycles to failure at a  given  load  level. 
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The  different So values  at  R = 0.1 and  R = 0.5 reflect  different  material  batches. 

5.5.2. Two-block Testing 

Two-block  testing  was  performed  with  both  the Instron WaveRunner  and RANDOM control 
programs.  This  testing  was  used to study both  the  effect  of  a  simple  spectrum  on the fatigue  life and 
the  effect of the  sequencing of cycles  within the spectrum. 

Testing of the sequence  effect  involved  applying  ten  cycles of high stress level  within 1000 
cycles of a  lower stress level.  Three  cases  were  chosen: 1) one  high  amplitude  cycle  followed by 100 
low; 2) ten  high  amplitude  cycles  followed  by  1000  low;  and 3) ten  high  amplitude  cycles  randomly 
interspersed  within  1000  low.  These  spectra are shown,  respectively, top to bottom in Figure 42. 

1 f 100 I 

3 

9 1 1  10 / 1000 

1 1 I 

rn 
i 10 random f 1000 

1 50 1 1001  1501 200 1 
Reversal Point 

Figure  42.  Two-Block  Sequencing  (sequences  shown repeated to failure). 

The results of these tests are  displayed on the  occurrence  graph,  Figure  43.  This  figure  also 
shows the constant  amplitude  results  for  each  stress  level,  which  illustrates the degree of scatter 
present in  typical  single  amplitude tests, such as those  represented  by  average  values in  Figure  41. 
Note the center three sets of data representing  the  two-block  fatigue tests at three different 
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sequences.  Statistically, no differences  could be found  among the results.  The 120 tests, 82 two-block 
and 38 constant  amplitude,  represented  in  Figure 43, were all performed  for  R = 0.1.  The  high  stress 
level  was 325 MPa  and the low stress level  was 207 MPa. 

1 E2  1E3 1 E4 1 E5 1E6 1E7 
Cycles to Failure 

v Random x 10/1000 1/100 x 207 MPa + 325 MPa 

Figure 43. Sequence  Effects on Two-block  Repeated  Spectra,  R = 0.1. 

Figure 44 depicts these same 82 two-block tests now as a  function of Miner’s  sum.at  failure. 
Only  four of the 82 tests  achieved  Miner’s  sums of greater than one. It is  evident  that the sum  tends 
to less  than unity for  two-block  loading,  causing the Miner’s  sum  rule  to  be  non-conservative. 

Additional  two-block  results were obtained by varying the fiaction of high  amplitude  cycles. 
A  representation of Miner’s  sum  at  failure as a hc t ion   of  the fi-action of the  higher  stress  cycles 
shows  a  trend of unity  for  fractions of zero and one, with sums less  than  unity  for  fractions  in 
between.  A  typical  graph of these  results  is  shown in  Figure 45. 

The  tests  summarized in Figure 45 are those of repeated two-block  loading  with  the  higher 
amplitude  block of ten  cycles  run  with  a  maximum  stress of 325 MPa  and the lower  amplitude  block 
of preselected  number of cycles at 207 MPa. Several other cases have  also  been run at different 
stresses with  results  which are consistent  with  Figure 45 [2 1,431. 
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Figure 44. Combined  Two-block  Miner's  Sum  Results at Failure, R=O. 1. 
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Figure 45. Typical  Two-block  Miner's  Sum  for  High and  Low  Blocks 
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5.5.3. Multi-Block Testing 

Testing for spectra  with three and  six  stress  levels  has also revealed Miner’s sums at failure 
that are consistently  less  than unity. The three  block  testing  program was constructed  as  a mix of ten 
cycles of 414  MPa, ten cycles of 325 MPa,  and  100  cycles of 235 MPa in various  sequences. 

The six block testing consisted of four  stress  levels  arranged  into six blocks  as: 

Table 15.6-Block Sequence. 

Number of Cycles  Percent of Maximum  Stress 
1000 

50 1000 
75  400 
100 10 
75 400 
50 1000 
30 

The  three  and six block testing were all  performed  with R=  0.1; results  are  presented in  Table  16  for 
the three-block  and  Table  17 for the six-block. Note, all  Miner’s  sums  at  failure are less  than  unity. 

5.5.4. Modified WISPERX Testing 

The WISPERX  spectrum was modified to maintain  a  constant  R-value as described  earlier. 
This  was done to allow direct use  of the constant  amplitude  baseline data for R-values  of 0.1 and 0.5, 
in the  model  predictions.  Two  versions of each, Mod 1  and  Mod 2 were  described  earlier. 

The  results for the Mod  1 and 2 spectra testing are summarized in Figures  46 and 47 
respectively. The trend of longer Metimes for the R=OS loading are also  typical  for  constant 
amplitude testing (Figure 45). The spectra  loads  were  adjusted  relative  to the maximum  stress in the 
spectrum following  Figures 38 to 40, with  only the maximum stress (of the  entire  spectrum) plotted 
in Figures  46  and  47. 

5.5.5. Testing Summary 

The  spectrum  testing program w&  implemented to vary the complexity of the spectra, from 
constant  amplitude  loading  for  base  line data to multi-block spectra and  finally to more  random 
spectra. The latter  used two modified  WISPERX  spectra, Mod 1  and 2. The  method of establishing 
a set of blocks and then repeating  these  blocks  until  specimen  failure is considered to  be more 
representative of service  loading as compared  with  contmuing the final block to failure  and  not 
repeating the sequence. 
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In nearly  every test,  the Miner’s  sum at failure is less  than unity. The  need for improved 
models is evident. 

Table 16. Three-Block Test Results  R = 0.1. 
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Table 17. Six-Block  Test  Results R = 0.1. 

I I I I 1 Miner's Sum I Number 1 Cycles 1 I Cycles 
Test  Sequence  Actual 

Actual 

I 

Linear 
Prediction 

Non-Linear 
Prediction 

1000 
1000 

26000  97.5 

25000  163  1000 
10337 244 400 
260  325  10 

10400 244 400 
26000 163 

220 0.397 0.758 0.335 

I 1000 I 104 I 8000 I 
I I I 1000 I 173 I 8000 I 

400 
70  345  10 

3044  259 
22 1 0.173 0.747 0.296 

1000 124 2000 

0.181 0.677 0.203 222 
414 

I I I 

I 400 I 311 I 400 I 
I 1000 I 207 I 1000 I 

1000. 
1000 

5000 104 

4000 173 1000 
1857  259  400 
50 345  10 

2000  259 400 
5000 173 

225 0.1 15 0.747 0.296 

I 1000 I 82.8 I 48000 I 
I 1000 I 138 I 48000 I 

400 
480  276  10 

0.203 226 
19200 207 

0.814 0.406 
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Figure 46. Mod 1 Fatigue S-N (S is the maximum stress in the  spectrum), 
Shown  with  Trend  Lines  for the Data  Fit to Equation (4). 
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Figure 47. Mod 2 Spectra Fatigue S-N, R = 0.1 (S is the maximum stress 
in  the  spectrum). 

85 



5.6. Lifetime  Predictions 

An accurate cumulative  damage  law  is  essential to component designunder spectrum  loading. 
The fundamental  and  most  widely  applied  damage  law  is  that  established  by  Palmgren  and  Miner. 
Under  this  law,  damage is considered to develop  linearly as a  function of the number of cycles 
encountered at  speclfic  load  levels. As reported throughout  this  paper,  the  Miner's  sum  is  consistently 
less than unity, often on the order of 0.1,  for testing under  spectra of more than one  block. 

A component or specimen is considered  to  have  failed  when  it can no  longer  support the load 
intended.  Tensile  failure was usually  a  sudden  separation of 0" fibers,  brooming out from  the  matrix. 
One  clear  deficiency  in  Miner's sum is that it only accumulates  damage  and  does  not  consider  that 
the current strength may  be  exceeded  by  a  particular  high stress cycle. 

5.6.1. Residual  Strength  Degradation  Models 

Let us assume that  the strength of a  specimen  may  decrease  linearly as the part is loaded 
cyclically [59]. The  result of this assumption  can  readily  be  applied to block  loading to estimate 
lifetimes. In Figure  48,  the strength and  cycles  have  been  normalized to the static strength  and  cycles 
to %ilure, respectively.  The maximum stress, in this  case,  is  half ofthe initial  strength.  Let N represent 
the number of cycles to failure at stress level Si, and  n  the  number of cycles  experienced at this  level. 
Let So represent the static strength of the material.  The  slope of the  degradation  line  is  then: 

si - so 
m =  

N 

therefore,  at any  number of cycles  during the stressing of this  component,  a  linear  residual strength 
degradation (LRSD)[59]  model  will yield residual  strength  as  a  function of n  as: 

si - so 
SR = S o  + n  [ 1 N 

which  is represented graphically  in  Figure  48. Also represented  is  a  nonlinear  degradation path. 
The  corresponding  nonlinear  model [53,54] has the following  form: 

SR = so + (Si - So) 

where: S, = residual  strength  at  n  cycles 
So= static initial  strength  (tensile or compressive) 
Si=applied stress in fatigue 
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N=number of cycles to failure at the stress level of oi 
v=nonlinear  factor,  a  value of  v=l reduces Equation 7 to  the linear  degradation  model of 
Equation  6. 

The  nonlinear factor affects  the  shape of the prediction  line  for  the strength degradation 
(Figure  48).  Values  less than one cause a  prediction  of more damage in the early  component  life; 
conversely,  values  greater  than  one  would  predict  more of the damage to occur  later  in the life  of the 
component. Upon investigating  the  results  displayed in Figures 49 and 50, factors  less  than  one  were 
considered  appropriate. 
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Figure 48. Residual Strength Degradation. 

5.6.2. Model Comparison With Data 

Figures 49 and  50  depict the results of strength  degradation tests under  constant  amplitude 
loading  for  various  maximum  applied  stresses  and for R-values  of  0.1  and  0.5.  Specimens  were  cycled 
for  a  preset  number of cycles,  then the cycling was stopped.  and  a strength test  was  conducted. While 
the  data are complicated  by  premature  failure  during  cycling of some specimens  prior to residual 
strength  testing, the linear  and  nonlinear  models  provide  reasonable  agreement  with the data. 

Figure  5  1  depicts the lifetime  predictions  for  Miner's,  LRSD,  and  NRSD  rules.  The  nonlinear 
factor, v, utilized  in  these  calculations was 0.265,  which  was  selected for fd. In allcases, the nonlinear 
rule  provides better prediction  than the other two rules  investigated.  This is also true  for  the  multi- 
block  spectra as summarized in Tables 16 and  17.  (Testing in compression  shows  similar  results to 
Figure  5 1, with the same  nonlinear  factor. [2 1,431) 
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Figures 52 and  53  show  comparisons of the Mod  1  spectrum test results with the three 
damage  rules. For this spectrum there is  little  difference  between  the  three  rules  and  they are all - 

reasonably  accurate at lower  load  levels. 

750 I I I I 

...... 

Static  Strength 
After 50,000 cycles 
After 200,000 cycles 
S-N Fatigue failures 
After  100,000 cycles 
Failed prior to 100,000 cycles 
Failed Prior to 200,000 cycles 

- 
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I I I \ 

0 100000 200000 
Cycies 

Figure 49. Residual  Strength,  R = 0.1. 

1 

300000 400000 

Figure 54 shows  that  choice of the model  is  more  important  for the Mod 2 spectrum, with  a 
single  higher  load. The nonlinear  model fits the data from Figure 47 much more accurately, 
particularly at higher  stresses. As the maximum  stress  (and other stresses)  is  reduced, the models  tend 
to converge. 

Generally,  as  a  spectrum  includes  a greater difference in load  levels, the damage rule becomes 
more  important.  This is illustrated in Figure 55 which  shows  predictions  for two-block repeated 
spectra with  different ratios of low to high  block  amplitude.  When the damage  is mostly caused  by 
low stresses, but  occasional  high  stresses  occur,  then the residual  strength  models are more accurate 
and differ  strongly  fiom  Miner’s  rule. 
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Figure 50. Residual  Strength,  R = 0.5. 
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Figure 5 1. Lifetime  Prediction for Two-Block  Spectrum at 325/207 MPa 
Maximum  Stress  Levels (R=O. 1);  Exponential  and Power Law  Fatigue 
Models. 
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Figure 52. Mod 1 Spectrum Liktime Prediction R = 0.1. 
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Figure  53.  Mod 1 Spectrum Lifetime  Prediction R = 0.5. 
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Figure 54. Mod 2 Spectrum  Lifetime  Prediction R = 0.1. 

Figure 55. Two-Block  Load  Level  Sensitivity  Low-Block  Amp  as 
percent of High-Block  Amp. 

91 



5.7. Conclusions 

Spectra involving two or  more  different  stress  levels  generally  result in lifetimes  less  than  that 
predicted by Miner’s  sum. Better agreement  can be found by the application of residual strength 
degradation  based  rules.  Although the nonlinear  rule  introduces an unknown parameter  that  must be 
determined  experimentally,  it  does  provide  a better prediction of lifetimes  than the linear  model. 
Sequencing  effects of the cycles at different stresses is not  significant  for  repeated  block  loading. 
Testing of two modifications ofthe WISPERX spectrum has demonstrated that the nonlinear  residual 
strength  model is more accurate when greater  variability  is  present in the  stresses. 

As a  near-term  design  recommendation,  a  conservative  approach  would  be to assume  a 
miner’s sum at failure of 0.10 rather  than 1 .O. This  follows the recommendation  in  Reference 57. In 
the long-term, it is expected  that  a  more  accurate  and usefd prediction  can be developed  based on 
residual  strength  models.  Further testing and  model  development are required to bring  a  model of this 
type  into closer agreement  with the experimental  data; this view is based,  in  part, on the broader- 
based  results in References 2 1 and 43. 
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6. GIGA - CYCLE TESTING AND RESULTS 

6.1. Summary 

This section describes the development  and  application of a  novel,  low-cost,  high-fiequency 
fatigue  testing  apparatus,  and its application in  obtaining  very  high  cycle data for small  impregnated 
glass strands. The  first  known  tensile  fatigue data out to 1 O9 to 10''  cycles  have  been  obtained  using 
two  matrix  systems. The results can be represented by a  power law S-N trend or an exponential  trend 
with  a  fatigue  limit  around  10'  cycles, or a  combination of the two. Both these results  and  related 
tests to lo9 cycles  usmg  larger  strands support the use  of a  power  law  extrapolation of S-N data 
trends to very  low  stresses and long  lifetimes.  This is critical in the application of cumulative  damage 
laws to spectrum loading [21, 431. Interpretation of  the results for larger  volumes of material  is 
difficult due  to  the high static strength  and  less  steep S-N curve  for the very  small  strands. A tougher 
resin  system, 8084 vinyl  ester,  showed  only  slight  improvements in fatigue  resistance at high  cycles. 

6.2. Introduction 

Composite wind turbine blade  materials  experience  between  10' to lo9 significant  fatigue 
(loading-unloading)  cycles in their 20 to  30 year liktime. The  design of wind  turbines  has  required 
use of extrapolations  from  experimental  data  due  to the lack  of  data  beyond lo7 or 10'  cycles,  with 
little  guidance as to appropriate extrapolationmodels.  The  spectrum  fatigue  investigation showedtwo 
interesting  features  relating to high  cycles.  First,  significant  sensitivity to the fatigue  model  assumed 
in fitting the constant  amplitude  data [2 1,431, and  second, many  of the stresses in  the  spectrum for 
overall  lifetimes of lo6 to lo7 cycles were m the  low  stress  range  where  no  fatigue  data  exist.  Thus, 
the damage  contribution  to be assigned to the low stress  cycles requires extrapolation of the S-N 
data. 

Testing to  high  cycles  requires  high  fiequencies  to  be  practical,  and  high  fiequencies  can  only 
be used for very small  specimens to avoid  hysteretic  heating and thermal  failure of the polymer  based 
composite [2]. Standard  servo-hydraulic  testing  machines ares  limited  in  their  frequency,  and the 
actuator rod  assembly  also  has  wearing  problems;  piezoelectric actuators have  displacement  and 
thermal limitations,  and  standard  vibration  table  equipment can be costly. In order to determine  the 
high  cycle  behavior of impregnated  glass  strands, it was necessary  to  build  a  unique  low  cost testing 
apparatus with  several  test  stations. 

6.3. Test  Equipment 

The  fiber  testing  apparatus  used  various  low  fkequency  audio speakers (woofers) as actuators 
which  could  handle  frequencies as highas 300 Hz. Speakers  which  were 25 to  30  cmin diameter  with 
audio  handling  capabilities greater than  100  watts  were used. These speakers could  deliver  a 
maximum force of approximately25 N with  a  displacement of approximately=t5 mm. To ensure  some 
fiber-to-fiber  contact  and  composite  action in the  unidirectional  strand, the number of  fibers  was 
maximized to the capacity  and  fkequency of the  testing  apparatus.  With the force  capacity of the 
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apparatus known, it was  determined  that  a  strand  containing 45 E-glass fibers  could be tested.  Earlier 
studies have shown  fatigue  S-N  response similar to  laminates  when  30  fibers are used [65 - 67 3. A 
total of five test stations were  constructed. 

Grips  (Figure 56) for  load  transfer to the coupon were constructed from carbon fiber prepreg 
to mmimize the grip  mass  attached to the speaker;  grips  generally  weighed  less  than 20 grams 
incluhg the coupon clamping  bolts. The test  coupon was clamped ina sandwich fiction grip  system 
with  the  clamping  force  supplied  by  two bolts. Polishing  paper,  1000  grit  with  a  self  adhesive  back, 
lined  the  internal  surface of the grips  to ensure coupon gripping with  the low  clamping  pressures 
generated by the 2 mm diameter  clamping  bolts.  The  lower  grip  assembly  was  then  bonded to both 
the speaker  dome and the cone  with  Plexus A0425 adhesive. The upper grip assembly  was  bolted 
to the .load cell on the crosshead,  which  completed the load transfer  path. The crosshead  was 
moveable  by two 6 mm  bolts,  which were used to apply the mean  cyclic  load to the test coupon. A 
machinists  level  ensured  that  the  crosshead  was  moved  parallel  with the lower  grip  assembly. 

The  load  cell  chosen  for the apparatus  was  a steel cantilever  beam design,  Omega  Engineering 
Incorporated, LCL-005.  This  load cell held  calibration and had  a  very  small  zero  load  offset  during 
the long  duration  tests of a year or more. Other low  force,  canister type load  cells  were  tried,  but  their 
construction out of  aluminum  limited their use to a  few  million  cycles. Several were broken. 

Various  data  acquisition  hardware  was  utilized,  including:  computer  data  acquisition,  digital 
oscilloscopes  and anhstron 8500  electronic  display tower. A  sine-wave  frequency generator supplied 
the waveform  to  a  120 watt audio  amplifier  which drove each  speaker. Separate frequency generators 
and  amplifiers  were  used  to  minimize  any  electrical  noise or crosstalk between the test stations. 
Approximately  10  to  40  watts per speaker apparatus was required, which  allowed for small 
uninterrupted  power  supplies to provide  clean  and  continuous  electrical power to the equipment. 

6.4. Test Strand Geometry 

A small strand containing 45 E-glass  fibers  with  an  average  fiber  diameter of 10.6 pm was 
constructed  with  fibers  carefblly  removed fkom an  Owens  Corning  Fabrics,  OC-990-BC-2385-4093 
roving.  These  strands  were  then  drawn  through  a bath of  resin  and  suspended  vertically to cure.  The 
fmal  coupon  diameter  was  between  0.09  and 0.1 mm, with an average  fiber  volume  fraction of 0.55. 
The resin for  most tests was an unsaturated  orthophthalic  polyester  resin,  CoRezyn  63-AX-051, 
obtained  from  Interplastic Corporation. Additional tests were run on the same  strands,  but  with  a 
Derakane  8084 vinyl ester  resin. The cured  strands were cut to length  and  bonded to 75 dmz paper 
tabs  using  silicone  sealant  and  a  structural  adhesive,  Hysol  EA9309.2NA, as shown  in  Figure  57. The 
gage  length  of the strand  was 25 111111. The  silicone  rubber  was used to reduce the stress concentration 
as the strand entered the tab.  The  final  specimen  was  post cured at 60°C  for  2  hours. 
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Figure 56. Small Strand Test Apparatus. 
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Figure  57. Small Strand Test Geometry. 

6.5. Testing Procedures 

The  specimens  were  carefully  loaded  into the grips,  aligned  with the load  train,  and  clamped 
into  place. The paper tabs extended  a  millimeter or two outside the  clamps,  again in an effort to 
reduce  stress concentrations as the strand  enters the grips. Alignment  was  critical for the same 
reason.  Specimenmisalignment producedout-of-plane movement ofthe grips  which  waseasilyvisible 
and corrected. The maximumapplied  loads  ranged fiom2.94 to 8.83 N for the fatigue  tests  and  16.67 
N for  the static tests. 

The static tests were performed by attaching  a 12.6 volt battery across  the  speaker  terminals 
(4 ohms), which drove the speaker at a  reproducible  displacement  rate of 140  to  150 mmper second, 
similar  to  the  displacement rate in htigue. This  produced strand failures in approximately  fwe to ten 
milliseconds.  Fatigue tests were run  with  a  sinusoidal  waveform  at the highest  frequency  possible, 
which  was  generally  limited to 200 Hz due to  the acoustical  noise. No surface  temperature  increase 
was  noticeable,  as  initially  monitored  by  temperature  sensitive  paints.  Coupon  failure  was  defmed as 
the inability of  the  coupon  to hold  the  prescribed  maximum  load,  which  usually  coincided  with 
separation of the strand. Coupons which  were  stopped prior to failure  are  termed “run outs”. 

The control mode of the apparatus  was  modified position control, where the cyclic  load was 
manually  adjusted throughout the  test to best  maintain the loads. Most tests only required  daily 
adjustments.  Figure 58 shows the maximum  daily  error for both the maximum  and  minimum  loads 
applied  to  test coupon STRlOO over a  55  day  period (1 x lo9 cycles). In position control, the applied 
load  will  drop  if  the coupon stiffiess changes or the coupon slips  in  the  gripping fixture. The 
frequency of the sinusoidal  waveform  was  varied  approximately  inversely  with  the maximum stress 
level,  giving  an average displacement rate over a  half-cycle of 1 10 d s ;  the  lower  frequencies at 
higher  loads  limited  any  hysteric  heating. 
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After testing, a  sample of the  strand in  the tab  was  removed  for  microscope  examination fbr 
number of fibers in the strand  and  their  diameters  for  calculation of the maximum stress;  this 
determination of the cross-sectional  area  of the fibers  was  carried  out for samples fiom every  strand. 
Eight of the test coupons were  found  to  deviate fiom the  required 45 fibers in the  gage  section 
(ranging  between 42 and  5  1  fibers); the applied  load  was  adjusted  linearly to normalize  it to a  fiber 
cross  sectional  area of 45  fibers. An average  cross-sectional  fiber  area was used in the  normalization, 
since  all the coupons were  manufactured  from the same  individual  fibers, just at  different  locations 
along  the  length of a 12 meter  long  roving. 

6.6. Results  and  Discussion * 

The static and fatigue  strand  test  data are listed in the database [2]. Most of the coupons failed 
in the gage  section,  with  significant  fiber  failures,  (brooming)  and transverse matrix  cracks. The 
polyester  resin  used to impregnate these fibers  had  an  ultimate  strain to failure of approximately 2.0 
percent [36], and the test coupons showed  numerous  transverse  matrix cracks along the length ofthe 
strand.  The  coupons  which were run-outs showed  no  noticeable  matrix  cracking or broken  fibers  in 
the gage  section. 

The S-N data are presented in  Figures  59 to 62, in terms of load,  stress,  normalized stress and 
strain.  The  high strength and strain to failure of the small  strands  is  also  extended to the fatigue 
resistance,  with very high strain  levels at high  cycles, and a  less-steep S-N trend than for  larger 
coupons at similar  fiber content. 

Figures 63 and 64 compare the normalized S-N data plotted linear-log  and  log-log, 
respectively,  with  exponential  and  power  law  curve fits (forced  through  one-cycle data, not  including 
runouts)  Equations [ 13 and [2], respectively.  The power law trend fits the data well,  including  run- 
outs.  The  exponential trend fits  only  if  a  fatigue  limit or slope decrease around 10' cycles is included. 
A  combination  of  exponential  fit  at  lower  cycles  and  power  law  fit at higher  cycles is shown in Figure 
65. 

Larger strands, taken from Dl55 fabnc, containing  2000  fibers  (Owens-Corning  OC 
107B-AC-450) were also  impregnated  with the ortho polyester  resin  and tested, as described  in  more 
detail  later  in  the  section on fiber  content  effects.  These were tested in an Instron 85 11 servo- 
hydraulic  machine  at  a  maximum frequency of 80 Hz. Figure 66  shows the larger  strand  data, 
extending to between 10' and lo9 cycles, fd with  the  exponential and power  law  models,  and  a 
combination. The data are similar to the smaller strand data in Figure 63. Figure 67 contains a 
combined  plot of the two data sets. The larger  strands  show  a  slight  flattening in the 10' to lo9 cycle 
range on a  semi-log  plot. The large  strand data tend  to  validate the trends for the smaller  strands, 
which can be run  to  higher  cycles  due to the higher  frequencies (the small strands tests required  579 
days to reach  10''  cycles). 

Comparison of these data with  earlier  results for standard coupons using the same  strands in 
unidirectional Dl55 fabric  composites is shown in Figure 68. The larger coupons show  a  lower 
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strength, as discussed  in the next  section.  The  laminate  results  also  depend on the fiber  content as 
discussed  later,  with  the  lower fiber content showing a  normalized S-N slope,  b, of about  0.10 
(Equation 1). This is  the  lowest  slope  measured  for  glass  fiber  materials in standard coupons [2]. The 
strand data show somewhat  less  steep  S-N trends in  addition to the higher static strength. 

Use of the strand data in  blade  design  is  problematical,  due to the  size  effects  shown  in 
Figures 67 and 68. At lo6 cycles, the small  strand  strains are about 2.0 percent,  while  the  best of the 
standard couponmaterials give  a  strain  in the range of 1.2 percent,  and the laminates  with  higher  fiber 
contents are in the  range of 0.6 percent  (discussed  later).  Thus,  it is dificult to use the small  strand 
data to establish  allowable  strains  in  conventional  coupons.  However, the small  strand data may  be 
useful in establishing the best  choice  for  a curve fit  model,  exponential versus power  law. The power 
law ffi appears  to be the  best  choice at this  time, as evidenced in Figure 66. 

. The  small  strand tests may  also  be  useful m exploring  factors such as matrix  selection  for  high 
cycle  fatigue  resistance.  Figure 69 presents  data  for the toughened  vinyl  ester resin Derakane 8084 
described  earlier, in comparison to the baseline  orthophthalic  polyester.  The  vinyl  ester  has  higher 
toughness  and  strain to failure,  but  approximately the same  elastic  modulus as the polyester.  The data 
in  Figure 69 indicate  only  a  slight  improvement  with  the 8084 at  cycles above lo6. As  reported  earlier 
for many  systems [2], the  matrix has little  effect  in  tensile  fatigue  resistance  out to lo6 cycles  using 
conventional  coupons. 
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Figure 59. Load-Cycles  Fatigue  Diagram  for  Small  Strands,  Normalized to 45 Fibers, 
R = 0.1. 
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Figure  60. Maximum Applied Fiber Stress versus  Cycles  for Small Strands, R = 0.1 
(using  measured  cross-sectional area of glass fibers only,  excluding resin). 
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Figure 61. Normalized  Maximum Stress versus  Cycles  Diagram  for  Small Strands, 
R = 0.1. 
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Figure  62.  Calculated  Maximum  Tensile  Strain  versus  Cycles for Small  Strands, 
R = 0.1 (strain calculated by  dividing  maximum  fiber stress by the fiber  elastic 

modulus, 72.4 GPa). 
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Figure 64. Log Normalized Tensile Stress versus  Cycles  for Small Strands with 
Trend  Lines. 
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Figure 65. Normalized Tensile Stress versus  Cycles  for Small Strands with 
Trend  Line. 
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Figure 66. Normalized  Fatigue  Diagram  for Dl55 Strands with 2000 Fibers. 
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Figure 67. Normalized  Fatigue  Diagram  for Small Strands  with 45 Fibers 
Compared  with  Larger 2000 Fiber  Strands [2]. 
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Figure 68. Maximum  Initial  Tensile Strain for Laminates  and  Small Strands, R = 0.1. 
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Figure 69. Normalized  Maximum Stress versus  Cycles  for  Small  Polyester  and  Vinyl  Ester 
Impregnated  Small  Strands, R = 0.1. 
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6.7. Conclusions 

Small strand tensile  fatigue data have  been  generated out to 10'' cycles  with  a  speaker cone 
apparatus.  The  results  show  much  higher static strength and fatigue  resistance  than  for conventional 
coupons (in the moderate cycle range). The  fatigue data support the use of a power law 
representation or else  a  fatigue  limit  around lo8 cycles.  Only  small  improvements are found at  high 
cycles  with  a toughened resin. 
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7. EFFECTS OF STRAIN RATE  AND  TIME  UNDER 
LOAD  ON STRENGTH 

7.1. Summary 

Static tensile  and  compressive  strength  data are presented in the database  for  a  wide  range 
ofmaterials, including  different  environmental  conditions.  These dataare obtained fromstandard size 
test  coupons  loaded at a  high  strain rate to be consistent  with  fatigue  strain  rates.  The  high  strain rate 
produces  higher strength values than would  low  strain  rates. The use of these  strength  data in blade 
design requires  consideration of the timescale  of  loading  under  extreme  wind  conditions. If the 
maximumstress conditions  for the blade  involve  significant  time  at  high stress, such as more  than one 
second, then the timescale of the  event  should  be  considered  before  using strength values  in  the 
database. 

This section provides  a  detailed  consideration of time  under  load  effects  for  various  laminates. 
The efkcts of time under load and strain rate are more  significant  than  expected  from  earlier 
investigations.  Load transfer between *45" and 0" plies is sensitive to time  under  load,  and 
contributes significantly to time  effects  in  addition to the  expected  static  fatigue  effects  for the glass 
fibers.  Rate efkcts are  significant  in  compression  as  well as tension.  Knockdown in strength  required 
for  longer time durations are additive  with  factors  such as strand  waviness  in  woven  fabrics,  which 
reduce  compressive  strength,  and  environmental  effects. 

7.2. Introduction 

Static fatigue  effects in tension  have  long  been known in  composites  containing  glass  fibers, 
and  derive hdamentally fiom moisture  related  stress  corrosion  crack growth in glass [68]. Fiber or 
composite strength data show  a  consistent  slope  with  strain rate or time  under  constant  load  for  time 
scales  varying  from  impact to long term loading, as in  pressure  vessels  [69]. For composites  using 
E-glass  fibers, the tensile strength in clearly  fiber-dominated  situations  (such as unidirectional 
laminates)  is  generally reported to decrease by the order of 3 to 4 percent per decade of either 
decreasing strain rate or increasing  time  under  constant load. Limited data for this  so-called static 
fatigue effect  show  increased  effects  if  matrix  dominated  damage is important, as with  random  mat 
composites [70]. No previous data are known for time effects  on  compressive  strength,  which 
generally  shows  a  matrix  domination. 

7.3. Results and Discussion 

7.3.1. Stress-Strain  Curves 

Most of the time efkcts considered in this section involve  laminates  with  a  combination of 0" 
and *45" plies.  Figure 70 illustrates  typical  stress-strain  curves for specimens ofthis type. In tension, 
as the stress increases, the first  damage  event is  matrix  cracking  in  the *45" plies,  which  show  matrix 
cracks growing  parallel to the fiber  direction.  Laminate  analysis  shows  this  cracking to be  dominated 
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by transverse  tension in these  plies,  with  a  smaller  contribution  from  the  shear  stress. cracking in the 
&45"  plies  reduces the laminate  overall  stiffness,  producing  a  knee in the stress-strain CXU-V~. Above 
the knee,  cracking  continues as the stress increases.  High  crack  density in the k45" plies  further 
reduces the secant  modulus as shown.  Cracking m the  *45"plies  shifts  more of the  load  they were 
carving onto the 0" plies.  Finally,  the 0" plies  approach  their  ultimate strain capability, and the 
laminate  fails. 

800 
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0 
0.0 0.5 1 .o 1.5  2.0  2.5 3.0 

Tensile Strain, % 

Figure 70. Typical Stress - Strain Curve  for a [0/&45/0],  Laminate. 

At stresses  below the knee,  where the strains are equal in all  plies, the relative  stresses in the 
0" and  *45"  plies in the O'direction are approximately 

where the subscripts are  c: overall composite, 0: 0" plies; 45: k45"  plies  and V, and V,, are the 
volume  fi-action of 0" and H5"  plies,  respectively. Ifthe k45" layers  become suficientlycracked that 
they  carry no stress, the stress m the 0" plies  will  be: 
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Figure 70  is a  schematic of the gradual  transfer of stress from the *45"  plies to the 0" plies as matrix 
cracking  in the k45" plies  accumulates. If the 0" ply  ultimate strain is reached while the k45" plies 
carry  a  significant  fraction of the  applied stress, o,, then the laminate strength will be higher  than  if 
the 0" plies  carry  all of the load. (The strain at failure will be about  the same, but the laminate 
modulus, E,, will be higher if the h45" plies  carry  substantial  load.)  Cracking in the k45" plies can 
be  influenced by time  under  load, fatigue, and  environmental  effects. The load  carried  by the i-45" 
plies is a  function ofboth the intralaminar  crack  density  within the plies  and any delamination  between 
plies. 

Figures  72  and 73 give the typical  tensile  stress-strain  curves for the 0" and *45"  materials 
tested  independently.  The  nonlinearity  in  the  *45"  curve occurs both before  and after cracking 
initiates.  The  high  strains  reached  by the *45"  laminate  reflects the need to delaminate the +45"  and 
-45"  layers  before  complete  specimen  separation  occurs. The complex  behavior of the *45" material 
complicates interpretation of the  behavior of the  laminates  containing both 0" and *45"  plies, 
particularly at the  high  stresses  where rate effect tests can be carried to failure  in  a  reasonable  period 
of time. 

7.3.2. Effects of Strain Rate 

Tensile tests were run at  varying  strain  rates  for  a  series of laminates. Figures 74 [l] and  75 
give  results for tensile  and  compressive tests, respectively.  All  tests  were run using a  ramp  loading 
fbnction(see typical  ramp  loading  function  in  Figure 76, bottom) with the indicated  displacement  rate. 
Note that, in  tension, the laminates  containing 0" and  *45"  plies  show  steeper  normalized  slope  than 
do the *45"  materials  separately. The compression results in Figure  75 are also significantly rate 
sensitive, in several  cases  more so than in tension.  Thus, the matrix  plays  a  major role in these  trends, 
in  addition  to  fiber static fatigue. 

Additional  tests over a  wide  range of rates  were run using the DD5  configuration [0/*45/0],, 
with  a  toughened  vinyl  ester  matrix  (Derakane  8084) and the baseline  polyester (ortho polyester  63- 
AX-051). The data,  shown  in  Figures  77  and  78,  again  show  a strong rate sensitivity for  both 
matrices,  with the polyester the more rate sensitive.  The  lowest rates in  Figure  76 show a  decreased 
slope,  possibly  indicating  an  exhausting of the *45" cracking  effect,  and  a shift to the fiber static 
fatigue  slope. 

Figure 79 gives  tensile  strengths  for  impregnated strands removed  from Dl 55 fabric (see 
Chapter  10.3)  versus  displacement  rate.  These  strands do not have  a  simple  linear  to  failure  stress- 
strain curve as  might be expected,  but  show steps in the curves  (Figure 79). The  steps  appear to relate 
to both partial  strand  failures  and grip debonding.  The data in  Figure  78  follow the approximate  3 to 
4  percent per log  decade  slope  expected  for  E-glass  dominated  materials. 
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Figure 71. Schematics of Strain Rate Effects on the Stress-Strain 
Curve (Top) and the Gradual  Shift in Load  From the *45" plies 
to the 0" Plies as  Matrix  Cracking  Accumulates in the *45" Plies 
(Bottom). 
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Figure 72. Typical  Stress-Strain  Curve  for  a  Unidirectional 0" Laminate. 
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Figure 73. Typical  Stress-Strain  Curve  for  a *45" Laminate. I 
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Figure 74. Ultimate  Tensile Strength versus  Displacement Rate (102 mm long 
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Figme 75. Ultimate  Compressive Strength versus  Displacement Rate (13 mm 
long  gage  section). 
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Figure 77. Ultimate  Tensile  Strength  versus  Displacement Rate for Two 
(O/f45/0), Laminates;  One  Laminate  with  a  Polyester Matrix and  One with a 
Vinyl  Ester  Matrix. 
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Figure 79. Maximum  Tensile  Load versus Displacement  Rate for an 
Impregnated  D  155  Strand. 

7.3.3. Constant  Stress to Failure  Tests 

The stronger than  expected  strain rate sensitivity  described in the  preceding  led to a  second 
series of tests run in a slightly different,  and  easier to interpret manner. Instead  of  varying the 
displacement rate inramp-type tests to failure, inthis series oftests the specimens were loaded  rapidly 
to a  predetermined  load, then that  load  was  held  constant until the specimen failed Thus,  the  time 
to failure at various stress levels was determined  (Figure 76, bottom). 

Results  for  time  to  failure for specimens  held at different stress levels  for  various  materials are 
given  in  Figure  80. The slopes of the stress-time  curves are again much greater  than the expected 3 
to 4 percent  per  decade oftime expected  for  E-glass  dominated  materials,  and are in a  similar range 
to the slope  observed in the variable strain rate tests. Figure 81  gives the same data, normalized  by 
the database  (high  strain rate) strength  value for that  laminate.  Table  18  gives  a  description of each 
material  and  the  regression  equation  for  the  data. For materials  not  tested for time  effects, the 
database  strength  values  obtained at a  higher strain rate, can be discounted  proportionally  to  similar 
materials in Table  18  for  the  timescale of interest. 

Additional data were obtained  by  recording the strains during the tests using an extensometer. 
Figure  82  gives  typical  strain-time  results at constant stress. The increasing  strain  is  consistent  with 
the progressive  matrix  cracking in the h45" layers,  and the transfer of their  applied  load to the 0" 
layers  shown  schematically in Figure 7 1. 
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Figure 80. Maximum  Tensile Stress versus Time to  Failure  at  Constant Stress. 
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Table  18.  Results of Constant  Stress  versus  Time to Failure  Experiments. 

ROV4 

7.4 S = 620 - 46 Log t 672 [90/0/*45/0], 41  DD16 

6.0 S = 520 - 31 Log t  592 [0/*45/0], 32 DDll  

5.8 S =410 - 24 Log t  486 [0/901, 52 
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Figure  82.  Tensile  Strain  versus  Time to Failure of a (0/*45/0), Laminate 
at  a  Constant Stress of 559  MPa. 
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7.4. Conclusions 

The  effects oftime  on static tensile  strength,  whether  strain  rate or time  under  load, are more 
significant  than  expected.  The  tensile  strength  for  coupons  with  a  high 0" content drops by up  to 9 
percent  per  decade of time  if  *45"  plies are present, while the rate is closer to 4  percent  if  only the 
0" material is  dominant. The high time sensitivity  with the *45"  ply interaction  may  need to be 
addressed in using  database  strength  values  (obtained  at  high  rates) in static strength design.  This  is 
treated as a  knockdown on strength in Chapter 8. 

The  compressive  strength  is  only  slightly  less rate sensitive  than  is the tensile  strength. The 
time  effects in compression  are  presumably  due to matrix  creep. 

7.5. Design  Recommendation 

The results  in this section  call  for  a  conservative  approach to  the design of strength-critical 
parts of the  blade.  These  points are likely to be  compression  critical  for  most  blades  in the extreme 
loading  condition. A conservative approach in tension  would to be to assume that  the *45" layers 
carry no  loads  and contribute no  modulus  in the highly  stressed  parts of the blade.  The 0" plies  could 
then be  assumed to decrease in  tensile  strength  by  4  percent  of  their strength per decade of time 
during the high  stress  event. For compression, the trend in Table  18  could be used, with the strength 
chosen to correspond to the timescale of the event (see knockdowns,  Chapter 8). For  laminates not 
shown in  Table 18, the stress can  be  normalized  by the database strength value, as shown,  and  a trend 
assumed  for  a  laminate of similar 0" material  content.  The  modulus  in  compression  could  again  be 
calculated  assuming  no  modulus  contribution  from  the *45" (or 90") layers. 
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8. KNOCKDOWNS  FOR  FLAWS,  STRUCTURAL  DETAILS, 
TIME  AND  ENVIRONMENT 

8.1. Summary 

Material partial  safety factors are an important part of blade  design.  They are intended to 
account,  in  part, for the effects of flaws  and  geometries  not  present in normal  material  test  coupons, 
as well as environmental  conditions  and  time  effects.  Safety factors can be rendered  more  rational by 
exploring  specific  contributing  factors,  which is the subject of this chapter. 

Laminates  fabricated j?om stranded  glass  fiber  fabrics  commonly used in  wind turbine  blades 
have  been found to  exhibit  a strong sensitivity to fiber content. The tensile  fatigue  resistance 
decreases  rapidly over a  narrow  range of fiber  volume fiaction as the fiber  content  is  increased.  Many 
manufacturing  processes  produce  fiber  contents  in  this range, and local variations  in fiber content 
around  details  such  as stiffeners are often not  well  controlled.  Thus, the fatigue  resistance  around 
structural details may drop  precipitously if the fibers  are  locally  pinched  during  manufkcturing. 

A second  problem  associated  with  structural  details is delamination  between  plies of fabric 
due to out-of-plane  stresses.  Delamination  can  lead to breakdown of a structure directly, often with 
subsequent  buckling, or indirectly, by  accelerating  fatigue breakdown of the  fiber strands. Another, 
independent  type of flaw,  fiber  waviness,  affects  compression  strength in many types of composites. 
This is inherent in woven  fabrics,  and is often  introduced by manufacturing  processes in otherwise 
straight-fiber  reinforcements. It is particularity  difficult  to avoid m thick  sections. 

This  chapter  explores the static and  fatigue strength of a  number of real and  simulated  flaws 
and structural details  which  may  be  associated  with local increases in  fiber content  as  well as 
delamination  and  waviness.  The  flaws  and structural details  investigated  include  ply drops, skin- 
stiffener  intersections m I-beams,  local  matrix  rich  and transverse fiber  areas,  surface  indentation, 
sandwich  panel closeouts and waviness.  These are compared  to  unflawed  laminates and laminates 
containing  severe  flaws  such  as  through-thickness  holes. The results  are  represented  in two ways. 
First, the stress or strain  required to produce  a 25 mm delamination  in static or fatigue tests in lo5 
cycles is documented  for cases which  delaminate;  and  second, as knockdown  factors on the ultimate 
static strain  andmaximum  strain  to  produce total laminate  failure m 1 O6 cycles.  Two  types of 0" fabric 
are included  in  most  cases.  The  knockdown factors on static properties ranged  up to 4.0, with the 
worst case being  a  sandwich  panel closeout. In fatigue knockdown factors also ranged up to 4.0 with 
the worst case being  a  double  ply drop in compression, with a  sandwich  panel  closeout  a  close 
second. Extended  time  under  load  showed  a knockdown of about 1.3,  while  50°C/wet  conditions 
produced  a  knockdown of 1.9 for  the  ortho-polyester  resm  in  compressive  fatigue.  Materials  with 
poor initial  properties,  such  as  woven  fkbrics m compression and high  fiber contents m tension 
fatigue,  require  lower  knockdowns than did  materials  with the best performance. 
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8.2. Introduction 

Structural details  are  a  potential  problem in composite  material structures for  several  reasons. 
They  may concentrate stresses  simplythrough  geometric  effects, as is common  with  metal  structures. 
They  also  may  produce local changes in reinforcement  architecture  (fiber  packing,  bundle  spacing, 
matrix  rich  regions,  etc.)  which can cause  stress concentrations associated  with  variations in  local 
material  modulus.  There is also the potential for local  property  changes  associated  with  fiber 
orientation  and  variations in fiber content,  which can lead to premature hilure. Thus,  the  primary 
structure of a  blade,  designed  for good fatigue  performance,  could be compromised by the presence 
of intersecting  stiffeners or by  ply drops in  areas  of  thickness  tapering,  with  similar  effects at ply  fabric 
joints.  Figure 83 shows  strand  packing  around  a  good  quality  resin  trahsfer  molded  (RTM)  stiffener 
intersection  described in more  detail in a  later  section,  and  Figure 84 shows  a  section  through  a 
typical  ply  drop. 

A reason  for concern is that  the  fiber  content  can  become  locally  high as the strands are 
crowded together in the detail areas.  Studies  discussed  elsewhere [2, 8, 111  have shown  a  sharp 
transition in fatigue resistance  associated  with  increasing  fiber  contents in the range of 40  to 50 
percent  fiber  by  volume.  Figures  1  through  3  show  this  transition  for  typical  laminates  containing 50 
to 100 percent of the fiber  in  the  load (0') direction,  with the remainder of the  layers  oriented at h45'. 
The lines m Figure 1 show  normalized S-N trends in the form of Equation [l], an exponential 
formulation. The results  show  a  change in  fatigue coefficient, b,  from  about  0.10 at low  fiber 
contents, to about 0.14 at higher  fiber  contents.  These  coefficients  represent the best  possible  tensile 
fatigue  resistance at low  fiber  content  (b=O.lO),  and  the  worst  observed  resistance at high  fiber 
contents @=0.14). The  concern is that,  even if a  blade  is  manufactured for optimum  fatigue 
resistance,  the  resistance  in  the  structural  detail areas could  knock the allowable  strains  down by a 
factor of two  to three due to local  fiber  crowding.  The  delamination  based  design methodology 
(chapters 12 and  13)  for structural details  does not take  such  fiber  packing  effects  into  consideration; 
these  must  be  handled  separately  for  their  effects on in-plane  strength  and htigue. 

Fiber  waviness is a  fundamental  problem in fibrous structures. It has been  shown in many 
studies [44] to strongly  reduce  compressive strength in  aerospace-type  composites.  Fiber  waviness 
is  inherent in woven  fabrics,  which have been described in  detail in the past  [2] in  this  program. 
However,  in-plane  waviness  is  often  introduced  by  local  fiber  wash  during  processing  by  methods 
such  as  RTM,  and  has  even  been  a  problem in prepreg  based  aerospace  applications. 

8.3.  Experimental  Methods 

All materials  were  fabricated  at  MSU  by  resin  transfer  molding or hand  layup (the latter  for 
sandwich closeouts and  waviness  specimens).  Relnforcing  fabrics  fiom  Owens  Corning  Fabrics  were 
used  in  all  cases,  with  an  orthophthalic  polyester  resin  (CoRezyn  63-AX-05  1)  with  approximately  2 
percent  methyl  ethyl  ketone  peroxide  as  a  catalyst.  Plates  were  cured  under  ambient conditions, 
followed  by  a  post  cure  at 60°C for two hours.  Details ofmolding, specimen  preparation, and testing 
can  be  found  in  References 17 and  34.  These  materials  are  typical of those  from  hand  layup and other 
processes  used by  blade manuhcturers. The reinforcing  fabrics  included D 155  stitched 
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Figure  83. Cross-section Through Integrally Molded  Skin- 
Stiffener Intersection Showing  Fiber  Strands  for 0" (large 
strands)  and *45" (small thin  strands)  Layers. 

. 1 00 plies / Dropped Resin rich area 

Figure 84. Photomicrograph of Material ESH (Table  19)  Showing 
Resin  Rich  Region  Ahead  and Strand Crowding  Behind  the  Ply 
Drop. ([0/0*/0*/*45/0/(0/*45/0)J, * = dropped plies) 

bonded weft  unidirectional,  A130  woven warpunidirectional, DB120 stitchedA5", and  UC1018V k 
warp  unidirectional  fabrics. 

Structural details  were incorporatedinto thematerials during  molding inmost cases.  Ply  drops 
were incorporated in area  of  thickness tapering as shown in Figure 84. Other  features  such as surface 
indentations  and matrix rich areas were either molded in or bonded on  to simulate  possible  effects of 
stiffener  intersections,  etc., as described  later. Actual stiffeners  were  included  in the form of I-beam 
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web-flange  intersections,  following  fabrication  procedures descriied elsewhere  (mostly  secondary 
bonding of the stiffener to the  flange  [3, 71). Sandwich  panels  described  in  a  later  section are also 
included in this  study. 

In-plane  fiber  waviness  was  introduced  by  removing several stitches,  then  pulling the fabric 
into  a  wavy  shape.  Details of waviness  effects  and  their  introduction  can  be  found  in  Reference  44. 

8.4. Results and Discussion 

8.4.1. Delamination at Ply Drops 

Detailed  results  for  the  growth of delamination  cracks  at  various  ply drop geometries  were 
reported previously [3, 71. Other studies involving  delamination in standard  delamination  test 
specimens  and in complex substructural geometries  are reported in later  sections of this  report. 

The  stress  for  delaminations to initiate  and  grow at ply drops is  usually  far  below  the  strength 
'ofthe laminate.  Figure 85 shows  delamination  length  versus  applied  tensile stress for the typicalESH 
configuration  which  contains two internal adjacent  ply  drops.  Delamination  started to grow  at  about 
20  percent of the laminate  ultimate  tensile strength. Design  knockdown  fhctors  for static and  fatigue 
loading  are  included at the end  of this section. 

Fatigue tests were run under  tensile  loading (R4.1) at  relatively  low  cycles, on the order of 
lo5, at various  maximum  stress  levels.  Table 19 presents  a summary  of the  results  reduced  to  a  form 
which  may be of use to designers.  The base laminate  is  identified in the  database [2, 131 as  DD5, 
which  has  a ply configuration [O/=t45/0], , with 72 percent 0" layers  and an  overall  fiber  content of 
37  percent  fiber by volume.  This  material  is  a  typical structural laminate  for  wind  turbine  blades  and 
has good tensile  fatigue  resistance  (see  Figure 1). Most ofthe laminates  in  Table  19  had  fiber  contents 
in the range of 30  to 36 percent as detailed  in  Reference  34. 

When  plies are added to this  approximate  laminate  configuration,  then  dropped  in  the coupon 
gage  section,  they are indicated  by an (*) in  Table 19. Thus,  laminate  type  ESA  has  an  single 0" 
surface  ply  dropped , while  ESB  has  a  single 0" interior ply dropped. When  the data presented in 
Reference 13 are  reduced to obtain an approximate  strain to produce significant (25 mm) 
delamination  length  within lo5 cycles,  the  various  laminate  types in Table 19 can be compared A 
number of methods for improving  delamination  resistance  at  ply drops by added  reinforcement  and 
tough interlayers  are  also  discussed  in  Reference  13. 

All of the strain  levels  shown  for  delamination  are  above the typical  working  strains ofblades. 
However, those strain levels  might  be  reached  in  service  in stress concentration areas, and  in many 
cases are well  below  the  fatigue strain capability of the base  laminate  at the strain  level  shown.  Thus, 
those strain values  below  about 1.0 percent would likely produce delamination  prior to laminate 
fatigue  failure, as discussed  later.  The  results  clearly  show  that  surface  ply  drops  delaminate  at  much 
lower  strains  than  interior  ply  drops (ESA and ESE  versus  ESB,  ESC,  and  ESF).  Dropping two 
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internal  plies at the same  location  produces  delamination at lower  strains (ESH versus  ESB) that are 
equivalent to a  single  surface  ply  drop.  Multiple  internal  ply  drops,  when  spaced at various  distances 
from 13  to 48 mm, rather than at the  same spot as m ESH, produced delamination 
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Figure 85. Static  Applied  Tensile  Stress  versus  Delamination  Length  for 
ESH Laminate,  with  Two  Internal  Ply  Drops. 

similar to a  single  internal  ply drop (ESI versus  ESB).  Figure 85 shows no  clear  trend  with  ply drop 
spacing,  with all spacings  giving  similar  results to a  single  ply drop (ESB),  and  much better resistance 
than  for  a double ply drop at the same  location  (ESH).  It  did  appear  that  the  delamination rate could 
approximate that of ESH  if the delamination  at  the  closer  spacing  grew to where they  overlapped, 
producing  a geometry like ESH. While  complete data are not available to explore this question, aply 
drop spacing of at  least 25 mm, with  interior,  single  ply drops, should  avoid  this  problem. Also, it 
should be understood  that the fhbrics  used  in  this study are  relatively  light  weight,  and  heavier  fabrics 
would produce effects  like the multiple  ply  drops  presented  in  this  study. 

A related  parameter  is  the  thickness of the  plies dropped versus  the total laminate  thickness. 
As indicated  by  modeling [34], delamination is reduced ifthe percent  thickness reduction is smaller, 
as with  a  thicker  base  laminate. 

Laminates  with  %45"  layers  dropped were also  tested,  but these failed  in  tension prior to any 
delamination. Thus, it  appears  that  single or double  %45"  ply  drops  with the DB 120 fabric  will not 
produce delamination [34]. 
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Two other representations of delamination  resistance  are  given  in  Table 19, the apparent 
arrest strain  for  a  growing  delamination  (typical data shown  in  Figure 86), and the threshold strain 
where delaminations  were  not  observed  to  initiate in the lo5 cycles  tests.  These are approximate 
values  fi-om  the  limited  test data in Reference  34.  These  results  generally  follow  the trends described 
above  for  a  25 mm long  delamination in lo5 cycles,  but  at lower strain values. It should be noted, as 
shown in  the  next  section,  that the ply drop might shorten  laminate  hfetime  in  some  cases,  even  if it 
does not produce any  delamination. 

Table  19.  Comparison of Delamination  Resistance of Different  Ply  Drop  Configurations 
(R = 0.1). 

Strain  for 25 mm 
Laminate L W P  

(* indicates dropped ply) delamination in lo5 
cvcles. % 

ESA 

1.1 r0/~45/0/0*/0/*45/01 ESC 
1.1 [O/O*/k45/O/O/k45/0] ESB 
0.6 [0*/(0/f45/0)s] 

Arrest 
strain2 , % strain', % 
Threshold 

0.5 I 0.4 
I 

1.1 I 0.8 
1.1 I 0.8 
0.4 I 0.4 
1.0 I 0.7 

'- no  further  growth  over  most of the lo5 cycles 
2- no  delamination  after at least lo5 c  cles. Fabric!: 0": Dl  55; k45": DB  120 

Lamnates ESO, ESR  and  ESP norshown,  k45 layers  did  not delamnate. 
3- Same as ESB,  except  multiple ply drops. 

8.4.2.  Effect of Ply Drops on Fatigue Lifetime 

As noted  in the introduction,  a  structural  detail  such as a  ply drop can concentrate stresses, 
and can also  rearrange  local  reinforcement  packmg  and  orientation.  This may  result  in  reduced 
lifetime,  whether or not delamination occurs. In fact,  some  delammation  and  matrix  cracking  at  stress 
concentrations, such as holes, in composites is widely recognized to reduce the stress concentration 
in  the  load  bearing fiber strands, improving  the  fatigue  performance [71]. 

A comparison of the S-N fatigue  data  under  tensile  fatigue for high  and  low  fiber content (VJ 
laminates is given  in  Figure 86, with  and  without  a  double  ply  drop. The high  fiber  content  results are 
about the same,  whether or not there is a ply drop present. The low  fiber  content  laminates,  which 
show  much  improved  fatigue  resistance  in the absence of ply  drops, are adversely  affected  by the 
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double ply drop, producing  a steeper S-N curve which is now  similar  to  the  high  fiber  content cases 
here  and in Figures  1  and 4. Thus,  it  appears that the more fatigue  resistant  materials in Figures 2 and 
3 (those with  lower  fiber contents) lose  their  advantage  when used in  conjunction  with  a  double ply 
drop. Ths may be due to locally  higher  fiber  packing  in  the  ply drop area  (Figure 84). The laminates 
in Figure 87 used  weft  unidirectional  D  155  fabric  for the 0" layers; similar fmdings are presented in 
Reference 34 for the warp  unidirectional  fabric  A130 in similar  cases. 
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-i ESIl: 12 mm between  ply  drops 
+ ESP: 24 mm between  ply  drops - - ES13: 36 mm between  ply  drops -- ES14: 48 mm between  ply  drops - 
--x-- ESB:  single,  interior  ply  drop 
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Figure 86. Effect of Different  Spacing  Between  Ply Drops, R=O. 1, ESI 
Laminate (Two 0" ply  drops) at 276 MPa. 

Somewhat  less  severe  results were obtained  when  a  single  layer  ply  drop was used (ESB) 
instead of the double  ply  drop  in  ESH.  Figure 88 compares these two cases. The fatigue  resistance 
for  ESB is now about  midway  between  values  for  good  and bad materials  in  Figures 1 and 4, but the 
laminates in Figure 88 were at a  medium  overall  fiber content of 44 percent. 

Delamination  may  appear to be  significant  in terms of compromismg the integrity of the 
laminate.  However,  when  specimens were fatigued to a  significant fractionoftheir lifetime (n/N), then 
tested for  residual  tensile  strength,  Sr, the residual strengths given  for  individual tests in Table 20, 
normalized  by  the  initial strength, So, are between 0.85 and  0.95. Thus, delamination at ply drops  does 
not  severely  reduce  laminate  strength over most of the lifetime  range. 

Reference 34 presents additional  results for ply drops under  compression  loading  and in 
I-beam  substructural  elements. In general,  strains to produce  delamination in beam  flanges  were 
consistent  with  those in the coupon studies. While  delamination occurred sooner on the tensile  flange 
than on the compression  flange, the compression  flange  delamination  was  sudden  and  extensive. 
Delamination  under  compression  fatigue  will  be  investigated in  more detail m the future. 
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The  compressive strength and  fatigue  resistance are probably  also  reduced by ply  drops  due 
to geometric  effects.  However,  these  have  not  yet  been  investigated  due  to  difficulties in compression 
testing of geometries  which  vary in thickness  without  premature  bending  and  buckling. 
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Figure 87. Effect of Fiber  Content on the Normalized S-N Data, R-O.1, for 
Control DD materials [0/&45/0]s Compared to ESH  Laminate (Two interior 0" 
ply drops). 
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Figure 88. Tensile  Fatigue (R4.1) S-N Curves for ESB  (Single 0" internal ply 
drop) and ESH (Two  interior 0" ply drops). 

Table 20. Residual  Strength  of  ESH  Laminate  After  Being  Fatigued (R=O. 1)* 

Coupon 
strength,  strength, stress, content, 

S , /  So  Residual  Initial n / No Cycles Maximum  Fiber 

% S,MPa So,  MPa  MPa 

ESH  205 

0.961  717  746 O.llA 1.100,000 176 44 ESH 404 

0.920 ' 686  746 1.1 1,100,000 207 44 ESH 409 

0.960 675 703 0.4 20,000 276  36 ESH  213 

0.853  600  703 0.8 40,000 276  36 

*- Lifetime  estimate  used  was lo7 cycles,  however test was  stopped  at lo6 cycles  after  no 

* Individual  specimen  results 
delamination. 

8.4.3. Effect of Other  Structural  Features 

As  indicated in Figures 89 and  90, a number of cases have  been  investigated  which  simulate 
possible  effects of structural details,  like  stiffeners,  on  base  laminate  fatigue  resistance.  These  cases 
involve  variations of resin  rich areas, crowding of fibers,  and exterior geometry.  Fatigue S-N data at 
R=O.l(tension) have been obtained for all  cases,  and the strain to produce  failure m lo6 cycles 
determined;  some  were  also tested in compression  (R=lO).  The  knockdown  factor  for  design, F, is 
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the ratio  strain  without  and  with the detail  present.  These  ratios  have  been  determined  for both static 
(ultimate strength) and fatigue testing  to lo6 cycles  in  many  cases, as well as conditions for the 
growth of a  significant  delamination (25 mm). Thus,  the  allowable  fatigue  strain in the  design  should 
be  reduced by  dividing by F if a similar feature is present.  Figure 89 gives S-N data  for  several cases 
from  Figure 90. The base  laminate  is  [O/rt45/0],  with V, =36 percent, which  has  good fatigue 
resistance, as shown  for  comparison in  Figure  89. 

Composites  have  remarkable  tolerance to many  types offlaws which  would  produce  problems 
in metals. For example, in a  cracked  90"  material  patch  simulation,  a  resin  rich  area on  the order of 
the laminate  thickness, produces no measurable  fatigue lik reduction, even though  a  crack  grows 
through the patch  early m the liktime. However,  if  a  thinner  90" ply  patch is molded  into the interior, 
it  reduces the lifetime  significantly,  apparently  due to the increase  in  fiber  content  this  forces  on the 
remainder of the laminate in the area (34 to 47 percent  fiber). This moves the base  laminate  into the 
poor fatigue  condition in Figure 1, due to the  higher  local  fiber  content. 

One of the most  severe structural details  shown m Figures 91 and 92 is, somewhat 
surprisingly,  a  simple  molded-in  indentation  in the laminate  surface,  caused by a  bump on the  mold 
surfkce. No fibers are cut,  but  the  fibers  are  locally  compressed together to increase the local  fiber 
content fiom 36  percent  away  fiom  the  indentations,  to  52  percent at the minimum  thickness.  This 
again shifts the  material  into  the  high  fiber content, poor fatigue  resistance  condition in Figures 1 
through 4. The  surface indentation is intended to simulate the compression of the  fibers over a 
molded-m stiffener, but the surface  geometry may also contribute to  the effect; local  delaminations 
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Figure 89. Effect  of  Defects  Which  Produce  Locally  Higher  Fiber  Content 
on the Tensile  Fatigue  Behavior of Baseline  Material  DD5. 
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at the shoulder of the indentation  were  observed  prior  to  failure. The case with smooth suhces, but 
a similar fiber  content  increase  caused  by  inserted 90" material  may  be  more representative of typical 
structure.  The  knockdown  factor  here  is 1.4 compared to 2.5  for the indentation. 

By way of comparison, the I-beam structure shows  very  little  effect on fatigue  when the 
tensile  flange  fatigue  performance  is  considered [3, 71. Here, the web  is  bonded to the flange  after 
molding  each part separately, so that no local  strand compression occurs, as compared  with  a 
molded-in  stiffener. As discussed m the previous section, ply drops can have a significant  effect on 
fatigue life,  causing  significant  knockdown factors if the laminate  has  a  low  fiber  content. 

An important  aspect of Figure 90 is that the base  laminate, except where noted, has  a  low 
fiber  content,  and good fatigue  performance.  This can then be degenerated to poorer fatigue 
performance if the local  fiber  content  increases  and/or the  surhce geometry  changes, mducmg  local 
delamination. 

The  most  severe knockdowns in tension  came fiom the  sandwich  panel  closeout  with the 
standard 30" angle,  transitioning to a  thin  laminate  that  is  described indetail later. The sandwich  panel 
alone  causes  little  loss in tensile  strength,  but the closeout  causes strong geometric  effects  including 
delamination  and  fiber packing effects. This would  also  be  expected to strongly compromise the 
compressive  strength, but the geometry  makes  compression testing difficult. As noted  later,  sandwich 
closeouts may be located m low stress  areas, so that their full knockdown effects  are  not  realized. 
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Sandwich panel data are based on stress, and are compared to the facesheet material alone. 

Delamination indicates conditions where delamination spreads completely across the  Specimen. 

Figure 90. Static  and  Fatigue  Knock - Down Factors for  Tension  and  Compression 
Laminates  Based  on D 155  and A1 30 0" Fabrics. (Knock-Down Factor, F,  is  the 
Ratio of Strength or lo6 Cycle  Fatigue Strain for Control Laminates  Tested  at 
Normal  Rates  and  Environment,  Relative  to  Laminates  Containing the Indicated 
Condition.) 

129 



ompression Fatgue 

0 I : : : : : : : ; I  : : L ;;;;;I : : I I I 9 ' 8 ' '  

IEO  1El 1E2  1E3  1E4  1E5  1E6  1E7  1E8 
Cycles to Failure 

I DD5P  with  Double  Interior 90's 0 DDl l  with  Double  Interior 90's 

A DD5P  with  Surface  Indentation A DDI 1  with  Surface  Indentation 

Figure 91. Effects of Surface  Indentation and Interior  Inclusions  on 
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Figure 92. Effects of Fabric  Type on Tensile  Fatigue  For  Coupons  Containing  a 
Surface Indentation  Compared  With  Trend  Line For Base  Laminates  Without 
Indentations,  R = 0.1 

Nearly as important as sandwich  closeouts  are  severe  waviness efkcts. Most strands include 
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a sign5cant amount ofmisorientated fibers  due to  the effects ofwinding on spools and other factors, 
which can significantly  reduce the compressive strength even if the overall strand is straight. 
Furthermore,  additional  waviness due to processing can significantly distort the strands in a  local  area 
[72].This  is  diilicult to avoid in many  processes,  and  can  be  difficult to inspect  by  nondestructive 
evaluation. Low levels of waviness  do not  reduce  tensile  strength  sigrdicantly,  but all levels  reduce 
compressive strength of otherwise  straight  fiber  laminates (woven fabrics  already  have  significant 
waviness  due to the weave).  Severe  waviness can strongly  reduce both static and htigue strength 
under  both  tensile  and  compressive  loads  [44]. 

8.5. Time and Other Knockdowns 

Material  safety factors are also intended to include the effects of time  and  environmental 
conditions. As noted in earlier  sections, both of  these  factors can significantly  reduce the static and 
fatigue strengths. Unfortunately,  time  and  environmental  knockdown  factors appear to both be 
additive to the other knockdown  effects.  For  time  effects,  several  possible  durations of extreme  loads 
are listed, as described  earlier.  Combined hot/wet conditions  representative of relatively  extreme 
moisture contents for the particular  resin and a maximum temperature of 50 "C are listed. As noted 
in  earlier  sections,  time  and  environment can lead to significant  knockdowns. 

8.6. Conclusions 

The  various sources of knockdown  factors  shown in Figure 90 have serious  implications  for 
blade  design. The most  severe fictors  of 3.0 to 4.0 are more  severe  than  cutting  a 13 mm diameter 
hole  through the laminate.  These  include  delamination  and  failure  at  sandwich  panel  closeouts  and 
delamination at double 0" ply  drops. The former  could  be  alleviated by changes  in  closeout  design 
(Chapter 14) or placed  in  low stress areas.  The ply drop effect  is  more  difficult to avoid,  particularly 
if thick  fabric  layers are used; some  delamination at ply drops may be tolerated in  blades  if  it is 
embedded in the interior of,the laminate;  however,  the  limited  compression  data  indicate  a  serious 
knockdown  in  compression  fatigue  ifdelaminations  grow  significantly. 

More moderate knockdowns of 2.0 to 3.0 are  observed  for  fiber  waviness  and  features  which 
cause local  fiber content increases  due to crowding of strands.  Surface  indentation and  internal 90" 
material  inclusions are in the latter  category  intended to simulate  effects  near  stiffener  intersections, 
etc.  The  geometry  of the surface  indentation may  be  significant,  and so the internal  inclusion,  which 
is less  severe,  may  be  more  representative  of  typical  structural  details. 

The time  and hot/wet conditions are less  severe,  but are additive  to  other  knockdowns; the 
hot/wet effects  would be much  lower  for other resins  (Chapter 3). Secondary  bonding of stiffeners 
and other substructures may  avoid the fiber  crowding  effects  simulated  for  integrally  molded  cases. 
Strong geometric  changes  such  as  sandwich  panels  and  adjacent  matrix  rich  material  need not  lead 
to  large  knockdowns  away  from  transition  areas. 

The  results fiom the ply drop experiments  indicate  that  ply  drops of the 0" we8 unidirectional 
fabric (D 155) need  not  lead to delamination  prior to laminate  failure ifthe following  conditions are 
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met:  drop  only  individual  plies  at  a  particular  point; drop the plies  on the interior rather at the surface; 
and  space  adjacent  ply drops at  least 25 mm apart  where  multiple ply drops are needed.  These 
recommendations are not optimum  for  manufacturing, but neither  are  they  a  major  expense.  While 
properly  configured  ply drops need  not  lead to premature delamination, they are likely to require  a 
knock  down  factor indesign ifthe base  laminate  has  a  low  fiber  content  and other characteristics  such 
as a  high 0" material  content [2] which produce good tensile  fatigue  performance. 

8.7. Design  Recommendations 

Several  implications are evident  in  the  fatigue data and  knockdown factors for ply drops and 
other flaws  and structural details.  First,  even  some  simple  variations  such as surfixe indentations can 
produce  a  significant  increase in fatigue  sensitivity  and  decrease in static strength in  laminates  with 
good base  material  characteristics.  Second, it  is  not clear  that  a  complex  composite  structure  such 
as a  blade  can be manufactured  without  some  details of this  type.  Third, there may be little  benefit 
in choosing  fatigue  resistant  laminate  types if they are this sensitive  to detail features,  and if  the 
poorer-behaving  laminates do not  show these  efkcts. Further work is needed to explore  whether 
materials  such as triax would  require only low knockdown  factors. In the long run, there is  a  clear 
need to develop  manufacturing  approaches  which  give control over redorcement architecture to 
avoid  waviness  and  strand  packing,  particularly  near structural details. This is  particularly  important 
for  processes  such as resin  transfer  molding (RTM) which  may  involve  molded-in  design  details. 
Testing of more  realistic  RTM  molded  blades  and  substructural  elements is planned in  fbture  work. 

The  time  and  environmental  factors  are  significant,  unavoidable  in  some degree, and  additive 
to other  knockdowns. The use of environmentallyresistant  iso-polyester  and  vinyl  ester  resins  would 
reduce the environmental  knockdown. The extreme  load  conditions,  involving  compression  loads, 
time  effects,  environment,  and  often  fiber  waviness in fabrics may be subject to high  additive 
knockdowns;  more  study of this  topic  with  realistic  load spectra containmg  time efkcts is  needed. 
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9. DELAMINATION TESTING AND DATA 

9.1. Summary 

Delamination  between  plies is widely  viewed  as  the  “Achilles  heel” of composite  material 
structures. Failures in blades due to delamination  have  been  observed  in both service  and  full-scale 
blade tests. Delaminations occur in areas of complex,  three-dimensional stress states which  are  rarely 
analyzed in detail during  design.  The  resistance to failure  due to thickness-direction  shear  and  normal 
stresses is  very  low  relative to the  fiber  dominated  properties  along the primary  load  paths.  Lower 
cost  thermoset  resins are brittle,  and  their  composites  have  low  delamination  resistance  (see  Chapter 
3). Manufacturing  problems  such  as  resin-rich areas and  porosity  can  provide  sites  for  delamination 
initiation.  Environmental  factors  and  fatigue  loading can lead to the spread of delaminations at low 
load  levels. In aerospace  applications, the delaminationproblemhas  been  addressed  primarily  through 
increased  resin  toughness  (which is costly),  conservative  designs in structural detail areas,  and  a 
variety of rules-of-thumb [73]. 

Relative to aerospace  composites, wheredelaminationproblems have  been  addressedin  detail, 
wind  turbine  blades  tend  to be more  heterogeneous  (thicker  plies  and  stranded  fabrics),  which may 
raise  both  the  stresses  causing  delamination  and the material’s  resistance to delaminationgrowth. The 
more brittle, low cost resins  which are commonly used in blades produce lower  delamination 
resistance,  while  glass  fibers  tend to reduce  delamination stresses due to the reduced  anisotropy 
relative  to  carbon  fiber  composites. 

Methodologies  for  dealing  with  delamination are described in this  chapter,  and in later 
substructure chapters.  Test  methods  which  are  applicable  to  blade  materials are identified,  and  test 
procedures are described  which  produce  conservative  measures of delamination  resistance.  Methods 
of analysis for both  standard  delamination tests and complex substructures are described,  with 
applications  of the latter in the substructures chapter.  Test  data  are  limited to a  few cases at this  time; 
these  cases relate to  the matrix  study  discussed  earlier, and the substructure studies which  follow. To 
use  delamination  data in the  design of structural details,  it  is  necessary to have data for basic  opening 
and  shearing  modes  of  delamination growth for the ply  interfaces  of concern, with the appropriate 
fabrics,  resins,  and  fiber  contents. To date,  only  limited data have been  obtained  for static 
delamination  and  fatigue crackgrowth. A simplifiedprocedureofusing only  initiationvalues in design 
is recommended. 

9.2. Introduction 

Composite  materials are relatively  strong  and  durable  when  loaded such that the fibers  carry 
the loads;  however,  even  relatively  small out-of-plane loads can cause separation  between  plies, 
where the strength and  resistance to crack growth are relatively  low. Out-of-plane stresses  occur 
naturally at many types of structural details, as indicated in Figure 93 [74]. 
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Figure 93. Common Structural Elements  which  Generate  Interlaminar 
Stress Concentrations [74]. 

As with  monolithic  materials [75], delamination crack growth  may be separated  into three 
independent  modes  (Figure 94), with  mixed-mode  cracks  common  in  many  geometries.  Modes  I  and 
I1 are  the  most  prevalent  in  delamination  problems,  and  test  methods  for  pure  Mode  I  and I1 cracks 
have  been  standardized.  Mixed mode crack growth  criteria  have  been  investigated  as  described  later, 
but  their  application to blade  materials  requires  validation. The delamination  tests  can be used for 
either  static or fatigue crack growth studies.  Thus,  a  database  is  under  development for static and 
fatigue crack growth results for various  materials  parameters.  These data can be used  in  materials 
selection, in design  rules-of-thumb,  and in finite  element  based  structural  detail  design as 
demonstrated in the substructures sections. 

Figure 94. The Three Modes of Cracking,  Mode I 
(opening), Mode I1  (sliding)  and Mode I11 (tearing) [75]. 
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9.3. Delamination  Test  Methods 

Delamination  test  rpethods  were  discussed  briefly  earlier  with  regard to matrix  and 
environmental  effects.  Tests for Modes I and I1 are shown in Figures  96  and  97. In aerospace 
composites, testing of this  type has led to greatly improved  delamination  resistance,  primarily  through 
tough epoxy  and  thermoplastic  matrix  development. A good review of the  use  of  fi-acture  mechanics 
in  composites  can be found in Reference  [76]. 

The  second  part  of  this  report  deals with substructure tests, where  delaminationis the primary 
mode  of  failure.  Finite  element  results for these substructures indicate  that  most  delaminations occur 
under mixed  mode  conditions, that is,  a  combination of Modes I and II. A test method which 
combines the specimens in Figures  96  and 97  to give  controlled mixed  mode  loading  is  shown  in 
Figure  98.  Test  methodologies  for this geometry  with  wind  turbine  composites are currently  under 
development in the MSU program Particular  thicknesses  and crack lengths  must  be  identified to 
grow cracks  with  fabric  reinforcements  and  matrices of interest, as many  cases  exceed  allowable 
displacements  prior to crack extension. 

For reasons  discussed later, it is  often  necessary to measure the strain  energy  release  rate, G- 
values (see chapter 9.4) for  only  short  values of crack extension,  called  “initiation” GIc and Gut. 
These are usually the minimum values  relative to those measured  with  greater  lengths  of  crack 
growth.  Measurement of initial  crack growth requires carehl observation  of the crack  length  during 
testing, or loading-unloading  sequences  with  inspection for crack length  at  each step. The lowest 
values in  this study are reported for  cases  where the crack grew directly h m  the  teflon starter strip 
with no  initial  pre-cracking. An alternative  method, which is also  used  for  unstable growth in Mode 
11, follows  the  5  percent  offset  procedure  used in ASTM  Standard  E399 for metals.  Figure 98 
illustrates  this  method  as  applied in ENF  tests.  Unless noted, tests in this  study  involved an initial 
starter  crack  beyond the teflon strip, introduced by wedge  opening prior to loading for both the DCB 
and ENF tests. 

9.4. Analysis of Delamination 

A wide range of analysis  methods  have  been  developed  for  delamination tests and  for 
delamination  in structural geometries  [74]. The most  widely  used  methods are based on modified 
beam  theory  (MBT). 

One  of the most  common  methods of analyzing  and  predicting  crack  growth  behavior  is the 
concept of strain  energy  release rate, G. The basis  for  G  lies in the GrifEth  criterion,  [74],  where the 
condition  for  crack  growth  is: 

dU - dW 
d a h  

where: U = elastic  strain  energy 
W = energy  required  for crack growth 
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a = crack length 

G is also  called the crack driving  force  and  equals  dU/da. The resistance to crack growth is  referred 
to  as  the crack resistance, R (not to be  confused  with  the stress ratio, R, in htigue) and  equals  dW/da, 
which  is the energy consumed in crack  propagation  per  unit  area of crack  extension. The condition 
for growth in Equation 1 1  can also be read as G = R at crack  extension. At or above  some 
critical  value of G, the crack will  propagate.  This  critical  value must be  experimentally  determined 
for  each  material  system. The critical value  usually  differs  for  each mode and is denoted with 
subscripts as GI, and G,,. In practical  terms,  materials  that are "tougher"  have  higher  critical  values 
of G, requiring  more  energy to grow  a  crack in that  material. 
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Figure  97.  Mixed  Mode  Bending  Test  Apparatus. 
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Figure 98. Typical  Load  versus  Actuator  Displacement  for an ENF 
Specimen. 

To  obtain  critical  values for G in static  loading  conditions,  a  variety of tests are  used for  the 
various  modes of crack extension. For Mode I fracture,  the  standard test specimen is the double 
cantilever  beam  (DCB) as described in ASTM  standard  D5528  and  shown in Figure 95. The critical 
strain  energy  release rate to grow a crack in the  material can be obtained  by the use of the load versus 
displacement  curve of the test and the modified  beam  theory  (MBT)  method  [76]: 
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3 P 6  
G I C  = 5 7 

where: P = critical  load at crack  propagation 
6 = displacement  between DCB cantilever arms at critical  load 
b = specimen  width 
a = crack  length  measured  from  the center of the load pins 

The  end-notched  flexure  (ENF)  test has emerged as the  standard test method  for  measuring 
Mode I1 type crack growth, although  questions  remain as to crack closure problems.  Typical 
specitnen  geometry and loading  for an ENF  specimen are shown in Figure 96. This specimen 
produces shear at the mid-plane of a  composite  loaded m three-point  bending.  When  a  critical  load 
is reached, the crack advances, usually m an unstable m e r  [34].  A  formula used to calculate G ,  
based on beam  theory [77,78] is given  by: 

9 p 2  a2 C 
2 b (2 L 3  + 3 a3)  ' GIIC = 

where: P = critical  load at propagation 
a = initial  crack  length  measured from support  point 
C = specimen  compliance (= center  point deflectioo) 
b = specimen  width 
L = one-half  support  spacing  distance 

9.4.1. Analytical  Prediction of Strain  Energy  Release Rate 

Many  analytical  methods  have  been  developed  for use with  finite  element  analysis  (FEA) to 
predict strain  energy  release rates in each mode of crack extension. Two popular ways to calculate 
G are by (1) calculating the change  in strain energy  in an FEA  model with an  associated  crack 
extension  (virtual crack extension - VCE)  [77], and (2) calculating the energy required to  close  a 
crack front by a small increment  (virtual crack closure  technique-VCCT)  [79 - 821. Both methods 
have  gained  acceptance,  but  the  virtual crack closure  technique  has  emerged as the preferred  method. 
It has the benefit of allowing separate G calculations  for  each  mode of crack extension. 

The  VCCT  is  based  upon Irwin's hypothesis  that  the  energy  absorbed  during crack extension 
(da) is equal  to the work done to  close  that  crack  by the same  incremental amount. This  is  the 
concept of the crack closure  integral [74,83]. Rybicki  and  Kanninen  [83]  applied this concept to the 
calculation of strain energy  release rates with the fmite  element  modeL It has subsequently  been 
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expanded  for use with  most  common  element types in  FEA [84,85]. 

The  VCCT  can  be  applied by two different  methods.  The  one-step  VCCT  (VCCT-1)  only 
requires one fmite  element  run  to  calculate  the G. Ths has  obvious  benefits  in saving computing  time 
for  detailed  analyses  with  long  solution  times. In this  method,  the  forces at the crack  tip are multiplied 
by the displacements belmd the crack  tip.  Different  formulas have been  derived  for the various  fimte 
element  formulations [85]. A  schematic ofVCCT-1 for  a  2-dimensional  8-node  quadrilateral  element 
formulation  is  presented  in  Figure 99. The  formulas  for G, and G, from  Reference [85] are  presented 
as Equations  14  and  15  where u and  v are the  nodal  displacements in the x and y  directions,  F  is  a 
nodal  force,  i  through  m are node  numbers,  and A is the element  width  (Figure  99). 

GI = 
-1  

(2A)[F' (vm-vml) + F, (vl -vl') 

- - 1  

This  technique  may  be  used  with  a  variety  of  element types and does not require the use of 
a  quarter  point  nodal  placement  element  with  a stress singularity at the crack tip. No stresses are  used 
in the  calculation  and it may  be  utilized  with  a  relatively  coarse  mesh.  Rybicki  and Kaminen [83] 
found good results for the calculation of stress  intensity  factors  with the VCCT-1  method  and 
constant-strain  elements at ratios  of crack length to crack  extension (dda) as low as 5. Martin [86] 
has  reported that when  using the VCCT-  1 techque, there was no  mesh  size  dependency ifthe crack 
was grown within the same  material  type,  but  found  that if the crack grew  at  a  bimaterial  interface, 
the calculations  were  mesh  size  dependent.  However,  he  gave  no  recommendations for acceptable 
(a/da)  ratios.  Values  for (dda) ratios  from  50 to 200  have  been  recommended  for  general  fi-acture 
mechanics  analysis  with  FEA [87]. 

The two step  VCCT  (VCCT-2)  uses two successive  FEA  runs  to  calculate G values.  The  first 
analysis  is  performed  with  the  specified  loading on the structure, while the second  analysis  uses  unit 
loads  at the nodes  immediately  behind  the crack front to close the crack by some  amount.  Details of 
the VCCT-2  method can be found inReferences 35,88 and 89. Since the VCCT-1  method  was  found 
to be both faster and  in better agreement  with  experimental  data in this  study [35], it has  been  used 
throughout  the  substructure studies. 

The  FEA  virtual crack closure  methods  have  been  tested  against the modified  beam theory 
Equations 12 and  13,  and  applied in the skin-stiffener substructure studies reported in later  sections. 
Results  presented in this section  were  determined  by  Equations  12  and  13. 
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9.4.2. Mixed-Mode Fracture  Criteria 

Delaminations  in  composites often have a mixed  mode interaction  at crack fronts.  Once a 
database  of  fracture  toughness has been  established  for  Mode I and Mode 11, a mixed-mode  fi-acture 
criterion must be established  for use in the  complex  architectures.  Russell  and  Street  [78] proposed 
a form of 

for  the  interaction  of stress  intensity factors m modes I and II. The coefficients m and n are 
determined by curve-fitting and  the Kvalues are the stress  intensity  factors  and c indicates  the  critical 
value for unstable  crack  growth. The K values are proportional to  the square root  of  the G values 
[751. 

Reeder [90] used a parallel  formulation  based  on the G-values  which are actually  measured 
in delamination  tests. This can be expressed in terms of fi-acture  energies as 

where  the  coefficients m and n are determined by curve-fitting.  When F is greater  than 1.0, crack 
growth occurs. Equation  17 has been  applied in this  study for static delamination,  and  extended to 
fatigue crack growth by  using the GI  and G, for a particular crack growth rate, in  place  of the static 
fracture  values G, and  Gnc. 
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9.5. Results and Discussion 

9.5.1 Modes of Crack  Growth 

Testing  for  delamination  resistance  is  often  complicated  by  crack  extension  which  is not self- 
similar.  That is, the crack does  not  extend in a  simple  flat  planar  fashion  from the starter  crack  which 
is  included  in  the test specimen.  Often,  the  first  millimeter or two is self-sdar, particularly ifthere 
is  a  matrix  rich area ahead of the teflon fdmused as a  starter  crack. As the crack  extends, the adjacent 
plies  may form  cracks in the matrix  and  interface  above  and  below  the  delamination  plane, or strands 
maydebond  from the adjacent  plies,  sometimes  bridging  the crack These  phenomenacan  significantly 
increase the resistance to propagation of the main crack  relative to a  simple  self-similar  extension of 
the main  crack between the plies. The interpretation of delamination  resistance is greatly  complicated 
due to these  associated cracks and debonding. While  this  has  been  observed in Mode  I in prepreg 
materials [so], it is more  common the more heterogeneous the microstructure  becomes.  A  major 
concern is that, in  an  application  with  mixed-mode  cracks  and  different  far-field  stresses, the benefits 
of  the secondary crack phenomena m y  not be  realized,  and the crack  resistance may be much  lower. 
The  most  self-similar  crack  resistance  tends to occur between 0" plies,  where the crack extends 
parallel  to the fibers. 

Figure  100 shows schematics ofcrack paths fkom tests  involving  a  45'/90"  interface (the other 
plies  are *45") relative to the crack  path.  Interfaces  involving 45'  and 90"  plies  show  extensive 
secondary  cracking;  they are common in stiffener-type  substructures as discussed  later. The Mode 
I (DCB)  crack  contains  extensive  matrix  cracking in the *45" plies,  away  from  the  main crack (Figure 
1OOA). In fatigue crack growth (Figure  100B) the lower  stresses  result in a  significant  reduction in 
secondary  cracking in Mode  I.  This  reduction  in  secondary  cracking in fatigue has also  been  observed 
in  prepreg  materials  [50]. In Mode 11, ENF  specimens  (Figure lOOC), reduced  secondary  cracking 
is  observed,  and in fatigue in  Mode  I1 (Figure  100D)  no  secondary  cracking is observed. 

9.5.2. R-Curve  Results 

The  extensive  secondary  cracking in Mode I results in an increasing  crack  resistance as the 
crack  extends, termed R-curve  behavior [75]. Figures lOl(a) and  101(b)  show the increasing  value 
of G, calculated as a  fbnction of  the length of crack extension  from the initial starter crack (a*=a-a,,). 
Figure  10  1 (a) gives the least  increase in crack  resistance for a [Oo/O0] interface,  while  a crack between 
+45"  and  -45" plies shows  much  greater  R-curve  behavior. In comparison,  the data in Figure  101(b), 
covering  a  much shorter range of crack extension,  show similar data for  cracks  between  +45"and 
+45",  and  +45"  and  90"  plies.  Each of these figures  include data from  several tests specimens; the 
fabrics were Dl55 0" plies,  DB120 *45",  and the ortho-polyester  matrix  with  a  fiber content in  the 
30 to 40  percent range. The  matching fixture surfaces  from  the  +45"/-45"  interface are shown  in 
Figure  102,  indicating  extensive  strand  debonding. 
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c 

Crack growth direction ,-e 
Figure  100.  Detads  (Sketches of Actual  Observations) of Crack Growth 
in  a (9Oo/45O) Interface  Under  (a) Static DCB  Testing,  (b)Fatigue  DCB 
Testing,  (c)  Static  ENF  Testing  and  (d)  Fatigue ENF Testing [40]. 

Figures  101 (a) and  (b)  demonstrate  that the GIC value can increase  by  several-fold  within  the 
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fnst 10 mm or so of crack extension. The figures  also  demonstrate the great scatter which is typical 
of G, and Gnc test data. the G value  varies  with the force  squared (or force multiplied  by  deflection), 
which  inherently  increases  the  degree of scatter over properties  which are proportional to stress. The 
G value  also  represents the very  local area near the crack tip, which tends to  vary  more  than  do 
macroscopic  domains. 

The strong R-curve  behavior  observed in Mode I, combinedwith the DCB test geometry,  lead 
to very  stable  crack  extension m Mode I, with hrther crack  extension requiring the application of 
increased force and/or displacement.  Mode I1 cracks  show  much  less R-curve behavior,  and the ENF 
test  specimen  geometry  leads  to  unstable  crack  extension in most Mode I1 tests. 
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Figure  101.  R-Curve  Data  for (a) (*45)  and (O/O) interfaces  (calculated 
with the MBT  method)  and (b) (+45/+45)  and (90/45) interhces [40]. 
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Matching  locations on 
DCB fracture  surfaces < JDebonded tows 

Figure  102.  Fracture Surface for  a (f45),, DCB  specimen. 

9.5.3. Test  Protocol  and  Design  Philosophy 

The strong R-curve  behavior in Mode I complicates testing and the use of the data in  design. 
Differing  geometries  and  loads, as well as mixed-mode crack growth, may reduce or eliminate the R- 
curve efkct, resulting in the much lower crack resistance  evident  for  initial crack extension.  Effects 
of this sort appear to be occurring in  some of the substructure studies,  when  delaminations are 
observed to initiate in the structure (Chapter 13,  Figures 163 and 164); they often show little  or no 
secondary  cracking  if the overall  crack  length is short, and their growth conditions  suggest  that the 
R-curve  effect shown by DCB  specimens  for that extent of crack extension  is  not  present. 

Another complicating  factor  involves  fatigue crack growth.  As the GI  and G,, values are 
reduced, the extent of secondary cracking decreases.  During  slow  fatigue crack growth, the G values 
may be an order of magnitude lower than the GI, or G,, values. This greatly  complicates  fatigue 
crack growth testing,  since  any  increase in crack length, if it increases G, may arrest the crack due 
to greater secondary  cracking.  With the high crack growth exponents  observed  in  delamination,  this 
produces an extreme  case of  the well known overload crack retardation  effects observed in  metals 
W I .  

As  a  consequence of these  factors, it was decided to limit  delamination tests and  design 
recommendations to the lower GI,  and  G,, values  observed in the initial  stages of crack growth,  up 
to two  millimeters of extension.  Even that limitation  allows  some  R-curve  behavior, as evident  in 
Figures lOla and  101b.  This  philosophy  requires  testing of a  new  specimen for each data point, 
whereas  multiple  points can be obtained fiom one  specimen  if  R-curve  effects are allowed.  Testing 
for  initiation  G-values was discussed  earlier. 
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In fatigue crack growth, the growth rate is  measured only for the frst five millimeters or less 
of crack growth. Only  one crackvelocity is  obtained  for  each  specimen at a  particular  maximum  G- 
value.  This procedure is  consistent  with that adopted  (for  similar  reasons)  with carbodepoxy prepreg 
laminates inReference 50. However, fatigue crack growth  cannot be reduced to initiation  only,  since 
it  mherently  involves  extension  distances of the same crack  front. 

9.5.4. Static  Test  Results 

The static test  results  for GI, and G,, are  given m Table 2 1 for  selected  cases.  Both  the  initial 
and  average (after 2 mm of crack growth) GI,  values are  listed. As described in the resins  section, 
tougher resins  like 8084 vinyl ester and SC14 epoxy show  significantly  higher  delamination  resistance 
in  both  modes. G,, values are higher  than GI, values  for  all  systems, as expected  from the literature. 
Tests on 0" unidirectional  materials  (with  a O"/O" interface)  gave  the  lowest  values  ofGI,,  and  showed 
the least  complications fiom secondary  cracking;  this  orientation  is  used to evaluate  different  resins 
and  environmental  effects. For orientations other than Oo/Oo, there is  always  concern  that  even the 
initiation  GIc  involves  some  secondary  crackmg,  which may raise  the  apparent  value  above  the  case 
for  a  crack  in  that  interface,  but  with  no  secondary  cracks,  which  could  occur in service. This issue 
is discussed  further in the section on skin-stiffener  intersection  fatigue,  Chapter 13. 

Table 2 1. Mode I and I1 Results  from  Various  Studies  (tested at ambient  conditions). 

Resin I V,, % I Crack interface I GI, initial, I GIc (ave), 
GIIC, 

J/m2 J/m2 I J/m2 
Derakane  8084(V) 2638 (567) 595  (133) 344 (7) [O/OI 36 

Derakane  4  1  1 C50  (V) 2557 396  234 ro/o1 36 
System  4  1 (E) 36 [O/OI 2 19 (22) 231 (38) 3776 

SC-14 (E) 36  638  (58) 638 (157) 3223 (520) 
Iso-polyester  75-AQ-010 36 [O/OI 200 (23) 321 (96) 1359 (459) 

40 [O/OI 153 (10) 196 (99) 977  (229) 
40 ro/o1 ---- 490 (3) 1430  (35) 

[+45/-451  780  (4)  2270  (53) 

[0/01  138 (56) 379  (81)  1293 (259) 
[+45/-451  140 (41) 1028 (97) 2001 (286) 
[45/45] 249l(75) 462 (1 07) 
r901451 2732 (41) 420 (75) 942 (261) 

Ortho-polyester 
63-Ax-05 1 (P) 

Reference 

I 36 I [O/OI 1  763 ----- ----- 
NOTE: values in brackets indicate the standard deviation. 0' and 90' hbrics were Dl55 and 45"  fabrics  were 
DB 120, both from Owens Coming Fabrics, except as noted. 

The  average initiation GI, from the starter strip was  236  J/m2. 
The  average initiation GI, from the starter strip was 191 J/m2. 
' Using UClOl8V unidirectional fabric. 
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9.5.5. Fatigue  Crack  Growth 

Fatigue  crack data are also  available  for  a  limited  range of materials,  shown in Figures 103 
and  104.  The data are represented in terms ofthe Paris  Law,  Equation  18  [75].These data are similar 
in nature to those for  prepreg  based  materials in the literature, in terms  of crack growth exponent, 
n, where 

da 
- = A (AG)" a 

and A is  a constant. It should  be  noted  that  it  is  often  impossible to obtain  self-similar  crack  extension 
in the desired  ply  interface,  as cracks migrate  to other interfaces,  particularly in fatigue. 
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Figure  103.  Mode I - (da/dN)  versus GImm. [(*45)490/(*45),] 
Laminates  Cracked  in the (90/45)  interface. Short Crack Data 
(less  than 5 mm), R = 0.1,  DCB  Specimens. 
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9.6. Conclusions 

This  section  describes  initial  efforts in  this program in the  area of delamination  testing, 
analysis,  and  interpretation.  The  heterogeneous  laminates  used in blades,  with  typical  fiber 
orientations in structural  details,  show  significant  complications fiom R-curve  effects  in  opening 
mode,  DCB  tests.  Values of GI, increase  rapidly, due to secondary  cracking  and  strand  debonding, 
as the  crack  extends  even  a  few  millimeters.  Initiation  values of GI, are preferred as a  conservative 
measure in case secondary  cracking is suppressed in  service. G,, values are obtained  with  less 
complications,  and are much  higher  than GI, values  fiom the same  laminate, as expected fiom 
literature  results. 

As noted  earlier, tougher resins  produce  higher  values ofboth GI, and G,,. Studies  involving 
substructures  discussed  earlier  (under  resins)  and  later  show that substructure structural integrity  also 
increases  for  tougher  resins. 

9.7. Design  Recommendations 

As later  results in the skin-stiffener  studies illustrate, naturally  forming  delaminations  in 
substructures  with  mixed-mode  cracks  may  show no secondary  cracking.  The use of initiation  values 
of GI, are  recommended  for  both  design  and  materials  selection.  Beyond  this,  it  is  advisable to obtain 
GI, values  for O"/O" interfaces, as secondary  cracking may  be  unavoidable in DCB  tests  with  other 
orientations. G,, values are less  complicated,  but  use  of O"/O" interface  values are justified  for  this 
case as well. 
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10. OTHER DATABASE ADDITIONS 

10.1 Overview 

This  chapter  contains  results for several types of materials not  previously  available  in  the 
database. Data are presented in separate subsections for carbon  fiber  and carbodglass hybrid 
laminates;  glass  fiber  composites  with  well-dispersed  fibers  (compared  with stranded fabric 
reinforcement);  sandwichpanels;  injection  molded carbon fiber/thermoplastic  matrix  composites; and 
usefbl  relationships  between  moldmg  pressure,  ply  thickness,  and  fiber  content  for  most  materials  in 
the database. 

The  carbon  fiber  results focus primarily on the  large tow, low cost carbon hbrics. Most of 
the  results are for hybrid  laminates  with  carbon 0" plies  and  glass  *45"plies.  There were difficulties 
with  fabrication  and testing in  some cases and tests are on-going. Results to date indicate good 
performance in tension  for static and  fatigue properties. Fatigue stress and  strain  levels in tension are 
better than  those  for all glass  laminates, as is the  elastic  modulus,  as  expected.  The  compression data 
are disappointing  when  viewed  in  terms of strain  levels  for static and  fatigue properties. While 
prepreg  materials,  with  relatively  well  dispersed  and  well  aligned  fibers,  show  longitudinal 
compressive  ultimate strains above  1.0  percent,  woven  fabrics  with  large tows are m the 0.6 to 0.7 
percent  range,  and  stitched  fabric is in the 0.7 to 0.8 percent range. Million-cycle  compression  fatigue 
strains  are m the range of 0.35 to 0.45 percent  for the woven  fabrics  and 0.55 to 0.6 percent  for the 
stitched  fabrics. The fabrics were tested  with  a  vinyl ester matrix. The carbon  Gbric  compression 
strains fall  well  below  values  for  glass  fabrics,  and  may  be  sufliciently  low to be a  limiting factor in 
blade  design. 

New data for impregnated  strands  and prepreg laminates  with  well  dispersed  glass strands 
support the earlier view that the transition to  poor tensile  fatigue  resistance  with  increasing  fiber 
content  (reviewed in the background section) is related  to the stranded  architecture of the  fabrics. 
While this  transition occurs around  40  percent  fiber  by  volume  in  stranded  glass  fiber  laminates,  it  is 
shifted to the 60 percent  fiber  by  volume range when the fibers  are  well  dispersed,  as in prepreg 
laminates.  This is explored  further  in  Chapter 1 1 .  

Sandwich panelconstruction is used  to raise the bending  and  buckling  resistance ofthinairfoil 
skin  areas  in  most  blades. If this  construction  is  used in  high stress areas of blades, it must  withstand 
the same  strain  levels as do  adjacent  primary structures. A typical sandwich panel with  glass  fiber 
laminate skins and  balsa core was  subjected  to static and htigue testing. The results  show  very  similar 
tensile  ultimate and fatigue strengths whencompared to the  base  laminate  without the core. Chapter 
14 deals  with the greater  problem of transitions  between the sandwich  panel  and  plain  laminate. 

Static  and fatigue testing  was  also  done on an injected  molded carbon fibedthermoplastic 
matrix  material.  Test  specimens  were  cut  from small turbine blades.  The  results  show  relatively good 
stifhess, strength  and  fatigue  properties  compared  with  typical database glass  fiber  laminates. 
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However,  these  materials are probably not appropriate  for  large  blades due to relative  brittleness  and 
probable  moldmg  related  problems m thick  sections. 

A final part of this chapter provides data for  most  database  materials,  relating  molding 
pressure and  ply  thickness  to  fiber content. These data can be useful m initial  mold  and  process 
design, to obtain  desired  fiber contents (associated with  weight  and  mechanical properties). 

10.2.  Carbon  Fiber Laminates and  Hybrids 

10.2.1. Introduction 

Carbon  fibers  have  the  potential to improve  the  efficiency of blade  designs  due to their 
increased  modulus  and strength and  reduced  density  and  tensile btigue sensitivity  relative  to  glass 
fibers.  The  potential of carbon fibers depends strongly  on their price,  which  has  been  dropping as 
production shifts to larger tow (strand) sizes.  Carbon  fiber  composites  have  been the subject of 
intense  research for many  years due to their attractiveness  for aerospace applications,  and an 
extensive  database of  static and fatigue  properties is available  in the open literature  [72, 731. 
However,  few  data are available for the new, lower-cost  large-tow  forms ofcarbon fibers,  particulary 
in fabrics, or for  matrix  materials of interest in blade  applications. 

The  higher  modulus  of  carbon  fibers  is  critical to their use in  blades,  since,  for  the  same  blade 
outer geometry and  bending  stif?hess, EI, the material  can  be  made  thinner,  reducing the moment of 
inertia, I, to the  extent that the  modulus, E, is  increased. Also, the thinner  and  less  dense  composite 
reduces the weight  of the blade. 

The  advent of larger  tow,  lower cost carbon fiber  materials m both prepreg  and  woven  fabric 
(Figure 105)  forms  has led to the possibility of economical  lammates  which are all carbon or at  least 
all carbon in the 0" plies.  On-going tests are designed  to  investigate the potential of these  materials 
for  blade  applications.  This  section provides results  and  discussion for the yterials tested  to  date, 
but  a  full  set of data is not  yet  available. 

10.2.2.  Results and Discussion 

10.2.2.1.  Carbon  Fiber  Composites 

Literature fatigue data [71]  for  small-tow carbon fibedepoxy  prepreg  composites  indicate 
much  improved  tensile  fatigue  resistance over glass  fiber  composites; the fatigue  coefficient, b, in 
Equation  1,  is  usually  in the range of 0.04  compared  with 0.10 to 0.14 for  all  glass fiber  composites. 
Compression  fatigue  data [9l] are  similar  to  those  for  glass,  with b-vahes m the 0.07 to 0.08 range. 
Bothtensile and  compressive  ultimate strengths are usually  higher  than for glass,  while  corresponding 
strain  values are lower. 
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Figures 106 and 107 gives  tensile  and compressive stress and strain based  fatigue data, 
respectively,  for  a  large-tow carbonfiberunidirectionalcomposite withavinylestermatrix, fabricated 
by  RTM. This is  material UNI25 in the database.  The  tensile data are m the expected  range for both 
static strength and  ultimate strain, and  fatigue  coefficient,  b.  The  compression  ultimate strength and 
strain  results are relatively  low,  apparently  due to the  fabric  weave (as noted  earlier,  woven  glass  fiber 
composites  have  much lower compressive properties than do  straight-fiber  stitched  fabrics or 
prepregs). The compressive  ultimate  strain is m the  range of 0.6 percent, and fatigue  strains  at lo6 
cycles are in the 0.4 percent  range. A similar fabric, UNI21, produced  somewhat  lower results, but 
the loose  weave  resulted in significant  fiber  wash  during  processing.  Results presented in the 
following section for a  stitched  large  tow  carbon  fabric, Toray ACM-13-1, showed some 
improvement  in  compressive  strains.  Table 22 gives  unidirectional  elastic  and strength properties for 
a  large  tow  carbon  fiber  system  compared  with  common  glass  fiber  materials. 

Large tow carbodepoxy prepreg data given  by  material  suppliers  show  compression  ultimate 
strain  values above 1.0 percent [92]. It is  expected  that  stitched  fabric  performance,  possibly  with  an 
epoxy  resin,  might also reach the 1.0 percent  range.  Whether  large  blades  can  be manuhctured 
without  significant  fiber  waviness  remains  to  be  seen; experience with  carbon  fabrics m the RTM 
-process at MSU has been that it is difficult  to obtain good  quality  lammates  without  some  fiber 
waviness. 

Zoltek UK12 1 Zoltek UN125 (XP33FBUD2.5) 

TOIXY ACM - 13 - 2 Toray UT - 70 - 60 

- 
1 cm 

Figure 105. Woven  Large  Tow  Carbon  Fabrics. 
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Figure 1 0 6 .  S-N Diagram for Large Tow Unidirectional 0" Carbon FiberNinyl 
Ester  Composites  (UNI25  and  UNI25A in the Database), R = 0.1 and 10. 
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Figure 107. Fatigue Strain  Diagram  for  Large Tow Unidirectional 0" Carbon 
Fiber/Vinyl  Ester  Composites  (UNI25 and UNI25A in the Database), R = 0.1 and 
10. 
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Table  22.  Elastic  Constants  for  Glass and Large Tow Carbon  Unidirectional  Fabrics 

I I I I 1 

I Longitudinal Direction I 
Istic Constants 

8.76  0.32  3.48 

8.99  0.31 4.10 

Ten 

UTSI 
MPa 

- 

858 

987 
- 
- 

n 7 
-2.02  97.7 

UNI25 [ O ]  45 89.7  6.80  0.27 ---- 1213 1.35 -535 -- -0.60 

Transverse Direction I 
Tension Compression 

UT& 
% MPa % MPa 
E, UCS, E, 

33.8 -1.05  -93.3  0.39 

27.2  -1.67 -123 0.32 

20.5 -1.47  -100 0.31 
* See Database for testing  details. 

10.2.2.2. CarbodGlass Hybrids 

Mixed 0" Lavers 

The approach of using  a  combination of carbon  and  glass  fibers in the 0" direction was 
explored  in  earlier tests (Materials  CG  and DD23 in the  database). The purpose of these tests  was 
to investigate  whether  a  relatively  low amount of carbon,  replacing  some 0" glass  fibers,  could 
improve the tensile  fatigue  performance at high  cycles.  Figures 108 and 109 show the predicted and 
experimental  performance  in  terms  of  failure  strains.  Since  both the glass  and carbon fibers  must 
operate at the  same strain level, the component  with the lowest  strain  capability  will  fail  first:  carbon 
at  high  strains  and  glass  at  low  strains, in tensile  fatigue. The experimental  data for a  32  percent 
carbon  material  (CG)  confirm  this  expected trend. While the carbon  might  survive  the  failure of the 
glass at very  low  strains,  it  is  doubtful  that  fiber  failure  would  be  allowed  in  a  conservative  design. 

While  the  carbon  would  significantly  raise the material  stiffness  and  stress  capability if used 
in  significant  amount, tensile fatigue  faihue at low  stresses  would  still be limited by the  glass 
component.  There  would  also be some  complications caused by the difference  in  coefficient of 
thermal  expansion  between  glass  and  carbon,  which  would  cause  some  residual  tensile strain in  the 
glass ifhigh cure  temperatures  were  employed.  However, the thermal  tensile  strain  in the glass  should 
be  less than 0.1 percent,  using  published  coefficients of thermal  expansion. 

Carbon 0" Lavers  with  Glass *45" Layers 

The  more likely scenario  is to use  all  carbon in the 0" layers,  with  glass m the less critical *45" 
layers. This should reduce the cost relative to all carbon  composites,  while  providing  nearly  the  same 
tensile  and  compressive strength, stifhess, and  fatigue  resistance  as an all  carbon  laminate. The shear 
stifhess and  buckling  resistance  would  be  reduced  by  use of the  glass  off-axis  materials. 
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Figure 108. Predicted  First  Fiber  Failure  Strain  Envelope in Tensile Fatigue for 0" 
Hybrids  Containing, Dl55 Glass  Fabric and AS4 6K  Carbon  Fabric. 
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Figure109.  Tensile  Fatigue  Data for Hybrid  Material  CG [(02G/02c/03G)s , 32% 
Carbon,  VF=0.56,  Vinyl Ester Matrix]  where 0, layers are Dl55 Glass and 0, 
Layers  are  AS4-6K  Carbon,  Compared to All  D  155  Material  D  155G (VF=0.58). 

153 



Figure  110  provides data for strain versus cycles to failure in compression itigue for 
composites in the configuration  (*45,/0,,/~45,),  with  glass  *45"  plies  and  Toray  large  tow stitched 
carbon fabric  ACM-13-2 0" plies  (Figure  105). The figure  shows  that the epoxy  matrix  provides 
somewhat  improved  compressive strength and  fatigue  resistance  relative to vinyl ester. The  results 
with  the  vinyl  ester  matrix  show  moderate  improvement over the woven  large tow carbon data in 
Figure  107,  with  further  improvement  using the epoxy  matrix. 

I EO I E l  1 E2 I E3 I E4 I E5 I E6 I E7 
Cycles to Failure 

Figure 1 10.  Hybrid  Compression  Fatigue  Data for Vinyl  Ester  and  Epoxy  Matrices, 
Material  CGD4  with  a Ply Configuration (f45,/0,,/~45,), 0" Fabric is Toray ACM-  13-2 
Carbon  and  *45"Fabric  is  DB120  Glass,  76  Percent 0" Material  by  Volume,  R=lO. 

10.2.3. Conclusions 

Early data for large tow, low cost carbon fiber  composites  with avmyl ester resin  show good 
tensile  fatigue  performance, but marginal  compression  fatigue  performance.  The  compression static 
and  fatigue data  are lowest for the woven  fabrics, and improve  for  stitched  fabrics.  Prepreg 
composites  with  large  tows,  and epoxy resins may provided  improved  perfbrmance.  The  compression 
results  indicate  that  caution  should be exercised in  using these f ahcs  for  blade  applications; further 
testing and full consideration of statistics and  knockdown factors are  needed to gam  confidence  with 
the large tow carbon  fiber  materials. 
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10.3.  Tensile  Fatigue of Composites With Well  Dispersed  Fibers 

10.3.1. Introduction 

Figures 1 through4 in the background sectiondemonstrated the strong dependence oftensile 
fatigue  resistance  on  fiber  content  for  fabrics  with  distinct  strands. At  higher  fiber content, in the 
range of 40 to 45  percent  fiber  volume, the slope of the S-N curve,  b,  increases  significantly,  and the 
maximum  strains  which can be withstood for lo6 cycles  decrease  significantly.  This  study  was 
intended  to  obtain  data  for  composites  with  well  dispersed  fibers  in  impregnated  strands  which were 
sufficiently small to avoid testing problems, as well as in prepreg  laminates.  The  purpose  was to 
observe  whether  composites without discrete  strands might  provide  betier  tensile  fatigue  performance 
at  high  fiber contents, and to better understand  the  performance of stranded  fabrics. 

10.3.2.  Experimental  Methods 

Strands  were  removed  from  the Dl55 fabric  and  inserted  into  a  small  diameter  tube.  Resin 
was  then  drawn  into  the strand, forming  a  circular  cross-section at the desired fiber content.  Fiber 
content was varied  by  changing the diameter of the tube or by adding  additional  fibers  from  the 
strand,  which  normally  contains about 200 fibers.  The  impregnated  strands  were  cured  and  removed 
from the tube.  Test  specimens  were  prepared as shown  in  Figure 57, and  tested at fiequencies up to 
80 Hz. These strands  differed fiom those reported in  Figure 57 in that,  while the strands in Figure 57 
contained  approximately 50 percent  fiber by volume,  they  were  simply  impregnated  and  hung 
vertically to cure,  without control over the cross-sectional  shape or fiber  content. 

AdditionaltestswererunonHexcelM9.6/32%/1200/G(Oo)andM9.6/35%/BB600/G(*45") 
glass/epoxy  prepreg  laminates  in the ply  configuration (%45/0/*45)  with 50 percent 0"materiaL These 
laminates were vacuum  bag  molded  at 90°C for  twelve  hours,  and tested in  a  dogbone  geometry  with 
a gage section width of 20 mm and  thickness of 1.9 mm. This is  Material  GGP4  in  the  database.  The 
commercial  prepreg  composite was tested  as  a  baseline  laminate  with well-dispersed fibers  in the 0" 
plies, at a  fiber  content of 53 percent  fiber  by  volume. 

10.3.3.  Results and Discussion 

The  results  for the strand specimens  with  varying fiber content are given in Figure  1 11. This 
Figure can be compared  with  Figure 1 given in the background  for  laminates  fabricated  with  stitched 
fabrics Dl 5 5 and DB 120. The strand data  show  a  similar  increase in fatigue  sensitivity at the highest 
fiber content. However,  The strands, with  uniformly  dispersed  fibers,  show  this  transition  at  much 
higher  fiber  contents,  with  clearly  increased  fatigue  sensitivity  in the range of 60 percent  fiber  volume 
(Table 23) compared  with  the  transition in  Figures  1  and 2 in the 40  percent  fiber  by  volume  range. 

The  commercial  prepreg  material  with  well  dispersed  fibers  and  a  fiber  content of 53 percent 
shows  a  fatigue  sensitivity  coefficient,  b  (Equation l), ofO. 1 1 ( Figure 112), sirmlar to the  strand data 
at 50 to 55 percent  fiber by volume.  This trend is  similar to that in Figure 2 for Dl 55 fabric  laminates 
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with the fabric  stitching  removed,  which also produced  much  lower  tensile  fatigue  sensitivity in the 
range of  50  to 60 percent  fiber  by  volume,  compared  with the stitched fhbric. 

IEO 1El  lE2  lE3 1E4 lE5 1E6  1E7 lE8 1E9 
Cycles to Failure, N 

Figure 11 1. Tensile  Fatigue (R4.1) for Impregnated Dl55 Strands with Two 
Different  Fiber  Volume  Fractions. 

Table  23. Summary of Impregnated Dl55 Strands at Different  Fiber  Volume  Fractions. 

V,, % lo7 strain, % Fatigue Coefficient,  b,  (Equation 1) 

50 1.19  0.103 

I 56 I 0.108 I 1.07 I 
I 61 I 0.1  12 I 1.05 I 

66 0.93 0.123 I 
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Figure 112. Tensile  Fatigue  Data  for Prepreg Material GGP4 with  a  Layup of 
(*45/0/*45) at a  Fiber  Volume  Content of 53  Percent, R=O. 1.  

10.3.4. Conclusions 

Tests with  composites  containing  uniformly  distributed  fibers  show no transition  to greater 
fatigue  sensitivity in the range of 40 percent  fiber  by  volume.  Thus, the transition to poor tensile 
fatigue  resistance m the 40 percent  fiber  by  volume  range,  found for all  stranded  fabrics  tested, 
appears to be  caused  by  discrete  strand  fabric  architecture  with  resin  rich  areas  between  strands.  The 
data given m this  section  show the beginnings of a similar  transition  for composites with  well 
dispersed  fibers  in  the  range of 60 percent  fiber  by  volume.  Earlier  data for bonded  fabrics  and  for 
Dl55 fabric  with the stitches  removed  support  this  view.  Chapter  1 1 explores  this  issue  fbrther. 
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10.4.  Sandwich  Panel  Performance 

10.4.1. Introduction 

As noted  earlier,  sandwich  panels  are used to increase the bending  stif3bess of the  blade skm, 
to resist  skin  buckling.  However,  sandwich  panels  often  extend  into  high stressed portions of the 
blade  and  must operate on the  same strain levels as the primary  structure.  Their  static or fatigue 
failure  could  precipitate blade collapse. The later substructure section  addresses the greatest problem 
with  sandwich  panels,  the structural details  associated  with  transitions  from  sandwich construction 
to normal  laminate.  This section (and the database) provides  tensile static and  fatigue  data  for  a 
typical  sandwich  panel, in comparison  to  normal  laminate structure, away  from  closeout  areas. 

10.4.2.  Experimental  Methods 

Plain (control) laminates  and  sandwich  panels  were  fabricated  by  hand  layup  using the A130, 
woven 0" fabric, DB 120, stitched *45" fabric,  and the CoRezyn  63-AX-05  1  ortho-polyester  resin 
with 2.0  percent MEKP catalyst,  all  described  previously. The core materialwas Contourkore CKl 00 
AL600/10  with  a  density  specified as 150  kg/m3, by the manufacturer,  Baltek  Corporation.  The  plain 
laminate  configuration was [*45/0,/*45]. For the sandwich  panel,  the core was  inserted at the mid- 
thickness ofthe laminate,  yielding  [*45/0/balsa/O/*45].  Although the balsa is surface  treated to reduce 
permeability,  it  still  absorbed  some  resin,  and  resin  rich areas are formed  where the balsa is scored 
to make  it  formable.  A  summary of processing  details  and  properties  for the balsa  and  laminate  plies 
is  provided  in the sandwich  terminations section of this report; complete  details are available  in 
Reference  42. 

Considerable  test  method  development was required for sandwich  panel  testing [42]. Among 
the problems  encountered is that  normal  hydraulic  gripping of the ends of a  specimen,  crushes the 
core material. The test geometry used for  tension tests of the sandwich  panel  and  plain  laminates are 
shown in Figure  113  and  failed  specimens are shown in Figure  1  14.  The  grip area of the sandwich 
panel  was fded with  solid  laminate in place of a core, and  a tab covered the intersection of the balsa 
and  solid  laminate  area.  Gripping  was outside of the  tab  area. This arrangement  combined  with the 
dogbone  shape,  resulted  in the desired gage-section failures. 

10.4.3.  Results and Discussion 

Table 24 gives static tensile strength data for the plain  laminate  and the sandwich  panels.  The 
strengthofthe sandwichpanelwas calculated basedonthe cross-sectionalarea ofthe facesheets  only, 
ignoring the core; the facesheet  thickness was assumed to be the same  as for the plain  laminate,  with 
the same  fiber  content of 36 percent  by  volume. The precise  thickness  and  fiber contents for parts of 
the sandwich  panel are difficult to establish  with  any  precision [42]. The strength  and  modulus  values 
for the sandwich  panel  calculated  with these assumptions  slightly  exceed those for the control 
laminate,  apparently  due to slight  stiffening from the  core.  The  ultimate  strain  values are nearly 
identical,  suggesting  that the laminate  behavior is unaffected by the presence of the core. 
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Plain  Laminate  Coupon 

Figure 1 13.  Tensile  Sandwich (Top) and  Plain  Laminate 
(Bottom) Coupons. 

Figure  114. Static Test Specimens  at  Fiber  Failure  for  Plain 
Laminate (Top) and  Sandwich  Panel (Bottom). 

Table  24.  Static  Tensile Properties for Sandwich  Panel  and Control Laminate 

Longitudinal Strength, 
MPa 

Average Std.  Dev. 

Control Laminate 9.6 383 

Sandwich  Panel 7.4 409 

I 

Longitudinal Strain, 
GPa % 

Longitudinal  Modulus, 

Average Std. Dev. Average 

0.27  21.13 0.05  2.64 

1.23 18.09 0.09  2.68 

Std. Dev. 
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Table 25 and  Figure 1 15 give the tensile  fatigue  results for the  facesheet  control  and  sandwich 
panel  tests. Both materials  performed  well in tensile  fatigue  relative to other database  materials. In 
particular  the core, which formed obvious cracks during  fatigue,  did not delaminate fiom the 
facesheets  except  very  locally, at matrix  cracks. 

Table 25. Fatigue  Results for Control Laminate  and  Sandwich  Panel. 

Material E, GPa IO6 cycle  strain, % b UTS,  MPa 

Control Laminate 

21.13 0.85 0.093 409 Sandwich  Panel 

18.09  1.05 0.084 383 

0 . ' : '  . : , . . . ,  . . I ,,,, . .  . .  , : , . / / / i  
: : , : > .  . . . . :  , . .  2 : ! t i  . :  , t i , / ) :  

1 EO 1 E l  1 E2 I E3 1 E4 1 E5 1 E6 1 E7 
Cycles to Failure 

Figure 115. S-N Tensile Fatigue Data for Control Laminate  and  Sandwich  Panel 
Specimens, R=O. 1. 

10.4.4. Conclusions 

Sandwich  panel  materials  show  similar strength, modulus,  and  tensile  fatigue  resistance to 
baseline  laminates.  The  transition  areas to normal  laminate  do  not  perform  nearly  as  well, as shown 
in Chapter 14. 
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10.5. Injected  Molded  Materials 

10.5.1. Introduction 

Injection  molded  thermoplastics  containing  short  (less  than  1 mm) glass or carbon fibers are 
widely  used  materials  in  many  applications  such as automotive.  These  materials  generally  [93]  have 
a  fiber  volume  fi-action  below  0.30,  variable  fiber  orientation,  and  very  short  fibers  which  limits their 
mechanical properties. However,  injection  molding is a  process  which  produces  net-shape products 
at high production rates. .The use of carbon  fibers  and  longer  fibers  raises the properties. However, 
their  relative  brittleness  and low strain to failure (despite using  ductile  thermoplastic  resins) appears 
to limit their use to small  blades.  For  larger  blades,  it  would also be  difficult to produce the desired 
fiber  orientation  in  thicker  sections.  Despite  significant  reinforcement  provided by the fibers, their 
failure  is  generally  matrix  dominated  in  tension,  and htigue trends  with  carbon  fibers do not reach 
the levels  found  with  continuous  carbon  fibers  [71]. 

10.5.2. Results and Discussion 

The  material tested (material HH in the database)  was  reinforced  with carbon fibers  and 
supplied in the  form of small  injection  molded  blades. Test specimens  were  cut  from  near the blade 
tip as shown in Figure  1  16;  test  specimen  geometry is shown m Figure  1 17 and  broken  specimens are 
shown in Figure  1  18.  Failure  modes are brittle-  appearing  cracks  orientated  normal to the maximum 
tensile  stress  direction. It should  be  noted  that the direction  and  position  tested  would be expected 
to have  the  highest  mechanical  properties  in  the  blade  due to the thin  cross-section  and the material 
flow  direction (down the blade  length).  The  properties  obtained were a  fiber  volume  fraction of 0.21, 
tensile  elastic  modulus of 19.6 GPa, and  ultimate  tensile strength of 147  MPa. The ultimate strains 
in tension are low, as expected fiom the literature [71], in the range of 1.0  percent.  Figure 119 shows 
typical stress-strain curves  for  this  material,  determined in this  study,  with  a summary of material 
properties listed in Table  26.  (Each  specimen  was  removed  from  a  different  blade,  and so a  measure 
of the material  variability is also  included in these  results.)  Figures  120  and 12 1  show the tensile S-N 
fatigue data in terms of stress  and  strain  respectively. The fatigue  coefficient,  b,  fi-om Equation 1,  is 
0.063, better than  for  continuous  glass  fibers,  but  not  as good as  for  continuous carbon fibers.  The 
significant  nonlinearity ofthe stress-strain  curves  creates adiscrepancyin fatigue, so the strain htigue 
data trend was not ffi through  any static data. 

10.5.3. Conclusions 

Tensile test results  for  the  carbon fiber  reinforced  thermoplastic  injection  molded  material 
show  good strength and  modulus, but low strain to  failure,  typical  of this class of materials.  The 
fatigue  performance is better  than  for  many  glass  fiber  laminates.  Due to their  brittleness,  and poor 
fiber orientation in thick  parts,  injection  molded  materials are appropriate  only  for  small  blades. 
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Figure 1 17. Material HH Test Coupon  Geometry. 

Figure 1 18. Typical  Tension  Coupon Static and Fatigue  Failures. 
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Figure  119.  Typical  Stress-Strain  Curves for Injection  Molded  Carbon 
FibedThermoplastic  Material (HH). 

Table 26. Summary of Material Properties  for  Material HH. 

I h I  
Ultimate  Tensile Ultimate  Tensile 
Strength, MPa Strain, % Elastic  Modulus, GPa 

Y 

Average Std.  Dev. Average Std.  Dev. Average Std. Dev. 

0.056 1 140  8  1.07 1 0.12 I 19.84 1 1.46 
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Figure 120. Fatigue S-N Data for Injection  Molded Carbon Fiber/Thennoplastic 
Material (HH), R = 0.1. 
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10.6.  Ply  Thickness,  Fiber  Content,  and  Molding  Pressure  Relationships 

10.6.1.  Introduction 

Previous  sections  have  indicated  the  critical  importance  of  fiber content to properties. It can 
be  difficult  in  practice to achieve  the  desired  fiber  content in a  composite part. This is a  brief  summary 
of a study relating  ply  thickness,  fiber  content  and  molding  pressure  for  most  fabrics in the database. 
The purpose was to simpm manufacturing  procedures  so  that  target  fiber contents can be  readily 
achieved, and the fiber  content  can be accurately  determined  from  the  thickness.  Complete data are 
available  in the database. 

10.6.2.  Experimental  Methods 

Flat  composite  plates,  approximately  20  by 35 cm in  dimensions,  were  manufactured  using 
hand  layup procedures on a  flat,  level  aluminum  plate. The fabric was impregnated  with  isothalic 
polyester  resin,  and,  well  before the resin  had started to cure, steel  weights (14 total, each  with  a 
fabric  influence  area of 6.45  cm2)  were  placed on the uncured  composite  surface to generate different 
through-thickness  pressures  between 0.84 and 71.4  kPa.  The  different  pressures  were  generated  by 
square steel bars of different  heights.  A top view of the experimental  setup is shown in Figure  122. 
A  Teflon  sheet (0.1 mm thick) was  placed  between the steel weights  and the fabric to ensure 
separation after  curing. The steel weights were placed on the fabric  after  it  had  been  wet  out to avoid 
dry fi-iction  problems (and  poor  wet-out  areas) in the  fabric.  Composite plates were  manufactured 
with one, two and three plies, utilizing the same  fabric  and  fabric  orientation,  which  allowed  for 
different ply strand  nesting  (consolidation)  geometries.  After  curing, the plate was sectioned  and the 
thickness of the individual areas were  measured by averaging  measurements ofeach side.  Some  minor 
thickness  variations on the coupons  did occur due to irregularity of the  pressure  distribution due to 
the fabric  and  surface  stitching  (hard  versus  soft  contacts). There was no influence of the individual 
steel blocks on the adjacent  blocks  due  to the Teflon  fdm or  the fabric. 

For the test coupons with  two or three plies, the thickness of the  test coupon was  divided  by 
the number of plies to obtain the average  ply  thickness.  There is some error in this  method  at low 
(less than  25  percent)  fiber  volume  fractions, as the matrix  rich  regions  between the plies is included 
in this  thickness. At higher  fiber  contents,  where  fiber  nesting  occurs, the average ply thickness  may 
be less  than it would be without  nesting,  especially  with %brits having  large spaces between  strands. 
Thus, in a  laminate with adjacent  plies of other orientations,  nesting will not occur, and the ply 
thickness may  be greater than  obtained  here. 

10.6.3. Results  and  Discussion 

Table  27  lists the best  fit  equations for ply thickness  versus fiber  volume  percent  for  each 
reinforcing  fabric.  These  equations  are  best suited for initial  design  thickness until a  laminate  is 
constructed.  Depending upon the  fabric  and  stacking  with  adjacent  layers, the thickness can change 
due to fiber  nesting.  Different  fiber  stacking (and nesting)  possibilities in some  unidirectional 
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lammates are shown in  Figure 123. The nesting  variations shown at constant fiber  content are typical 
variations  observed  when  different parts of a  laminate are sectioned, using  fabric D 155. The right  side 
of the figure  shows the effects of increasing fiber content for a fabric with widely-spaced  strands, 
D092. 

1-30 mm 1 I 
I 

I 

I 

-30 mrn I 

I 
I 

Approximate  composite plate 
size = 20 cm  x 35 cm I .-----------------------------------------------~ 

Figure 122. Steel Block (25 mm x 25 mm) 
Placement on Composite  Test  Laminate  with 
the Generated  Pressures m H a .  
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Table  27.  Glass  and carbon fabric  ply  thickness  versus  fiber  volume  empirical  regression  equations 
(The theoretical  relationship  is  t = A Vi', where  A is the vohme of glass in  the  ply). 

1 PlY 3  plies 2  plies 

A060 

DO92 

AlOlO 

A130 

Dl55 

UC1018V 

U1701 

A260 

42024LM50 

uNI2 1 

UNI25 
(XP33FBUD25) 

I 62002 
I I DB120 

I DBM1204B 

DB240 

Unidirectional fabncs 

t = 7.87 VF-'.0823 t = 8.7105 Vi '  

t = 12.207 

t = 20.947  V,0.9815 t = 21.556 V,0.9303 

t = 16.236 Vi '  ' t = 18.653 

t = 13.765 Vi '  t = 13.81  1 

t = 12.205 V i '  

t = 25.124 Vi '  

t = 25.285 Vi '  

t = 34.703 V i 1  t = 34.9 v,' 
t = 50.355 V,0.9998 

t = 40.106 V,'.ooo' 

t = 47.988 V i '  

*45 fabrics 

t = 47.988 Vi '  

t = 12.205 Vi '  

t = 16.238 Vi '  

t = 20.666 

t = 34.038 Vi '  

t = 16.298 Vi '  

t = 13.573 V;0.9898 t = 14.113 V i '  t = 14.969  V,'.0'78 

t = 17.333  V F -0.9999 

t = 25.299 V,0.9448 t = 30.594 Vi '  t = 31.189 Vi '  

I 0/90 woven  roving  and triaxal fabrics 

0/90 t = 22.372 v F -0.9827 t = 18.994 v F -0.9392 

CDB200 

NOTE: t = ply thickness in mm, V, = desired  fiber  volume  content in percent 

t = 45.099 TV3400 

t = 27.451 Vi '  
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Nesting Variation  Volume Fraction Variation 

Resin rich region (black) 

D l  55 - VF = 0.35 Material D092D - VF = 0.30 

: = 0.35 Material D092B - VF = 0.41 

Dl55 - VF = 0.35 Material D092G - VF = 0.58 
1 mm 

Figure 123. Stacking  and  Nesting Geometries of 
Unidirectional  Fiber  Bundles. 

- 

The  theoretical  prediction  for ply thickness  versus  fiber  volume  fraction  would  take the form 

where t  is  the  ply  thickness  and A is  the  volume of solid  glass.  Figure 124 compares  data  for Dl55 
fabric  with  this  relationship, showing excellent  agreement. The empiricalrelationships in Table 26 are 
all close  to the theoretical prediction.  Presented in Figures 125 through 132 are the ply  thickness 
versus fiber  volume  percent  and  the  through-thickness pressure versus  fiber  volume  percent  for 
selected  reinforcing  fabrics  used  in the database; data for other fabrics can be found in the database. 
The ply thickness  versus  fiber  volume  percent  graphs are all  similar,  with  regards to one, two or three 
plies  in  the  composite. The maximum  margin of error on these relationships  was  estimated  at f 5 
percent  and is dependant uponuniformity of the fibers across the ply;  voids  between  fiber  bundles will 
tend  to  cause  fiber  nesting if adjacent  plies  are  available to fill the voids.  Some  fabrics (*45's,  A10  10, 
D 155) can  also  have their areal  weights  altered  as the fabrics  are  tensioned or compressed in the 
mold. 

The  through-thickness  pressure  versus  fiber  volume  percent  graphs  have greater differences 
between the one, two and three ply  tests  than does the ply  thickness.  Fiber  nesting  causes  through- 
thickness  pressure  increase  (spikes)  to occur at higher  fiber contents in composites  with  two  and three 
plies.  The  single  ply  data give the uniformity of the fiber  distribution,  and any hard  contact  points 
present  in  the  basic  reinforcement  geometry.  Low  fiber contents at the same pressure  indicate  that 
the fabric  architecture has large  voids  which  must be filled by adjacent  plies (if available), or that 
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excessive pressure is necessary to flow the fabric  strands  sideways  to  fill the voids.  Either  way,  these 
voids  hinder  the  achievement  of  higher  fiber contents. Hard  contact  points,  generated by  stitching 
threads  or  fiber  intersections m woven  fabrics,  cause  a  large  increase in the through - thickness 
pressures as the contacts  interact  with  adjacent  plies or mold  surfaces.  This  is  most  noticeable  in the 
A130  fabrics  at  fiber contents above  43  percent,  when  the  thermoplastic  weft  weaving  thread 
penetrates the composite  surface,  causing  raised  bumps  on  the  surface. The Dl  55  fabric  (Figure  126) 
has an abrupt  pressure  change  (termed  a pressure transition) at  approximately 38 percent, which  is 
almost  vertical,  and  is  caused by the stitching  contacting  the mold surface;  this  locally  compresses 
the Dl55 strands  under the stitch. These compression  points are shown in Chapter 11 to reduce 
fatigue  performance.  With  multiple  layers,  this  effect  can be  somewhat  reduced due to fiber  and 
stitching  nesting. 

Heavier  fabrics  (A260,  UNI21)  will  have  a  higher  fiber  contact  pressure  transition  point  due 
to a  more  uniform  strand  distribution. For example the A260  fabric starts to transition at 
approximately  52  percent  fiber.  Lighter  fabrics  have  greater  difficulty  in  maintaining  a  uniform  areal 
weight  without  voids  or  stitching  discontinuities; the A060  fabric  transitions at a  fiber  content of 32 
percent. 
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Figure 124. Average  Ply  Thickness  versus  Fiber  Volume  Percent  for Dl55 Fabric 
Unidirectional  Composite. Data versus  prediction  fiom  Equation  19;  see  Table 27 
for  parameter A. 
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Figure 125. Owens Corning Dl55 Ply  Thickness  versus  Fiber  Volume  Percent. 
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Figure 126. Through - Thickness Pressure versus Fiber  Volume  Percent  for  Fabric 
D155. 
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Figure  127. Owens Corning  A130  Ply  Thickness  versus  Fiber Vohme Percent. 
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Figure 128. Through - Thickness Pressure versus  Fiber  Volume  Percent  for  Fabric 
A130. 
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Figure  129.  Zoltek  UNI25  (XP33FBUD25)  Ply  Thickness  versus  Fiber  Volume 
Percent. 
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Figure  130.  Through - Thickness  Pressure versus Fiber  Volume  Percent  for  Fabric 
UNI25 (XP33FBUD25). 
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Figure 13 1. Owens Corning DB 120  Ply  Thickness  versus  Fiber  Volume  Percent. 
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Figure 132. Through - Thickness Pressure versus Fiber  Volume  Percent  for  Fabric 
DB 120. 
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10.6.4. Multidirectional  Laminates 

When  plies of different  fabrics are stacked together, the actual  fiber  content in each  ply  may 
differ  fiom the overall average.  This  different ply  fiber content effect is shown m Figure  133  for the 
material DD sequence having the configuration (0/*45/0),. In Figure 133,  following the 20 kPa 
pressure line, the fiber  content  in  the DB120 fabric  is  about  33 percent, while  the  fiber  content  in  the 
D  155  ply is about 42 percent,  while the overall  laminate  is  about 37 percent.  The  individual ply 
thicknesses (0 and*45) in these  graphs,  when  added together, may  not equal the  composite  thickness 
due to matrix  rich  regions  between the plies, or to fiber  nesting.  The  separate  plies  were  measured 
fiom the test coupons under the  microscope.  Additional  weights  were  used  to  generate  higher 
pressures  (Figure 134), and these high  pressures  were part of the problem  encountered in molding 
the high  fiber content DD materials.  The  high  molding  pressures  used  to  manufacture these 
composites also introduce a question as to  whether  fiber  damage  occurs.  The  DD  materials  with  a 
fibercontent above 60 percent  did  have  a  slightly  reduced UTSN, ratio.  However,  the main concern 
with high  fiber contents is the tensile  fatigue, as discussed  later. 

The  current database contains data for  allmaterials tested in terms  of  fiber content, thickness, 
and  variations and tolerances for  these  parameters. Also included  is  a  table  giving the fiber content 
where the pressure starts to transition,  about 20 kPa,  and the tensile  properties  may  decline  for glass 
fiber  materials. 
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Figure 133. Through - Thickness  Pressure  versus  Fiber  Content  for  DD  Materials 
(0/*45/0),, 0" Plies  are  D155, *45O Plies  are  DB120;  Low to Moderate Pressures. 
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Figure  134.  Higher  Through - Thickness  Pressure  versus  Fiber  Volume for DD 
Materials, 0" Plies  are  D155, *45" Plies  are  DB120;  Higher  Pressures. 

10.6.5.  Conclusions 

The  relationships in  Table  27  allow convenient determination of the fiber  content  for  each 
fabric,  knowing the molding  pressure. The relationships  also  allow  for  quick  verification ofthe values 
listed in the  fatigue  database,  and  where  discrepancies  were  found,  additional  matrix  burn  off tests 
were performed to confirm the accuracy ofthe database  values.  Some  fiber  content corrections were 
made  in the current version  of  the database. 

If a composite is manufactured  with the same  fabric  for  all the plies,  the  fiber  volume  fiaction 
will  be the same  in  each  ply.  This is also  the case for most  prepregs.  However,  when  combinations 
of different  fabrics  are  used, the local  fiber  content  may  be  different  in  different  plies,  and corrections 
in the ply properties must be performed to accurately  predict the material  behavior.  This  point  has 
been  illustrated for the DD  series of laminates in the  database. 

10.6.6.  Design  Recommendation 

The data can be used to obtain  the  expected  laminate  thickness  and  individual ply  fiber 
contents for a  particular  molding  pressure. For multidirectional  composites the common  factor  is  the 
through-thickness pressure,  which  must be the  same  throughout  the  preform  (neglecting  fabric 
weight). The fabric  thickness  for  each  ply  can be  determined  fiom the graphs or tables  at  the  same 
through-thickness  pressure  and  added to obtain the total composite  thickness.  The  corresponding  ply 
fiber  volume  fi-action  can  be  used  to obtain the  ply  properties.  This approach is  developed  fbrther in 
Reference  4  1. 
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11. INTERPRETATION OF DATABASE  TRENDS:  FIBER  CONTENT 
EFFECTS  ON  TENSILE  FATIGUE 

11.1. Summary 

The  transitions to  poor tensile  fatigue  performance  with  increasing  fiber content have  been 
discussed  in  earlier  sections.  Materials with well  dispersed  fibers  (strands  and  prepreg)  have  been 
found to provide good tensile  fatigue  resistance  up to 60 percent or more  fiber  by  volume. The 
stranded  fabric  architectures,  which  constitute  most ofthe database materials,  show such a  transition 
in the 40  percent  fiber  volume  content  range,  with the transition  occurring at about two percent lower 
fiber  content for multidirectional  laminates  than  for  unidirectional  materials  with the same 0" 
reinforcing  fabric.  Section  10.6 clasled the later  trend,  since the actual fiber  content  and  ply  thickness 
is  higher  in the 0" plies  when  laminates  contain  k45"  plies  with  most  fabrics,  since the k45" absorb 
more  resin. 

This chapter explores  the  origins ofthe difference  between  stranded  fabrics  and  materials  with 
well  dispersed  fibers,  in  terms of the  fiber  content  where the transition  in tensile fatigue  resistance 
occurs. Detailed  microscopy  analysis  has  been  carried  out for laminates  with  different  fiber  contents. 
As expected, the fiber content within  strands  is  much  higher  than the average  fiber  content  of the 
laminate.  Furthermore,  as  the  average  fiber  content increases, the local  fiber  content  within  the 
strands also  increases signficantly, particularlynear  stitch or weave crossover points.  The  strands  also 
distort  significantly  at  higher  fiber  contents. 

The  results of this  study,  and data presented  earlier,  clearly  show that the transition  in  tensile 
fatigue  resistance is related  to  increases in the  local  fiber  content  within the strands of the k0" plies. 
While  some hbrics, such as A130, are less severe in this  respect  than  others,  such as'D155, all 
stranded  fabrics have  problems at high  fiber contents, particulary near  stitch or weave points. To 
obtain  good  tensile  fatigue  resistance in glass  fiber  laminates at average fiber contents in the 50  to 60 
percent by  volume  range,  it  is  necessary  to  use  materials,  like  prepreg,  with  well  dispersed  fibers. 

11.2. Introduction 

Figures 1 through  4 in the background  section  illustrate the transition fi-om good to poor 
tensile  fatigue  resistance as the fiber  content  increases  in the range  of 40  to 45 percent by  volume  for 
fabric  with discrete strands. The transition  occurs  at  a  slightly  higher  fiber content for  unidirectional 
materials  than  for  laminates  containing 0" and  k45"  layers (when the k45" layers are tightly  stitched 
to 0" layers as in triax  fabrics,  the  transition occurs at much lower fiber  contents [2]). 

The  transition  for 0" materials  has  been  difficult to understand,  and  was  earlier  related to 
cracking  in the matrix or k45" layers [2]. Results  given in section 10.3 for strands of varying  fiber 
content, and for prepreg  laminates  with  a uniform fiber  distribution,  have shown no transition  in  this 
fiber  content range, maintaining  good  fatigue  resistance up to the range of 60 percent  fiber  by  volume. 
This  chapter  provides  detailed  results for the internal structure of stranded  fabrics,  which are intended 
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to identifl the  causes of these  effects. 

11.3. Fiber  Packing 

An ideal  composite lamina  would  have  all the glass  fibers  aligned  straight  and  parallel  to  each 
other and to the load  path,  with just enough  spacing  between the fibers  to  prevent  fiber-to-fiber 
contact. For this to occur, the arrangement of fibers  would be in auniform geometry,  such as a square 
or hexagonal  array. If all  fibers are round and have  the  same  diameter,  these  arrangements  would  have 
a  theoreticalmaximum  fiber  volume  fi-actions of0.79 (square)  and  0.91  (hexagonal),  shown in Figure 
135.  Random  packing  arrangements  have  a  maximum fiber volume  fi-action  which is between  these 
limits  and  has  amaximumvalue of approximately0.82  [94].  Practically, the fibers  willinvolve arange 
of diameters, 10 to 20 pm, which  could  increase  these  fiactions  slightly.  Increasing  the  fiber  volume 
fiaction is  usually  advantageous, as it increases the primary  properties:  longitudinal  elastic  modulus 
and  tensile strength ofthe lamina.  Above  a  fiber  volume  fi-action of approximately  0.7,  the  transverse 
properties of the  composite  will  degrade, as fibers contact  each other and stress concentrations 
increase  [95].  The stress concentrations  around the fibers  are  higher  when  the  fiber  transverse 
modulus  is  higher  relative to the  matrix  modulus.  Thus,  carbon  fibers,  with  a  low  transverse  modulus 
relative  to  glass,  have  lower  transverse  stress  concentrations,  and  often  subsequent  higher  transverse 
and  shear  strengths. In a  well  bonded  composite,  a  matrix  material  which  would  yield  at  a  lower  stress 
would  decrease the local  stress  concentrations. 

11.4. Strand  Deformations  in  Fabrics 

Glass  fabrics  are  constructed  using  glass  fiber strands or tows, which  contain  hundreds to 
thousands  of  continuous  glass  fibers,  10  to 20 pm in diameter,  without any  definite  twisting of the 
fibers. These tows are stitched or woven together to form  a  fabric,  which  allows the fabric  to  be 
handled  during  manufacturing.  Fiber  handling  during  fabric  manufacturing  significantly  reduces the 
fiber strength, as shown  later.  The  properties of the fibers can be  further  reduced by the stitching 
thread tightness,  and  the  spacing ofthe stitching or weaving.  The  stitching  pinches the tow and  causes 
a  slight  curvature of the fibers  on the outside of the glass strand as the diameter  locally  decreases. 
This  curvature of the fibers  introduces  a  bending stress in the fibers at the stitch, but it is postulated 
that the major  effect  is  that  the  stitch  decreases the average  distance between fibers  and  causes the 
number of fibers in virtual contact, in that area, to increase.  Virtual contact means  that the fibers 
appear in contact in micrographs;  whether  a  thin  matrix  layer is present between the  fibers  is 
U n k n O W n .  

The  reinforcing  fabrics  have  bundles of glass  fibers  separated  by an area  without  fibers  which 
forms  resin  rich  areas  between the  tows in stitched  fabrics, and both above  and  below  weave 
crossover  points in  woven  fabrics. It is the presence of this  resin  rich  channel  between the tows  which 
reduces the overall  fiber  content,  and  hence  the  lamina  properties.  (The  spaces  do  greatly  lower the 
fabric  permeabillty,  which  helps in manufacturing  methods  like  RTM.) In order to increase the fiber 
content, the elliptical  fiber  bundle cross section m s t  be compressed and forced  to  spread out across , 

the width of the lamina to fill this  channel.  The  stitching or weave crossover points  lnhibit  this 
spreading.  Figure  136  shows three different  magnifications of Material  PP,  which used 3M-SP250 
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prepreg (no stitching or weaving),  compared with a  unidirectional  composite  with Dl55 stitched 
fabric.  The  prepreg material shows  a  uniform  distribution of fibers  with  no  large  resin  rich 
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Figure  135.  Fiber  Volume  Fraction  versus the Average  Fiber  Spacing  in  a 
Composite  with Theoretical Square  and  Hexagonal  Packing  Geometries 
P41. 

regions; the D  155  composite,  because of the  stitching,  has  large  resin  rich  regions  between the tows. 
Figure  137  shows  the Dl 55 contined tow area  versus the overall  ply  fiber  content  for  materials  DD6, 
DD2  and DD7. As the composite  fiber  content  increases, the cross-sectional  area of the  individual 
tows decrease (as expected),  squeezing  out  the  excess  resin.  The Dl 55  fabric tows inFigure 137  start 
to interact  and fill the  matrix  rich  regions in the  adjacent  plies,  and  thus the elliptical tow cross-section 
geometry  deforms. If this deformation of  the tow is not  uniform  along the length,  where the tow 
enters and  exits  the  resin  channel  in  the  adjacent  ply,  a rotation ofthe strand occurs. The figure  shows 
that the  fiber content inside the fiber  strand  does  not  change as significantly as the average  composite 
fiber  content,  and that the fiber  content in the  strand  changes  along  its  length  (x-axis) due to the 
periodic presence of stitching. 

Figure  137  shows that the stitching  causes  up  to an increase of 10  percent in the local  fiber 
volume fiaction (fiom V, = 0.58 to 0.68) of the  strand  contained  within the stitching in the DD6 
material;  the  DD7  material  exhibited  only  a  2  percent  increase (fiom V, = 0.70 to 0.72). The 
determination of strand fiber contents at higher  individual ply fiber  contents  was not  performed due 
to the  difficulty  in determination of the  boundaries  between  adjacent  strands.  Figure  138  shows the 
number of fibers  in direct contact with  adjacent  fibers  versus the ply  fiber  volume  fkaction,  both  within 
and  between  stitching threads. A  large  increase in the number of fibers  in  contact occurs in the 0.3 1 
to 0.42  average  fiber  volume fiaction region,  which  also  coincides  with  the  region  where  most of the 
composites in the database start  to decrease in  fatigue  resistance. It should be noted that the Dl55 
tow has  stitching every4  to 6 mm, which  means  that the tow  fiber  content  varies  between  a  maximum 
and  a  minimum value every 4 to 6 111111. 
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Prepreg (60X magdkation) Dl55 (6OX magnification) 

Prepreg (200X) Dl55 (200X) 

Prepreg (400X) Dl55 ( 4 o O X )  
Figure 136. Micrographs of Prepreg and Dl55 Fabric Composites. 
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Material  DD6 - Composite Vf = 0.3 1 , Dl 55 Tow Vf = 0.58 - 0.68 
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Figure 137.  Composite  Fiber Volume Content  versus Dl  55 Confined  Fiber 
Tow Area in Materials DD6, DD2 and DD7. 
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(micrograph  fiber  volume  fraction = 0.54) (micrograph fiber volume  fraction = 0.67) 

Figure  138.  Composite  Fiber  Volume  Fraction  versus  Average  Number of Fibers 
in  Contact  with  Each  Other  for  Materials  DD6,  DD5,  DD2, DD9 and  DD10. 

Since the fabrics  are  stitched or woven  with  a  regular  spacing, the tows can  be  stacked  with 
strands in  or out of  phase  with the adjoining  plies.  Figure 123 showed three possible  stacking 
possibilities. Each has some degree of tow compression  and  elliptical  shape  deformation  with 
increasing  average  fiber  content  as the tow interacts with  adjacent  tows. The DO92 fabric is a  lighter 
fabric  with  a  larger  distance  between the fiber tows and  thus  larger  matrix  rich  regions.  With  the tows 
stacked  directly inphase with  each other (strands on top  of  each other) the resin  rich areas can  extend 
continuously through the composite  thickness.  When the tows are out of  phase  with the adjacent 
tows, the  resin  rich  areas  between  the tows are partly filled in by  deformed tows from  adjacent  layers, 
allowing  for  higher  fiber  contents.  Figure  123  showed the DO92 hbric at fiber  volume fractions of 
0.30, 0.41 and 0.50. At a  fiber  content  less than approximately  0.30, the tows in  all the hbrics are 
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separated from the  adjacent  plies by a  continuous  matrix  layer,  and  therefore do not  have any  direct 
fiber contact with the tows in the adjacent  ply. As the  fiber  content is increased,  the  tows  start to 
contact the tows in adjacent  plies, causing elliptical tows to flatten  out  and  fdl  the  resin  rich areas 
between the adjacent  plies.  Increasing the fiber  content further causes the tows to deform in the width 
direction,  filling  in  resin  channels  between  the tows, within  the  ply. If this  deformation  is  restricted 
by the weave or stitching,  a  pinched  region  along  the  strand  will  exist. 

Since the stitching is physically on the surface  above  and  below the tow, the stitch  introduces 
additiona1"hard points'' of contact, which  cause  localized  pinching of the fiber tow as well as adjacent 
tows in contact with  this  stitching.  This  situation  causes  additional points of pinching. In  the DD 
series of materials  listed in the database, the stitching in the D 155  fabric starts to interact  with the 
adjacent  plies  at  a  fiber  volume fiaction of approximately  0.36. This interaction  effect is ilhstrated 
in  Figure 139. Since  the  stitching thread is also on a regular spacing, the stitching in one ply can 
contact the stitching in an  adjacent  ply,  creating  another  hard contact point or location of increased 
bundle  fiber content. Figure 140 shows the interaction of the  plies  when the stitches are stacked on 
top of each other. The  stacking of  the stitching  causes the plies  to be separated  more at the stitch 
points  than  between the stitches,  causing  the  fibers  to  collapse  into  the  resin  rich  region,  creating  a 
small  fiber  angle  whichmight reduce the localized  compressive  strength.  The  figure  shows the effects 
ofremoving the stitching  thread  from the Dl  55 fabric.  Without the restrictions of the  stitching  thread, 
the glass  fibers disperse and  form  a  more  uniform  geometry similar to the prepreg  materials, 
minimizing the size of the  matrix  rich  regions in the ply. 

Material DD6 - Vf = 0.36. Stitching  between O'and 45' 
Surface .c 

The A 

Sti 

Figure  139.  Fabric Stitching Interaction  with  Adjacent  Plies. 

130 kbric, which has a  woven  architecture  shown  in  Figure 141, uses  the  same  glass 
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roving  that is used in the Dl 55 fabric.  This  fabric  is  woven  around  a  weft glass strand  which is coated 
with  a  thermoplastic  hot  melt  adhesive.  During  fabric  weaving, this thermoplastic  bead is woven  into 
the fabric.  Heat is applied to melt the thermoplastic  to  encapsulate the glass strands indirect contact 
with  it,  locking  the  fabric architecture together. The  bonding of the matrix materials to this 
thermoplastic  bead is poor. Cracks  readily  form  at  the  interface of this  bead  and the matrix  for  all  the 
resin  systems m the database. 

Dl55 stitching  stacked - 
A 

material 
hing 

Edge  View of Dl55 Plies  (Stitching  Spacing = 4 mm) 

Material Dl55 - VF = 0.45 

Figure 140. Fabric  Stitching  Interaction  with  Adjacent Ply 
Stitching and the  Effects  of  Removing the Stitching. 
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DD11-107,  414 MPa, R=O.I 
Figure  14  1.  A130  Fabric  with  Woven  Architecture  with  Cracking  Around the 
Thermoplastic  Bead m Coupon DD11-107 aRer Fatigue  Testing, R=O. 1. 

11.5. Conclusions 

This study documents the micro-structural  changes in stranded  fabric  laminates as the  overall 
fiber  content  is  increased. The strands distort  significantly  and  increase  in  local  fiber  content as the 
overall  fiber  content  increase.  The  fiber  content  is  significantly  higher  near stitchpoints, where strand 
failures are usuallyobserved. The number of fiber-fiber contacts also  increase  significantly  as the fiber 
content  increases.  The  thermoplastic  bead used in the woven  fabrics does not  bond  well to the matrix, 
and serves as  a  site  for matrix cracking.  These  results support the  view  that good tensile  fatigue 
performance at high overall fiber contents requires  well  dispersed  fibers,  rather  than  stranded  fabrics. 

The  average  fiber content where the tensile  fatigue  transition  occurs,  about 40 percent  fiber 
by  volume, produces a  local  fiber  content  within  the  strands,  at  stitch points, of about 65 to 69 
percent for Dl 55  fabric.  this corresponds to the  fiber  content  range  where  composites  withuniformly 
dispersed  fibers  begin  their transition to poor tensile  fatigue  resistance  (Chapter  10.3);  local 
compaction  at  stitch  points fiom adjacent  plies also become  significant  in  this  range,  and  this is also 
the range of fiber  content where the pressure  during  fabrication  must be increased  sharply  (Figure 
126). These  findings  clearly  indicate  that  most stranded fabrics are best  used  below an average fiber 
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content of about 40 percent by  volume,  even  though  higher  contents  can  be  achieved in some 
processes. 
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PART B: SUBSTRUCTURE STUDIES 

Substructure studies  were  designed to explore  four  areas: (1) validation of use of the 
DOEMSU database in  design  and  analysis  of  blade  substructures, (2) identification of critical 
materials  issues  to  be  addressed in the  database, (3) development  and  validation ofmethodologies for 
designing  complex structural detail  areas  where  delamination is the dominant  failure mode and (4) 
to provide  standard test specimen  geometries  for structural integrity,  which  could be used for 
comparison of different  resins,  reinforcement,  and  processing  methods.  Choice of structural detads 
was influenced  strongly  by  the desigdmanufacturing effort centered on the AOC 15/50 blade as part 
of the Montana DOE EPSCoR  program.  This  blade  and the substructure  areas  explored  are  shown 
in  Figures  142 and 143. In addition to  the areas  shown,  studies also included  ply drops in  thickness- 
tapering  areas  and avariety of simulated  flaw  types  related to manufacturing  irregularities  which were 
discussed earlier.  While these substructure  geometries were derived  fiom the AOC 15/50 blade 
design, the geometries are generic  to  most  blades constructed fiom composite  materials. The 
parametric  studies  were  intended to provide  guidelines andmethodologies applicable to  abroadrange 
of designs. 

The substructure studies  generally  followed  a  similar  fbrmat:  selection of geometry, 
fabrication,  testing,  finite  element  analysis,  and  parameter  variation.  This  was  intended to explore and 
validate  methodologies for substructure  design  and  analysis,  and  to  develop  rules-of-thumb  for  design 
and  materials  selection,  where  possible. 

As  noted in the background  section,  a  major study [3]  had  been  concluded prior to the work 
described here.  That  study  was  focused on the development of an  I-beam substructural element 
(Figure  144)  for  parametric  studies and  validation of database  and  analysis  methodologies. The beam 
study  demonstrated that, under  tensile  and  fatigue  loading, the predicted  strength,  lifetime  and  mode 
change  (tensiordcompression)  predictions  based on database  properties  and  FEA  analysis  were 
generally in agreement  with  experimental  data.  Fifty-two  beams were tested and  analyzed.  However, 
the study was  focused on the flange  and  web areas rather than the details of transition areas,  and  did 
not include the key aspect of delamination in the detail  areas,  which is the p i n  focus of the three 
studies  reported in this  section. 

An additional study has been  carried  out on the root section, which for the AOC  15/50  blade 
involved steel stud  inserts.  Reference  [96  ]  describes  this study in  detail.  The  primary focus of the 
study was manufacturing,  but  a  significant  amount of static and  fatigue strength data were also 
generated.  A  representative  test  specimen  containing  one stud was  developed  (Figure  145),  and 
analyzed  by  FEA. In the final  design,  only  stud  failures in the attachment  bolts could be generated 
under  tensile  ultimate and fatigue  loads,  despite  oversized  bolts  relative to the  design.  Reference  [96] 
contains  all  data  except the fmal  few  fatigue tests, which  also  resulted in repeated bolt failures.  Thus, 
the specimen  was  over  designed, andno  usehl composite strength or fatigue  life data were generated, 
which  could  be  used to validate the design  methodology. As a  result,  this  effort  is not presented in 
detail in this  report. 
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Transverse  sandwich  termination 

(b) 
Figure 142. Top View of an AOC 15/50 Wmd Turbine  Blade 
Segment. 

Figure 143. Section  View of Wind Turbine  Blade 
Showing  Sandwich  Construction m the Trailmg  Edge. 
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Figure  144. (a) Photo and  Schematic of the Composite  I-Beam 
Section and (b) The Four-Point Testing  Apparatus  and  Setup 
fiom Reference 3. 
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Figure  145.  Blade  Root  Stud  Insert  Specimen  (a)  Cross- 
Section  and End View  and (b) Test Photograph, fiom 
Reference  96. 
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12. SKIN/STIFFENER  INTERSECTION:  STATIC  TEST  DEVELOPMENT 

12.1. Summary 

Most  composite  blades contain some  type of internal  stiffener  spar, as shown in Figure  142. 
The  goals for this study were to combine  experimental testing with  finite  element  analysis  (FEA) to 
establish  design  guidelines  and  develop  accurate  FEA  methods  for  predicting  skin-stiffener  fiacture 
loads  and  locations.  A  follow-on study reported in the  next chapter explored the ktigue response. 
An additional  goal  of the study  was to establish  a structural integrity  test  geometry  for  materials  and 
manufacturing  evaluation. 

A  strength-based  failure  prediction  with  FEA  results  was  adequate to predict damage onset 
in the  stiffener  samples in  regions  without  high  stress  gradients.  However,  a fiacture mechanics 
approach  was  necessary  to  analyze the flange tip region. Good agreement  with experimental 
delamination  initial growth loads was obtained  by  using the one-step  virtual crack closure  technique 
(VCCT-1) to calculate strain energy  release  rate  values. These values  were  used  with the linear 
interaction  criterion for crack growth to predict  propagation  loads. An initial  crack  length of less than. 
0.2 mm and  a crack length to crack  extension  ratio (dda) of greater than 20 provided good results 
for  the  modeling of damage  onset  at the flange  tip. The use of R-curve data for predicting the 
extension  of  large  delamination  produced  generally  conservative  results. 

Experimental fracture toughness  tests showedthat delamination  growth  resistance was higher 
for  cracks  propagating at a k45 degree ply  interface  than  for cracks between  two 0" plies.  Increasing 
the  skin  bending stifkess and  matrix  material  toughness  produced  large  increases  in  pull-off  loads. 
Increasing the flange  thickness  and the adhesive  bond-line  thickness  caused the damage  location to 
change fi-om the  web/flange  bend  region  to the flange  tip.  This  was  due to the increasing  geometric 
discontinuity at the flange  tip,  which  created  high  interlaminar stresses. Detailed  design 
recommendations are presented. 

12.2. Introduction 

The  common  internal  stiffener  spar used in the structural design of blades (Figure 142) is 
usually  an  I-beam or C-channel. The interface  between the spar flange  and  skin  surface  is often the 
site of fracture  and  delamination  growth in composite  wind  turbine  blades.  Fracture  initiates here due 
to high  out-of-plane stresses and stress concentration  areas,  combined  with the low transverse and 
out-of-plane strength of composite  materials.  Areas  such as the  stiffener  flange  tip  may  develop 
unbounded  local stress fields  (in  continuum  models) due to the geometric  mismatch  between the 
flange  and skin, Figure 146. Such  areas  cannot be  analyzed  with strength-basedcriteria. These factors 
make  skin-stiffener detail regions  a  critical  design  component in  wind  turbine  blade structures. This 
section describes the development of a  standard  test  specimen  geometry  used  to  evaluate design 
methodologies and materials  comparisons, the latter  discussed in Chapter 3 under  resin  evaluation. 
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12.3.  Experimental  Methods 

12.3.1. Materials 

There  were two main categories of specimens  investigated  in  this  study.  The frst group was 
comprised of delamination  specimens as described in Chapter 7. These  specimens were used  to  collect 
basic  delamination data for various  fabrics  and  interface layup configurations. The second  group 
consisted of specimens  that  represented  blade  substructures in the  skin-stiffener detail regions.  These 
specimens  were  tested  using  various  loading  conditions,  manufacturing  methods,  resin materials, 
geometries,  and  fabric  layups. 

All  materials  were  processed  using  RTM as described in detail  in  Reference 35. The resin  was 
the ortho-polyester  with  a  postcure at 60°C  for two hours. The  reinforcing  E-glass  fabrics  were 
Owens-Corning  stitched Dl55 fibric for the 0’ layers  and  stitched  DB120  for the *45 layers,  also 
fiom Owens-Coming.  T-section  specimens  were  either  RTM  molded as a  single  unit,  or the skin  and 
stiffener  were  secondary  bonded, as discussed  later. 

The  DCB  and  ENF  delamination  specimens  were hbricated as  flat  plates with a  Fluoro-Peel 
Teflon  release  film  at the mid-plane to serve as the crack  initiation  film. Three lay-ups were tested:. 
(0)lo at a  fiber  content of 36 percent  by  volume, [(0),/(45/45)], at a  fiber content of 34 percent, and 
(45/-45),, at a  fiber content of 26 percent. Both specimen  types  were  cut fiom flat  plates with a 
diamond  blade  saw  to  a  standard  specimen  size of 2.5  cm width by 18  cm  length. Data were  reduced 
using  both  MBT  and  FEA  virtual  crack  closure  methods  described  in  the  delamination section of this 
report. 

12.3.2.  Tests  Methods 

A variety of experiments  were  performed to develop  this test method  for structural integrity 
evaluation.  The test specimens  varied  in  stiffener  geometry,  materials,  delamination  interface  lay-up, 
skin  and  flange  stiffness, manuhcturing method,  and  loading  cases.  A list ofthe lay-up  schedule  used 
for the skin and  flange  for  each  specimen  type is presented  in  Table  28,  and  a summary of the test 
matrix  and  a  description of the various  specimen  types are presented in Table 29. 

Two  different  T-mold  configurations  were  used  to produce the skin-stiffener  specimens. The 
geometry  and  loading  for the frst batch of specimens,  referred to as the “thin-flanged”  specimens, 
is  shown  in  Figure 146. The  diagram  for the “thick-flanged”  specimens is displayed  in  Figure 147. The 
different  designs  were  utilized to investigate  specimens  displaying  different  failure  modes. The thin- 
flanged  specimens  were  expected to display  initial  damage at the  web-flange  fillet  region,  followed 
by delamination toward the flange tip. In contrast, the thick-flanged  specimens were anticipated to 
fad at the  flange  tip  area,  with  a  delamination  then  progressing  toward  the  web  centerline.  The  ability 
to predict  this  different  failure  behavior  for  different  geometries  could  then be established  with the 
FEA  models. 

The  thin-flanged  stiffeners  were manuhctured two ways.  They  were  either  co-cured  in  the 
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mold  with the skin, or secondarily  bonded to the  skin  with an adhesive. The secondary  bonded  type 
was molded  with  a  layer of release film at the  skin  and  stiffener  intersection.  The  flange  and skin 
cured in  the  same  mold, but did  not  bond together due to this film  layer.  This film layer  is  easily 
removedafter molding  since  it does not  bond to the  resin. To investigate  bonding  issues, two different 
adhesives were compared, and the  bond-line  thickness was varied  considerably. The adhesives  used 
were the  Dexter  Hysol  EA  9309.2NA  epoxy  and ITW (Illinois Tool Works) Plexus  methacrylate 
A0425. 

Table  28.  Ply  Orientations and Laminate  Identification  Codes  for Substructure Tests. 

Laminate  Configuration* I ID Code I Thickness, mm 
Thin-flanged  Specimens 

[*45/0,/%45], S1 (skin)  4.5 
[*45/0,/*45] F1 (flange) 1.6 

Thick-flanged  Specimens 

[*45//0,/*45] S2  (skin) 1.6 
[90/0/*45], S3 (skin)  2.8 

[(*45/0,/*45//0,/%45)~*45/0,/*45] F2 (flange)  10 
[(90/0,/~45/0,/*45)~*45/0,/*45] F3 (flange)  10 

[*45/0,/*45], Web  (all)  4.5 
*Thick-flanged  layups  include  [*45/0,/%45],  which  is  half of the web  layup  continued onto the top 
of the  flange cap section. The 0” direction is along the blade  length,  into the paper in  Figure  146. 

Flange and skin ply  layups  were  varied to track influences of bending  stiflbess  and 
delamination  interface  lay-up on stiffener  performance for the thck-flanged specimens. In addition, 
by  varying  the  interface  plies,  FEA  predictions  could  be  validated  more  thoroughly,  since  toughness 
has been  observed to change with  delamination  ply interhe orientation  [34]. 

The  static pull-offtests were  performed inthe displacement control mode on an Instron  8562 
servo-electric testing machine. Data were collected and graphed  for  load  versus actuator 
displacement,  Figure 148. In addition,  initial fracture load,  maximum  load, and maximum 
displacement were manually  recorded to verrfl each plot used in  subsequent  analysis  and to compare 
specimen perfomance. The term  “load”  in the context of the T-section  stiffeners tests refers to the 
force per  unit  width on which the force is applied, expressed as N/cm  (Figure 146); The nominal 
testing width  was  5  cm  in  all cases. Initial  damage onset was taken as the point  where  either the load- 
displacement  curve  became  non-linear, or the  load  suddenly dropped by more  than 2.6 N  per cm of 
width. This correlated well  with  audible  and  visual  damage  onset  values. 
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Table 29. T- Specimen Substructure Test  Matrix. 

Geometry 
kom Table 28 

Flange Layup 
Matrix Material Bonding Skin 

Manufacturing 
Number  of Motivation 

Delamination Specimens 

Thin-flanged Stiffeners - 
I I I I 

F1 (*45) Polyester Co-cured S1 

F1 (*45) Polyester Co-cured S1 

F1 

F1 

- 

s1 

s 1  

Secondary 
Bonded 

(0.15 mm P45) Polyester 
bond) 

WYMl Epoxy) 

Variable Bond 
Thickness P45I Polyester 

W F l  Epoxy) 
I I I I 

I Secondary I 
F1 I S1 I bonded 

(Plexus Polyester 

Methacrylate) 

F1 I s1 I Co-cured 
I PolyesterRET I (*45) 

F1 I S1 I Co-cured I Polyurethane I (h45) 
Thick-flanged Stiffeners 

Baseline pull-off specimens, 
investigate damage 

initiation and growth 

Investigate compressive 
behavior and damage 

location 

Investigate performance 
changes with secondary 

bonding of skin to stiffener 

Investigate performance 
changes with variable bond- 

line thickness 

Investigate bonding  of 
commonly used  commercial 

adhesive 

Investigate delamination 
resistance of different matrir 

materials 

Co-cured 

( O W  Polyester Co-cured 

6 (TI (*45) Polyester 
Investigate specimens 
exhibiting flange tip 
failures, vary the skin 

(T) stifhess and interface lay-uI 

VOTE: 1 (T) = Tension tested, (C) = Compression tested 
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(a) Section  view (b) Side  view 
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Figure 146. Geometry  and  Loading  for  Thin-Flanged  Stiffener 
Tests. 
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Figure 147. Geometry  and  Loading  for  Thick-Flanged 
Stiffener Tests. 
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Figure  148.  Typical  Load-Displacement  Curve  for  Thin-Flanged  Stiffener 
Pull-Off Test. 

12.4. Results and Discussion 

12.4.1. Thin-Flanged  Specimens 

The  first  series of tests  provide  a  comparison of the one-piece  T  specimens  with two-piece 
specimens  which  were  secondary  bonded  with  a thin bond-line  (0.15 mm adhesive  layer). The 
adhesive used m these tests  was the Hysol  EA  9309.  Upon  loading,  the  stiffeners  developed cracks 
at the web/flange  fillet  area.  The  initial  damage  was  visible  (Figure  149) as transverse  cracking in the 
bend  surface  k45"  layer  (1 ), whitening  underneath the surface  plies (2), and  transverse cracks through 
both O'plies in the bend (2). Actual cracks in  Figures 149 and  150  were  traced  over  with  a  computer 
drawing  program to enhance  visibility  in the photographs.  Many tests were  stopped  immediately after 
initial  cracking  was  audibly  detected to discern the failure  sequence.  A  black  dye  marker was rubbed 
on the bend  surface  and  specimen  edges  and  wiped off to better observe any crack  formation. The 
dye clearly  showed  transverse  cracking on the  bend  region  surface,  as  well  as  transverse  cracking in 
the two 0" plies  within the bend region  (Figure  149). In addition,  the  transverse cracks appeared to 
initiate the slight  delaminations  between  the 0" ply and the surface *45"  ply. It was concluded that 
the transverse  cracks  happened  first  because  some of the tests  exhibited the transverse failure  without 
the small delaminations  being  present. It is  possible  that  the  small  delaminations were due to dynamic 
effects of the fast  fracture  in the 0" plies.  Based  upon  these  observations,  it was impossible to 
determine  whether the surface h45" crack or the 0" transverse crack occurred first. 

After initial  damage,  other  cracks  formed in the bend  region  (Figure  150),  followed  by the 
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horizontal  delamination (3), which  formed  within the uppermost  skin *45" fabric  ply  and  grew all the 
way  to  the  flange  tip  region.  A  vertical  delamination (4) also  formed at the  web  centerline  and  grew 
upward  toward the loading  grips.  This  damage  sequence  was the same for all  co-cured  and  thin  bond- 
line  specimens. 

The  results  for  initial  damage  and  maximumpull-off  load  (Figure  148)  showed  essentiallyno 
change  between the co-cured  and  secondary  bonded  specimens  (Table  30).  The  one-piece  specimens 
had an average  initial  damage  load of 85.5 f 15.3  N/cm,  while the bonded  stiffeners  had  an  average 
initial  damage  load of 87.7 f7.6 N/cm. The average  maximum  loads  reached  during  the tests were 
133 (*4) and  132 (*9) N/cm for the one and  two-piece  specimens,  respectively.  Thus, the presence 
of a  thin  layer of adhesive  has no significant  effect on the damage  sequence  or  load  carrying 
capability,  relative to a  specimen  molded in a  single  piece. 

A  strain  gage  was  mounted on the bottom skin  surface to measure the transverse strain during 
the pull-off  tests. At  an  applied  load of 66.7 N/cm, the strain across the specimen  width  was  0.028 
percent.  Linearly  scaling this strain up  to the initial  damage  load of 85.5  N/cm  gives  a  strain at 
damage of 0.0359 percent. This strain is  quite  low,  and while non-zero,  it  seems to justify a  plane 
strain  rather than plane  stress  assumption  for  the  FEA  models. 

Small  delamination  started 
by 00 ply transverse  crack 
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Figure 149. Initial  Damage  at  Web/Flange  Fillet Area in Co- 
Cured  Thin-Flanged  Stiffener  T-Specimens. 
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Figure  150.  Formation of Major  Delaminations at the Bend 
Region in Thin-Flanged  T-Stiffeners. 

Table 30. Test  Results  for Bonded and Co-Cured  Thin-Flanged  Stiffeners. 

Specimen  Type Initial  Damage Number of Standard  Maximum  Load Standard 
Load, N/cm tests deviation N/cm deviation 

Co-cured 11 3.9 . 133 15.3 85.5 

12 9.2 132 7.6 87.7 Secondary  Bonded 
(0.15 mm adhesive) 

Some  observations  about the specimens  and  the  delamination  surface  help  to  explain  these 
results. Increasing  the skin bending  sti&ess has been  shown  to  increase the pull-off  load [86]. In 
particular  the  higher  bending  stiffness  translates  into  lower  out-of-plane  deflection,  and  lower 
through-thickness stresses and strains in critical areas. In the  tests  represented in Table 30, skin 
bending stifhess remained constant. In addition, the overall  bending  stiffness of the specimens  does 
not change  appreciably  with the addition of such  a  thin  bond-line. It was  calculated  that the bending 
stifhess (Dll tern) for the flange  and  skin added together  only  increased  &om 222 N-m to 237 N-m 
with the addition ofthe 0.15 mm bond-line. Also, the delamination  was  observed to grow within  the 
topmost skin (*45") ply  underneath the adhesive  layer. The crack  never grew within  the  adhesive 
itself.  This  behavior  was also observed by  Minguet  et  al. [86] in  bonded  stiffener  pull-off tests. They 
concluded  that  this  was  reasonable due to the increased  toughness  of the adhesive  compared  with the 
matrix  material. This appears  to  be the case with the polyester/E-glass  system  as  well.  The  maximum 
pull-off  load  occurred once the delamination was beyond  the  web/flange  fillet  area  and  within  the  top- 
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most  skin  ply.  Since  the  delamination  was  propagating  in  exactly  the  same  location  and  material  in 
both specimen types, the  result of nearly  identical  maximum  pull-off  loads is understandable. 

To investigate  bond-line  thickness  effects,  specimens were made  with  an  adhesive  layer 
thickness  ranging &om  0.15 mm to  greater than 6.0 mm. In addition,  a  few  specimens  were  bonded 
with  a  widely  used  methacrylate  adhesive  (Plexus  A025). 

The  results of the  bond-line  thickness tests  are presented in Figure  151. It is  evident  fi-om the 
graph that, as bond  thickness  increases, both initial  damage  and  maximum  loads  increase.  This  is  in 
agreement  with the previous  discussion  about the influence of bending stifkess on pull-off  load. As 
bond  thickness  continues to increase,  the  bond distance separates the  skin  and  flange. As a  result, 
moment of inertia  and  bending  stiffness  increase.  At  a bond thickness greater than 4 mm, a  transition 
in failure  location  occurred.  For the specimens  with  approximately  6 mm bond  thickness, the initial 
failure  location  was at the flange  tip,  rather  than the web  fillet  radius  (Figure 146), as in  all  previous 
specimens. The transition to a  flange tip failure  is  consistent  with the fact  that the peel stress at the 
flange tip increases as the  geometric  mismatch  between the skin  and  flange  increases [80,8 1,851. No 
damage  was  observed at the web  fillet  radius  area for the 6 mm bond  specimens. The initial  damage 
.load at the flange  tip  and  maximum  load were coincident  for these specimens.  These  results  indicate 
that  little or no stable  crack growth under static loading  would occur for  this  type of geometry,  since 
the initial  damage  load was also the maximum  load. 

The  results  for  the  Plexus  methacrylate  adhesive  indicate  that it performs  as  well as  the Hysol 
in terms of initial  damage  load,  and  possibly better for the maximum  pull-off  load  (Figure  15  1). The 
same  damage  progression  was  observed m the Plexus  specimen group as in the Hysol  bonded 
specimens. 
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Figure  15 1. Pull-Off Strength versus  Bond-Line  Thickness  for 
Thin-Flanged  T-Specimens. 
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12.4.2. Thick-Flanged Specimens 

Co-cured  thick-flanged  specimens  (Figure 147) were tested to investigate  a  skin-stiffener 
configuration  that  exhibited  flange  tip  failure.  This  flange  configuration  was  expected  to  be  dominated 
by the  singular stress zone at the flange  tip.  This  would  aid  in the development of analysis  techniques 
for  these  regions  with  FEA  methods. The stiffener  was  produced  with  a  very  thick-flange,  formed  by 
adding  additional  plies  underneath  the  standard  flange of the thin-flange  design. 

Skin thickness and  skin-stiffener  interface  ply  orientation  were  varied to examine  the  effect 
on initial  damage  load  and  delamination  resistance of the  specimens.  The  motive  behind  these  lay-ups 
was to have two different cases for  validating the FEA predictions. The delamination  resistance of 
the polyester/E-glass  materials  changed  with  variations in interface  layup. The goals of the testing 
were to collect accurate data for  load  at  damage onset, and  load  versus  delamination  length.  Once 
this  was  established,  the FEA predictions  could be validated. 

The  configurations  for the thin-skinned  and  thick-skinned  specimens  (both  with athick flange) 
are listed in Table  29. In Table  3  1, the skin  bending stfiesses and  initial  damage  loads  are  listed  for 
both specimen types. 

The  results of the static pull-off tests confirmed  the trends of increasing  initial  damage  loads 
with  increasing  skin  bending stsfness. The thin skin  specimens  had an average  initial  damage  load of 
58.7 zk5.6 N/cm,  while the stiffer  thick skin specimens  showed  an  average  initial  fracture  load of 153 
*8 N/cm.  The  flange tip was  always the location of li-acture onset  in both specimens.  After  initial 
fiacture at the flange  tip, the delamination  progressed  along  the  skin-stiffener interfice plies toward 
the  specimen  centerline  (Figure  152). No damage  was  observed in the web-flange  fillet  area. 

Table  3  1.  Initial  Damage  Loads for Thick-Flanged  Stiffener  Tests. 

Specimen  Type I Skin Dl, I Initial  Damage  Load 
Standard 

( N - d  (N/cm) Deviation 

I ThinSkin I 9.36 I 58.7 I 5.6 

I Thickskin I 71.8 I 153 I 7.5 

To gather data for load versus delamination  length, the specimens  were  loaded until the 
delamination was observed to propagate. The test was  stopped,  and the crack  length on the left,  right, 
fiont, and  back  sides of the specimen were measured  using the same  dye  penetrant  method  used  for 
the DCB  tests.  After  each  crack  extension, the procedure was repeated.  This  allowed each test to 
start with  a known value  for  crack  length.  The  resulting  load  versus  displacement  plot  was  then  used 
to find  the load for propagation at  that  crack  length.  These  values were later  used as test cases  for 
the FEA  models. 
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Figure 152. Photograph of Flange  Tip  Delamination  for 
Thick-Flanged,  Thm Skin Stiffener  Specimens. 

A problem was encountered  in  most  specimens as the delaminations  grew  beyond the initial 
crack onset at the flange  tip. In most  cases,  the  crack on one side,  left or right, started to dominate, 
and would  propagate  farther toward the centerline at the  same  load  case  than the other crack. The 
crack fionts were quite constant  across  the  specimen  width on each  side,  however.  The  variation  in 
crack lengths make the data  beyond  initial  failure  somewhat  suspect.  However, the initial  damage 
loads are still valid  in  all  cases.  Once the crack  begins to  grow at  one  location,  and propagates into 
the structure, the strain energy  release rate at the longer crack tip should be higher  due to the longer 
moment arm caused  by the longer  delamination  length.  This  should  keep the longer  crack  propagating 
more than the  short  crack. 

12.5. Comparison of Finite  Element  Predictions  and  Experimental  Results 

12.5.1. Numerical Results 

The  results of numerical  modeling  performed with the ANSYS  5.3  finite  element  analysis 
(FEA) code are presented  in  this  section.  The  analysis  techniques  and  results  are  discussed  with 
regard to their  impact on detail region  design. The DCB  specimens  were  modeled  to  establish 
predictive  capability  for  strain  energy  release rates (G) with the VCCT  methods  and to investigate 
the effects of modeling  parameters such as  mesh  sizing  and crack length to crack closure distance 
(dda) ratio on G calculations.  Once  established,  these  techniques  were  applied to skin-stiffener 
models  to  predict  damage  onset  and propagation behavior. This technique  is  described  in  Chapter 7. 

Analysis  techniques  appropriate  for  each  specimen type were applied to determine  predictive 
capability with FEA. The FEA models  used  2-D  plain  strain,  8-node  quadrilateral  elements 
(PLANE82). Comparisons of FEA model  displacements  with  experimentally  observed  values were 
used to validate  basic  model  performance,  and  stresses  and strains were  calculated to determine  likely 
sites  for  damage  initiation. A strength-based  failure  approach  was  used  in  areas  where stress 
singularities  were  not  present.  The  load to initiate fiacture was determined by  multiplying the applied 
load by the ratio of ultimate  strain  to  applied  strain,  since  stress  and strain increase  linearly  with  load 
for a  linearly  elastic mteriaL In regions  with  a  singularity,  such as the flange  tip,  a fiacture mechanics 
analysis was required. This involved  calculating  strain  energy  release rate values  and the use of the 
linear  interaction  criterion  (Equation 17) for crack growth. The load at damage onset was calculated 
by  multiplying  the  applied  load  by  a  ratio  determined fiom the  linear  interaction  criterion.  This ratio 
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is  based upon the hct that strain  energy  release rate increases  with the square of the  applied  loading 
(explored  in  the  next  section).  This  technique is presented in  more detail  for the benefit of designers 
and  analysts  in  Reference  35. The FEA  predictions for damage  initiation  load  and  location  were 
compared  with  experimental  results to validate these design  approaches  for  different  specimen 
configurations. 

12.5.2. Delamination Modeling 

The  results ofthe DCB  modeling  showed  that the VCCT- 1 method in ANSYS is the preferred 
tool for  predicting G values  with  FEA [ 351 (see Chapter 7). The VCCT-  1  has good mesh size stability 
and  only  requires  one  FEA  analysis  to  calculate G for  all  modes of crack growth. In contrast, the 
VCCT-2  method  needs an initial  analysis to load the structure,  and  one  additional run for  each  mode 
of crack  extension.  This  means  that, for a structure with  Mode I and I1 loading,  the  VCCT- 1 method 
will  be at least three times  faster than the VCCT-2  method.  This  fact  fbrther  increases  the  utility of 
the  VCCT-1 approach for  designers.  The  VCCT-  1  predicted  values also match  the experimentaldata 
better than the VCCT-2  techniques.  Full  details of the  study  involving  numerical  methodology  and 
mesh  size  effects can be found in Reference  35. 

12.5.3.  Thin-Flanged  Stiffeners 

The  two  prime  areas of interest  for  damage  onset  were the web/flange  fillet  radius  area  and 
the flange tip region.  These  areas  have  typically  served as  damage  initiation  sites m pull-off tests [80, 
8 1,83,86]. The damage  initiated  at the bend  region  (Figure  149)  in  every test case  performed  in  this 
study.  The  verifllcation of the slope of  the loaddisplacement behavior for the FEA  model  showed 
good agreement  with the average  experimental  slope.  The  FEA  value  differed  from the experimental 
average  by  only -2.4 percent [35]. 

The frst site investigated  for  damage  was the bend region.  Experimental  observations  (Figure 
149) of initial  damage  showed  transverse  cracks  in  the  surface h45 O ply  and the 0" plies  beneath  them. 
These  cracks  seemed to form at roughly the same  load since both  cracks were present after initial 
damage detection. The strain  in the plies at the bend  was  calculated by FEA at the  experimentally 
observeddamage initiation  load of 85.5 N/cm. Because  this  was  a  2-D  analysis, the strain  components 
in  the  FEA  global  axes  were  applied  as  laminate  loads  in  a  composite  analysis  program to get  fiber 
longitudinal  and transverse stresses  and strains for  comparison  with  material  strength  data.  The 
database strength data  for  the Dl 55 andDB120 materials  presented  in the next  section were used to 
predict  damage. The maximum  in-plane strain in the  bend  region  was in the +45  degree  surface  ply. 
The  strain  components  had to be  viewed in a  local  cylindrical  coordinate  system  for the bend  region 
rather than the global  system.  This  local  system  was  necessary to properly align the material 
properties as they  curved eom the  web  to  the  flange  area.  Typical  strain  contour plots in the bend 
region  are  presented in Figures 153 and  154. In the  bend region local  coordinate  system the X- 
direction  is the radial (R,  or through-thickness)  direction, the Y-direction is following the curved 
region (e or  tangential),  and the Z-coordinate  is  out  of the page.  There  was  no  Z strain component 
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since  this  was  a  plane strain analysis.  The  maximum  in-plane  tangential  strain at the bend was 0.60 
percent  within the +45"surface  ply. The 0" ply directly  beneath the surhce (*45")  fabric  had a 
tangential strain of  0.36  percent. The radial  (through-thickness)  and shear strains in these  plies  were 
not  high  enough  to cause damage. The radial strain component in the  surface  (+45")  ply  was  -0.43 
percent,  with an allowable  compressive  strain  for  this  material of -1.21 percent. The maximum  radial 
strain  observed  was 0.18  percent  at  the  web  centerline,  which is below the ultimate  transverse  strain 
value  in  tension of 0.30  percent  for  this  material. The maximum  observed X Y  shear  strain was 0.10 
percent, while the ultimate  transverse  shear  strain  allowable is 2.06 percent. 

The  appropriate strains were applied to the +45O and 0" plies  with  a  laminate  analysis 
program.  Failure  was  determined  by  applying both the maximum strain and the quadratic  (Tsai-Wu) 
failure  criteria. The results  are  presented in Table 32. The maximum strain criterion  predicts  that 
fiacture will occur  when the strain in  any direction  equals the ultimate  strain  allowable in that 
direction. The quadratic criterion is based upon an interaction of the  various stress states in the 
laminate  [94]. The quadratic failure  criterion  will  not  directly  predict the failure  mode as will  the 
strain  criterion. The maximum strain criterion predicted fiacture in the +45"surfaceply at 94.0  N/cm, 
or 10  percent  above the experimental  average  load.  The quadratic criterion  predicted  damage onset 
at 70.9  N/cm, or 17  percent  below the experimental  average.  Thus, these point  stress  and  strain  based 
predictions  bound the experimental  average  value.  The  failure  mechanism in the bend surhce +45" 
ply  was  predicted  as  transverse  tension  failure  with the maximum  strain  criterion. 

EPELX ( FtVG 1 
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Figure  153.  Radial Strain Plot in the  Bend Region for the 
Thin-Flanged  Stiffener  Model. 
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Figure  154.  Tangential  Strain  Plot in  the  Bend  Region  for 
the  Thin-Flanged  Stiffener  Model. 

Table  32.  Point  Stress  Failure  Prediction in the Bend  Region for the Thin-Flanged  Stiffener 
Specimens. 

Experimental 

Load, N/cm N/cm 

Maximum Strain 

Prediction, N/cm Criterion  Prediction Initial  Damage Fracture Location Quadratic  Criterion 

+45"  Bend  Surface  Ply 70.9 94.0 85.5 

0" Bend  Region  Ply I 85.5 92.3 93.1 

Experimental  observations  showed  that  a  transverse crack formed in the 0" plies  in  the  bend 
at the  same  time the crack in  the  *45"surface  plies  formed. Tests were  stopped  immediately after 
initial  damage  was  detected  and  both cracks were present. The strains  were  analyzed  in the 0" plies 
to see ifthey were  at the failure  point as well.  When  the 0" ply strain  was  input  into  laminate  analysis, 
the predicted  damage  load  was  93.1 N/cm with  the  maximum  strain  criterion.  This is 8.9 percent 
higher  than the experimental  average.  The quadratic criterion  predicted 92.3 N/cm, or 8.0 percent 
above  the  experimental  average.  These  load  values are nearly  identical  to the prediction for the *45" 
surface  ply  fracture  with the maximum strain criterion.  Therefore, it is not  surprising  that  both  cracks 
seemed  to  form  simultaneously  during  the  experimental testing. 

The  next  area  analyzed  for  initial  damage  was the flange  tip  termination. This region  does not 
lend  itself to a  strength-based  prediction  due to the existence of a singularity in the peel  stress (see 
the delamination  section). To circumvent  this  problem,  a fiacture mechanics  approach  was  utilized 
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to predict  initial fiacture load.  This  method  assumes  that,  immediately  after  damage onset, there will 
be a crack of finite  length  in  the structure. Furthermore,  it  assumes  that the load to propagate this 
very  small  crack is the same as the fiacture onset load  without the crack  present.  Values  for  GI  and 
G, can be calculated by  modeling a  very  small  crack at the  likely  damage  location  and  then  applying 
a  load case and  a  VCCT  prediction  method.  The  values  for  G are thenused with  an appropriate mode 
interaction  criterion  (Equation 14 or 15) to predict the crack  propagation  load. The linear  interaction 
criterion was used in the following  analysis. 

The first  step  is  to  veri@ the existence  of  a  singularity  type  of  stress  field to make sure this 
technique is warranted. At the experimental  damage  onset  load,  the  peel stress at the flange  tip (in 
the last  element at the tip) was  calculated  to be 260  MPa.  This is thirteen  times greater than the peel 
strength of a  typical E-glasdpolyester composite,  and  yet the flange tip showed  no  damage  during 
the tests. In addition, the maximum  peel stress value  in  FEA  was  increasing  with  every  mesh 
refinement. There was clearly  a  need to analyze the flange  tip  with  a  fracture  mechanics  approach due 
to the  flange tip peel stress singularity. 

A 0.155 mm long  crack  was  modeled  at the interface  between the skin and  flange  at the flange 
tip. The  elements were refined to give an (dda) ratio  of  20. This was  based  upon the results fiom the 
DCB  analyses  that  showed  good  predictive  ability  for  G,  and G,, even at this low (dda) ratio.  The 
VCCT-1  method  was  applied  to  calculate  G in Modes  I  and II. The output value  for G,was 25.8 J/m2 
while G, was 14.7  J/m2.  A  load for crack  extension of 195  N/cm is predicted  using the linear 
interaction  criterion  (Equations 14  and 15), and  the  initiation  values  for GI,  and  G,,,of  140  J/m2  and 
2001 J / d .  This is much  higher  than the observed  load to cause damage at the bend  region of 85.5 
N/cm and is well  above  the maximum  load of 133 N/cm  reached in the  pull-off tests. 

This  analysis  predicted  that  damage  would  not  initiate at the  flange  tip  for pull-off loading 
with the thin-flanged  stiffeners.  This  was known a priori from  experimental  testing.  However,  this 
type of analysis  will be essential  for predictive design work for  skin-stiffener detail regions  with 
different  geometries. If a ffacture mechanics  approach  were  not  applied to the flange  tip,  large errors 
in the damage onset load  predictions  would occur. In this  case,  a  stress-based  analysis  would  have 
incorrectly predicted both the damage  initiation  load  and  the  location  within the structure. This 
example  illustrates the importance of applying fiacture mechanics to perform  damage onset 
predictions  in  regions of very  high  stress  gradients. It is  essential  that  designers  recognize  situations 
where point-stress based  strength  approaches  are  invalid  This  should  prevent the failures  that  have 
resulted fiom such detail region  design  oversights. 

12.5.4. Thick-Flanged Stiffeners 

12.5.4.1. Thick Skin with (O/O) Interface 

Initial Fracture 

The  thick-flanged  skin-stiffeners  were  co-cured in two configurations. One utilized  a  thick 
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skin with a (Oo/Oo) interface  (T5200  series)  while  another  had  a thin skin and a  (545")  interface 
(T5000 series). Note that the O"/O" interface is  for a  delamination  growing  in  the 90" direction 
(relative to the 0" fiber),  between  two  90"  plies.  The  thick-flanged  stiffeners  were  tested  in  a  tensile 
pull-offmode.  The  results  for  initial  damage  onset  and maximum loads  fot the thick-flanged  stiffeners 
were presented in  Table 3  1. 

The  thick-flanged  stiffeners  were  modeled  in ANSYS and  the  FEA  models  were used to 
predict displacements,  damage  onset,  and  crack  propagation  behavior. The FEAresults for the T5200 
stiffeners are presented in  Table  33. The model  yielded  a  good  prediction  for  displacement at damage 
onset load  when  compared  with  the  experimental  average.  The FEA displacement  was  0.6  15 mm, or 
1.3  percent  less  than the experimental  average.  This  indicates  that the FEA  geometry and material 
properties were  modeled  correctly. 

Table  33.  Experimental  versus FEA Results  for  Displacement at Average  Experimental  Damage 
Onset  Load. 

~ 

Experimental  displacement 

Average Std. Dev. 

FEA Percent  difference  in 
Specimen  type mm 

displacement, mm predicted  displacement 

T5000 
[45"/-45'1 Interface 

T5200 
rOo/Ool Interface 

1.086 -4.8 1.034 0.144 

0.623 -1.3 0.615  0.038 

The  next step was  to  predict the damage  onset  at the flange  tip  region. Both the  VCCT-1  and 
VCCT-2  corner  node  loading  techmques  were  employed  to  predict strain energy  release  rates.  The 
same  method  used  for  the  flange  tip  analysis of the thin-flange  specimens  was  utilized  for the'T5200 
specimens. The existence of the  stress  singularity  at the flange  tip  was  verified  by  observing  large 
increases in peel stress at the  flange  tip  with  successive  mesh  refinements.  The  peel stress (not 
converged) at the experimentally  observed fiacture onset  load  was  261  MPa  after the final  mesh 
refinement.  This was well  above the peel  strength  for  polyester/E-glass of 24.9  MPa.  This  verified 
that  a  point  stress  strength-based approach would  not  work  and that a fiacture mechanics  solution 
was necessary  at  the  flange tip. Viewed  differently,  this  indicates  that  this part of the  specimen  would 
have  failed  by  a  strength-based  criterion,  and  a  crack  geometry  should  be  inserted.  This  then requires 
a fracture mechanics  analysis. 

A crack length  sensitivity  study  was  conducted at the flange  tip for small  crack  lengths  and 
low (a/da) ratios  for  the  VCCT-1  technique.  The  results  of this study  (Figure  155)  show  that the G 
values are fairly  stable  down to a  crack  length of 0.04 mm with an (a/da)  ratio of five. It should be 
noted that both  the crack length  and  the (dda) ratio  are  changing  in  Figure  155  with  (da)  constant 
at 0.008 rnm. In addition,  much of the  decrease in G with  decreasing crack length  is  probably due to 
the low  (a/da)  ratio  and  not the change  in  modeled  crack  length. 
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Two  different  initial crack sizes and  corresponding (dda) ratios  were  modeled  to  predict 
initial  damage  at the flange tip. The first  crack  had an (a/da) ratio of 26.0 and  a  length of 0.201 mm. 
The second crack was slightly  smaller  with an (a/da) ratio of 20.0  and  a  length of 0.156 mm. The 
results  for  the  initial  damage  load  predictions  at the flange  tip for the T5200  specimens are presented 
in  Table  34.  The  VCCT-1  method  with the 0.201 mm crack  model  predicted  an  initial  damage  load 
at the flange  tip of 14 1  N/cm,  while  the  0.156 mm crack prediction was  142 Nlcm The experimental 
average  damage  load was 153 Nlcm 

Because the FEA predictions are dependent on the interlaminar  fracture  toughness  values,  it 
is worth investigating  the  predicted  damage  loads  using  1 standard deviation  for GI, and Gnc. The 
change in predicted fiacture onset load  with the 0.21 0 mm crack length  was  +25.9  and  -32.4  N/cm, 
and  with  the 0.156 mm crack  model  was  +26.1  and  -32.5  N/cm. The experimental  average  damage 
load falls well  within  this  predicted  range. 
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Figure  155. GI and G, at Flange  Tip  versus Ratio (dda). 

Overall, the prediction of fracture onset  using the VCCT-1  method  for the T5000 and T5200 
series  specimens is very  good.  Table 33 indicates  excellent  agreement  in  the  load-displacement curve 
prior to fiacture. Table  34  indicates  very good agreement in the load  for the onset of delamination 
propagation. 
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The  VCCT-2  technique  was  also used with  the  same  model  for the 0.201 mm initial  crack. 
The  predicted fiacture load  [Table 351 with  this  method was 152 N/cm,  which  is only a -0.5 percent 
difference fiom the experimental  average fracture load. However, based  upon  the  results  from  mesh 
sensitivity  studies,  the  VCCT-2  technique is not recommended,  especially at such  low (dda) ratios. 
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I Table  34.  Initial  Damage  Load  Predictions at Flange  Tip  Using  VCCT-1  Method. 

T5000 
[45"/-45"] 
Interface 
T5200 

[Oo/O0] Interface i FEA  Crack 
Length (a, mm) 

0.26 

0.201 

0.156 

ExDerimental I 
Fraiture Onset VCCT-l 

N/cm  Prediction 

58.7 5.6 52.0 
+7.0 / -8.2 

GI,  and Gnc. 

153 
142 

+26.1 / -32.5 

% Difference 
in Predicted 

Fracture  Load 

-1 1.4 

-7.4 I 
I 

1 deviation  for 

I Table  35.  Initial  Delamination  Growth  Predictions  at  Flange  Tip  Using  VCCT-2  Method. 

FEA  Crack Experimental Fracture 

Fracture  Load N/cm Std. Dev. Average 
in Predicted Prediction Onset,  N/cm Length 
% Difference VCCT-2 

Specimen Ratio 
Type a =  ( a w  

T5000 

Interface 
T5200 

153 [Oo/O0] 26 0.201 
Interface 
T5200 

Interface 

0.26 5.6 58.7 
55.3 

+7.5 / -8.7 [45"/-45'1 5 -5.8 

152 
7'5 +27.7 / -34.8 -0.5 

[0°/00] NA NA 7.5 153 0.156 20 

1 Predicted  using  average GI,  and G,, with f values  calculated  using fone standard  deviation  for  GI, 
and Gut. NA  -Not  Available, no FEA  performed  for this case. 
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The good predictive  results in this  case  are  probably due to the variance m material fiacture 
toughness  data.  These  results  show  that the VCCT-1 method is  always more conservative  than the 
VCCT-2 corner node method in predicting damage  load  because  it  predicts  higher G values  for  a 
given  loading case. To reiterate,  the  VCCT-  1  method  is  preferred  for  calculating G vahes with FEA 
due to its stability  with  respect to mesh sizing and  its consistently  lugher  calculated  values  for G, 
compared to the VCCT-2  corner  node  method.  The better agreement between the experimental 
results  and the VCCT-2  predictions in the present  case  should not be  used as an  endorsement ofthis 
technique. 

Delamination  Progression 

Once damage has initiated at the  flange  tip,  the  delamination  grows at the  skin-flange  interface 
toward the web.  This growth was  modeled  with  FEA by releasing  coupled  nodal sets to achieve the 
desired crack length. The crack length  was  chosen as the longest  crack  in  the  experimental  specimens 
at a  given  propagation  load.  This  was due to the observation  that  once  a  crack started at the left or 
right  flange, the longest crack would propagate first in subsequent  tests. The results  for  delamination 
growth predictions  are  displayed m Figure  156. 
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Figure 156. Predicted Propagation  Load  versus  Delamination  Length  for 
T5200  Specimens. 
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Individual data points  from  experimental tests are  plotted  along  with  the FEA predictions  for 
those  delamination  lengths. The GI, values  used  in the linear  interaction  criterion (Equation 17)  varied 
with crack length.  The  values used were the average values  taken  from the MBT  R-curve data 
presented in  the  delamination  section.  The  predictions  in  Figure  156  are  for  the  VCCT- 1 method  only. 
The  predicted  load  for  propagation at a  crack  length of  0.4  cm  is  nearly  identical  to the experimentally 
measured  propagation  load.  Beyond 0.4 cm, the predictions are lower  than  the  experimental  results. 
This  may be due to  the  different crack lengths  at the right  and  left  flange tips 
during the experimental tests. This  behavior  was  observed  to be more  prevalent at longer 
delamination  lengths.  The  material at the  delamination  interface  may  also  be  tougher in the  stiffeners 
than the DCB  test  results.  This  would  result  in  low  estimates  for crack propagation  loads. 

12.5.4.2. Thin Skin with (*45) Interface 

Initial Fracture 

The  same  type of testing  and  analysis  was  applied  to  the  thin-skinned  (T5000  series) 
specimens. These specimens  were  tested to investigate the influence of skin bending stifkess and 
validate the predictive  ability  for crack growth  at  a *45" interface. 

The FEA displacement  prediction  (Table 33) at the experimental  damage onset load was 
0.103 cm, while the experimental  average  was  0.109  cm.  This  shows  that  the FEA model  is 
approximately  5  percent  more  compliant  than the average stifhess for the experimental  specimens. 

The prediction  for the damage  onset  load  with the VCCT-1  method  was  presented  in  Table 
34. The predicted  value of 52.0  N/cm  was 12 percent  lower  than the experimental  average of 58.7 
N/cm.  However, if one standard  deviation  were  used  for GI, and Gnc, the predicted  damage  load  was 
59.0 N/cm. The VCCT-2  method once again  predicted  lower G values  and  a  higher fiacture load 
[35].  The  2-step  method  predicted  damage  onset  at 55.3 N/cm,  which  was  below the experimental 
average by 5.8  percent. 

The (dda) ratio  used  for the T5000 predictions was only  five,  with  an'initial crack length of 
0.26 mm. These parameters  may be slightly  outside of the  desired  range for damage  onset  modeling 
as  determined  from  the  DCB  mesh  sensitivity  studies.  This  was  the  smallest  mesh  sizing  that  could 
be  accomplished  for  this  model,  however. The ply  layers  at the interface  were  different  thickness  in 
the skin  and the flange. This caused  problems  during the mesh  refinement  process. As the element 
sizes were reduced by a factor of 2, 4, 8,  etc., the element  widths were no longer  identical on both 
sides of the interface.  The  corner  and  mid-side  nodes  were then no longer  coincident and the  VCCT 
method  could  not be used. This problem may  be  avoided  by forcing  the  elements on both sides of the 
interface to have the exact  same  width  and  thickness  during the modeling  process. If this  condition 
is  enforced, then mesh  refmements  will produce  elements of identical  size  with  coincident  nodes. 
These  coincident  nodes  are  then coupled together as nodal  pairs  with  identical  degree of freedom 
values to define the crack  length. 
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Delamination  Progression 

A  prediction of delamination growth beyond  initial  damage  was  performed  by  combining the 
FEA model  with the material  toughness  values  from (*45) DCB  R-curve  results in Figure  10  1.  This 
interface shows severe R-curve  behavior  in  terms  of the increase in G, with crack extension.  GI, 
values  on the R-curve  were  assumed to follow  a  linearlyincreasing  relationship  from 140 J/m2at 0.0 
cm to 1028  J/m2 at 1.0 cm  of crack extension,  and  then to be constant at 1028  J/m2,  for longer 
lengths.  The  predictions  for  crack growth loads (Figure 157) are consistently  lower  than the 
experimental  values.  This  may be due to errors in material  toughness data or lack of symmetric crack 
growth in the  T-specimens.  The  load  predictions  appear to be about 20 percent lower than the 
experimental  results  below 0.8 cm,  and get slightly  better around 1 cm. The predictions  for G, would 
be  extremely low ifthe R-curve  toughening  behavior  were  not taken mto  account. In fact, basedupon 
Figure  157, it seems that  the  inaterial in the T5000 specimens is  actually tougher than the values  used 
from the DCB  R-curve.  However,  slightly  different  conditions,  producing  other G,/G, ratios,  could 
greatlyreduce the R-curve  effect in practice, as could  variations m processing or fabric  architecture. 
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Figure 157. Predicted  Propagation  Load versus Delamination 
Length  for  T5000  Specimens. 

12.6. Conclusions 

The  T-section  geometry  has  been  developed as a test specimen  for structural integrity  studies. 
While  the  tensile  loading  condition  differs  significantly fiom the actual stiffener  loads  in  blades, the 
test is easy to conduct  and  contains the elements of damage  initiation and  delamination  growth  which 
are critical  to structural detail  performance.  Different  configurations of the  test  allow the shuffling 
of initial  damage from the  fillet area to  the flange  tip,  and from intraply  failure  to  delamination  failure. 
Different  ply  stacking  arrangements,  matrix  materials,  and  fabrics can be employed  to  optimize 
designs.  The  design  methodology  demonstrated for this loading  can  be  applied to other loading 
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conditions  and  geometries  such  as  ply-drops,  but the breath of applicability  has  not  been detemhed 
for other cases. 

Combinations of point-stress  strength-based  approaches  and fracture mechanics  predictions 
were shown to provide good results  for  determination ofdamage initiation  loads  and  locations.  The 
strength-based  approach  was  used  to  analyze  damage  onset in areas without  high  stress  gradients. 
The fiacture mechanics  method  was  applied to areas of very  high stress gradients  such  as  the  flange 
termination  area.  These  methods can also  be  applied to three-dimensional  analyses  with  the  use of 
appropriate  formulas  for G with  different  element  types  like  composite  layered  shell  elements. The 
predictive results also  sliowed  the  need  for accurate material strengths and  interlaminar fiacture 
toughness  data  and G,/G, interaction  criteria to determine fiacture onset loads.  Delamination 
progression  depends  heavily on R-curve  behavior.  Actual  design procedures should  be  conservative 
and the best  assumption  is  no  R-curve  behavior,  simply  using the initiation GI, and G,, values. 

Other  findings of this  section are that the initial  damage  location  changed  from the fillet  area 
in the thin flange  geometry,  to the flange tip in the thick  flange  geometries. In the  former case, a stress 
gradient  was  low,  and  damage  initiation, in the  form of matrix  cracking  in  the  plies, was predictable 
using  a  point-stress strength criterion.  Thick  flange  geometries  damage  initiated in the  form of 
delamination at the  flange  tip,  and the high stress  gradient  required  a  fiacture  mechanics  based 
prediction.  The  FEA  prediction  in both cases  was  in  good  agreement  with  experimental  results. The 
thin  flange  geometry  was  investigated  with  secondary  bonding as well as one-piece  RTM  molding. 
For thin  bondlines, the behavior  was  unaffected by the adhesive,  thicker  bondlines  produced  increased 
peel  strength  due  to the increasing  thickness  and  moment of inertia. 

12.7. Design Recommendations 

Severalrecommendations for  materials  selectionand geometryofl-stiffener structuraldetails 
can be identified.  For  delamination  resistance,  utilize  dissimilar  fabric  ply  orientations at delamination 
prone  interfaces in composite  skin-stiffener  intersections.  For  example,  placing  *45 degree plies 
together is better than a (Oo/Oo) interface.  However,  interface  plies  oriented  at 90 degrees to  the 
primary  strain  should be avoided  due  to  their  propensity  to  form transverse cracks,  which may initiate 
delaminations.  Toughened  matrix  materials  should be used m all  areas  that  will  encounter  significant 
interlaminar stresses (see matrix  section). 

Thin  flanges  should be used whenever  possible to increase  delamination onset loads.  This 
mmimizes the  geometric  mismatch  between  the  skin  and  flange at the flange  tip. The stiaess  of the 
flange  laminate  in  the loading direction  should  also  be  minimized.  This  lowers the stiffness 
discontinuity  between  the  skin  and the flange. In particular, ratios of flange to skm thickness  from  0.5 
to 1.5 should be avoided  [85].  The  stiffener  flange  tip  should  always be tapered by at least  45  degrees. 
It should  never  be  manufactured  with  a 90 degree  block edge. Tapering  reduces  the  geometric 
discontinuity  at the flange tip, which  lowers the interlaminar  peel  and  shear  stresses in this  region [83, 
861. In areas where the skin may encounter  bending  loads, use a  higher  bending s t f iess  laminate  in 
the loading  direction to keep out-of-plane  deflections to a minimum.  This  will  increase  delamination 
onset  loads  at the skin-stiffener  interface.  Use  the  largest  practical  web/flange  transition  radius to 
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lower the stress concentration in the bend  region.  This  radius  will  be  dictated  by the overall  stiffener 
size and  manufacturing  issues. 

Several recommendations  for  numerical  modeling can also  be  made. In predicting  damage 
initiation,  use  a standard strength-based  approach to calculate  damage  onset in regions  that do not 
contain stress smgularities or very  high  stress  gradients. A quadratic strength  criterion  should be used 
to determine  strength,  while  a  maximum  strain  criterion is best  for  identlfylng  failure  mode. 
Use a  fracture  mechanics approach to  predict  initial  damage in areas with stress  singularities such as 
the flange  tip.  Initial  crack  length  should  be  kept  below 0.2 mm and the ratio of crack length to crack 
extension (dda) should be greater than20 for accurate results. To calculate G values use the VCCT-  1 
method.  For  VCCT-  1  formulas for additional  element  types see references [82, 851. Use  initiation 
values  for GI, and Gnc as discussed m the delamination  section.  The GI / G, interaction criterion in 
Equation (1 7) worked well in this study.  This is the subject of an on-going  study  at MSU. 
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13. SKIN STIFFENER T - SECTIONS: FATIGUE CRACK 
GROWTH AND LIFETIME 

13.1. Summary 

As described in the preceding  section, the skin-stiffener T-section specimen  has  been 
developed as an example of a  structural detail where  failure occurs by  matrix  cracking  and 
delamination.  This  section  describes  a  study  intended  to  explore the damage  development  and  failure 
of T-sections  under  fatigue  loading.  Experiments  have  been  run to measure  damage  initiation 
conditions  and  geometries as well as delamination or growth rates in T-sections.  Using  finite  element 
analysis  and data for strength,  delamination  resistance,  and  delamination  fatigue crack growth, 
damage  initiation  and growth under static and  fatigue  loading is predicted  following  a prescribed 
methodology  and  compared  to  experimental  data.  Delamination growth is  by a  mixture of Modes I 
and 11, and  a mixed-mode criterion  has  been  assumed in the  absence of definitive data. Overall T- 
section fatigue  lifetime  trends  with  varying maximum  load are  also  established,  and the sensitivity to 
matrix  variations is explored. 

The results in this section  serve to define  and  validate  a  methodology  for  predicting 
delamination  failures at structural details  using  finite  element  analysis  and database delamination 
fatigue  crack growth and fracture data. While  the  correlations of predictions  with  experimental data 
are generally  good,  they  indicate  a  need for a  definitive  fracture  mode  interaction  criterion for static 
and  fatigue  delamination  for  a  range of reinforcing  fabrics,  matrices,  and  particular  ply  interfaces.  A 
simplified  method for predicting  fatigue  performance  in the design of delamination-prone 
substructures  is  also  presented. 

13.2. Introduction 

This study used the results  generated in the  preceding  static study to choose a  T-section 
geometry and  materials;  these  choices  were  also  guided by the materials  used in the AOC 15/50  blade 
design  described  earlier. Test fixtures  and  methodology  were  required  for  fatigue  loading,  and  it  was 
necessary  to  develop  schemes for test  interruption and  damage  inspection. 

The  experimental goals of the study were to generate fatigue  data  for  a  representative T- 
section geometry;  observe  and  measure  damage  initiation  and  growth;  determine S-N lifetime  curves 
for  T-sections with various  geometries;  and  generate  a  database  for  delamination  crack growth and 
failure  using  these  materials  (described  in  the  earlier  section on delamination). The T-sections were 
to be  analyzed  using  FEA for stress distribution,  initial  damage,  and  delamination  growth. The 
outcome was to be a  validated  methodology for the  prediction of static and fatigue failures  in 
substructures ofthis type,  with  associated  numerical  procedures  and  database.  This  was the first  effort 
of its type  in  this  overall  program,  and  was  expected to identlfL  areas  requiring hrther development. 
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13.3.  Experimental  Methods 

13.3.1. Materials 

This  study  used the E-glass  fabrics  described  earlier. The fabrics  were  D 155 for 0" and  90" 
layers  and  DB120  for the *45"  layers.  Most of the study  used the CoRezyn  63-AX-051 ortho 
polyester  with  1 to 2  percent MEKP catalyst. Other resins  used  for  comparison were isophthalic 
polyester  and  Derakane 41 IC-50 and 8084 vinyl ester. All materials  were  resin  transfer  molded  and 
post  cured at 60 "C for two hours. 

13.3.2. Test Methods 

Delamination tests were conducted as  described in the earlier  delamination  section.  Fiber 
orientations  and crack interfaces  were  chosen to coincide  with  the crack positions  observed in the 
skin-stiffener  tests.  Table 36 gives  a list of Mode  I  and I1 static and fatigue crack growth tests  used 
to  generate data for  modeling of the  T-sections. 

The  skin-stiffener  T-section tests were  based on the study  in the previous  section. The final 
geometry  tested is shown inFigure 158,  which is close to the "thin  flange"  geometry in the previous 
section. A variety of resin  systems  were used in the skin-stiffeners. A s u m m a r y  of the  stiffener  test 
matrix  and  motivations  is  presented  in  Table  37.  The  edges of the skin-stiffeners  were  polished to 
enhance the detectability  of  damage  and  crack growth. 

Both static and  fatigue tests were  conducted  using  a  high  response,  low force servo-hydraulic 
system (Instroninodel85 1  1).  Slight  modifications of the  apparatus  described in the  previous section 
were  required. A fatigue  specimen  under  test is shown in Figure  159. 

Table 36.  Delamination Tests Conducted  in  this  Section. 

Series ID Specimen Number of Crack 
Type L a p p  Interface Tests Motivation 

DCB 14 static GI test 

DCB 

fatigue GI test  8 DCB 

static GI test  18  DCB 

fatigue GI test  8 

8XX ENF 3 static G, test 

6XX [*45/(0),/zk45], (+45"/-45") 

7 x x  

[(*45),/0/(&45),] (0"/+45") 

7XX - 8XX fatigue G, test 14 ENF 
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Force t 
Width = 25 mm  we^ 1 

Test fixture support 
19 mm diameter 

Skin / b-, 78 -,I h- 127 mm -,I 
4.5 mm 

159 mm ,I 
Figure  158.  Skin-Stiffener  Loading,  Geometry and  Dimensions. 

Table  37. Summary of the  Skin-Stiffener Tests. 

Series ID 

8TXX-  1 OTXX 

8TXX-  1 OTXX 
18TXX 

11TXX 

1 lTXX 

14TXX 

14TXX 

16TXX 

16TXX 

Resin 

Ortho- 
polyester 

8084  Vinyl 
ester 

Iso- 
polyester 

41 1  Vinyl 
ester 

Layup Number of 
(Web  and  Skin) Tests 

Motivation. 

static test - initial  damage and 1 I maximumload 
17 fatigue 
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static crack growth 
static test - initial  damage  and 

maximum  load 
fatigue 

static test - initial  damage  and 
maximum  load 

fatigue 
static test - initial  damage  and 

maximum  load 
static and  fatigue 



Instron 85 I1 hydraulic grip , 

\ Three point testing apparatus 
Figure  159.  Typical  Skin-Stiffener  Fatigue  Test. 

Static tests were run by  loading the  top  of  the specimen at a constant displacement rate  of 
0.25 mmper second,  yielding  force-displacement  curves  similar  to  Figure  160,  allowing  identlfication 
of the initial  damage  load  and the maximum  load  sustained. Fatigue tests were run at a  low  frequency 
of 2 to 4 Hz and an R-value of 0.1, with  a  sinusoidal  waveform.  Data  for  displacement,  force,  and 
strain in the skin  were  recorded  periodically. The strain in the skin  was  measured  with an 
extensometer  positioned as shown  in  Figure  159.  The  specimens were inspected for damage  by 
stopping  tests  after  every  0.635 mm increase in the maximum  displacement.  Tests were continued 
until the maximum  displacement  increased by 5 mm compared  with the frst cycle,  which  corresponds 
to the range  observed for  initial  damage  development  in static tests. 

13.4. Numerical  Methods and Failure Criteria 

The  delamination  and  skin-stiffener geometries were modeled  using ANSYS FEA s o h a r e  
and  input  elastic  constants were described in the  previous  section. A plane strain analysis  employing 
ANSYS plane  82  quadrilateral  elements  was  used in the skin-stiffener  models,  which were also 
constructed using individual  lamina  layers  and  not  smeared  laminate properties. Half symmetry about 
the web of the stiffener  was used to simpliQ the model by restricting  the  nodes  along the mid-line to 
have  zero  X-displacement,  shown  in  Figure 161. Three coordinate systems  were constructed for the 
element  generation of the fist model. A coordinate system was developed  for  the  web,  bend  region 
and the flange  and  skin  regions.  These coordinate systems  were used to keep the orthotropic 
composite properties aligned  with the local  coordinate  systems of the elements. Three material 
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Figure  160.  Typical Static Tensile Load versus  Displacement  Curve  for a 
Skin-Stiffener  Specimen. 

property sets  were  constructed fiom the ply properties  listed in Tables  38  and  39. An orthotropic set 
was constructedfor each  glass  fabric (Dl55 and  DB120) and one isotropic set  (E=3.88 GPa, u=0.36) 
for the resin  rich  region  between the web  and  stiffener,  shown in Figure  162.  The  support  from  the 
apparatus  was  modeled as a  condition ofno vertical  y-displacement at a  distance of6.35 cm fiom the 
web  centerline. The vertical  applied  nodal  force  was  normalized per unit  width of the specimen  and 
applied to the top of the web. 

Once  initial  damage  was  introduced  within  the  FEA  model, the skin-stiffener  was  no'  longer 
symmetric.  Thus,  a fullmodelwas generated to represent the stiffener  during  crack  propagation.  Four 
coordinate  systems were constructed for the discretization of the full model.  The three sets of 
material properties that  were  used in the symmetric model were used in conjunction  with  the  four 
local  coordinate  systems.  One to one  element  aspect  ratios in the areas of high  stress  gradients were 
implemented  while  low  stress  gradient areas had  aspect ratios ofthree  to four. Elements  surrounding 
the  crack tip were highly  refined  to capture the  stress  gradients.  A  nonsymrnetric  mesh was used to 
allow  a  very  fine  mesh  only on the  side  where  the  nonsymmetric  damage  was  present,  reducing the 
overall  degrees of fieedom  by  using  a  coarser  mesh on the  undamaged  side. 

The  increase in aspect  ratios m low stress  gradient areas dramaticallyreduced the total number 
of elements  required  for  mesh  generation.  One  disadvantage of modeling  individual  fabric  layers  is 
that  element  heights  cannot  exceed the height of the fibric layers.  The use of smeared  properties 
would  eliminate this restriction.  Much  larger  elements  could then be  used,  which in turn would  lower 
the computational  time.  This  skin-stiffener  model was small enough that  solving  times 
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Table  38. Static Longitudinal,  Transverse  and  Simulated  Shear  Properties  for 
Dl55 and  DB120 Ply Properties  [2]. 

Fabric 

Dl55 

DB120 

Longitudinal Direction Transverse Direction 
I I I 

E - 
EL 

GPa 

35.0 

26.6 

- 

- 
- 

astic Consta ts - 
GLT 
GPa 

4.10 

4.12 

- 

- 
- 

Tension 

MPa  MPa % MPa % MPa 
UTS, znr E, UCS, E, UTS, 

Ten Shear Compression 

987  27.2 97.7 -2.02  -746 2.83 

610 24.9 84.9  -2.08 -551  2.49 

ion - 
EU 
% 

0.32 

0.33 

- 

- 
- 

Compression 

Notes: E, - Longitudinal modulus, uLT - Poisson's ratio, GLT and zm - Shear modulus and ultimate shear stress !?om 
a simulated  shear (*45) ASTM  D35 18 test, UTSL - Ultimate longitudinal tensile strength, E, - Ultimate tensile strain 
UCS, - Ultimate longitudinal compressive strength, E, - Ultimate compressive strain. Coupons  had  a  13 mm gage 
length, DB120 hbric was  separated  into a  +45" and a  -45' orientation and  then  rotated  to 0 degrees to form a 
unidirectional material. 

were usually under five  minutes on a  Pentium  233 MHz machine.  Smeared properties should  be 
incorporated into  larger 2-D or 3-D models  with  low stress gradient  areas to minimize solution 
intervals. The fmal  area and mesh  configuration  for the full model is shown m Figure  162. 

The  analysis  of the specimens  with  FEA  involved  using the model  without  a crack to simulate 
initial  behavior ofthe skin-stiffener in the elastic,  undamaged state. High  stress  gradient  regions  were 
investigated at experimentally  determined  critical  loads  using  the  failure  criteria  described  later. 
Delaminations were then  inserted m the  full  non-symmetric  stiffener  model  and  G-values were 
calculated  using  the  VCCT- 1 method  discussed  in  Chapter 9.4. 
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Table 39. Three-Dimensional  Mechanical Properties of Material Dl  55,  V, = 36 [2] 
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Figure  16  1.  Symmetric  Finite  Element  Model 
for the Skin-Stiffener. 

Figure  162.  Coordinate  System  and  Mesh  for the Skin-Stiffener 
Crack  Propagation. 
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13.5. Results  and Discussion 

13.5.1. Static Tests 

Static tests produced  results  similar to the previous  chapter. Tests were run for all four 
matrices,  yielding  the  typical  load-displacement  curves  as  described in the previous  section.  Tables 
40 and 4 1  give  data  for the four resin  systems used in this  study. As noted  in the environmental 
section, the resins  with  higher  delamination  resistance in Mode I and I1 tests (delamination  section) 
give the highest  loads  for  initial  damage  and  maximum  load. The data in Table 40 are for an  entirely 
new set of tests fabricated  and tested in  this  study.  The data are in good agreement  with  those in 
Table  30,  shown  previously. 

Damage in the ortho-polyester skin-stiffener  is  shown  highlighted  in  Figure  163, and 
conchtions  for  static  damage in terms of crack initiation  and  delamination growth are given in Table 
41. 

#I 

5 45O 

.OO 

.OO. 
5 45O 
7 45O 
O0 
O0 
?45O 

Figure  163.  Location of Delamination  and  Nomenclature  for  Crack 
Fronts  Under  Static  Loading  (crack is in the 0" / 45" interhce). 
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Table 40. Static Load and  Crack  Length  Data  for  Ortho-Polyester  Skin-Stiffeners; 
Parentheses  indicate the standard  deviation. 

Initial  Damage Critical  load  for  crack 
growth, N/cm Load,  N/cm I Crack  length, mm 

Number of tests 

I 94.9  (6.8) I 2.48 (0.2) 129 (8) 6 

Table  41.  Average  Load and Displacement Data for Different  Resins  in the 
Skin-Stiffener  Geometry.  Parentheses  indicate the standard  deviation. 

Matrix Initial  damage 
load, N/cm 

Maximum  displacement at Number of Ultimate  load, 
initial  damage  load, cm tests N/cm 

0.22  (0.02) 3 144 (2) 
0.24 (0.01) 

3 221 (11) 0.48 (0.08) 

3 198 (1) 0.44 (0.24) 

3 166 (1) 

As the structure was loaded for the second time, the upper  crack fi-ont (crack fi-ont #2)  grew 
toward the web in the 0"/45"  interface. The lower  crack  front  (crack  front  #1)  grew  transversely 
through the 0" ply  and  arrested.  Similar  delamination  locations  and growth for  ortho-polyester  skin- 
stiffeners  were reported in the previous section. Note that the crack  front #2 is in the 0"/45"  interface, 
but growing inthe 90"  direction.  This corresponds to an ENF or DCB  test  with the crack  in  a  90"/45" 
interhe (see delamination  section). 

13.5.2. Fatigue Tests 

Once a static baseline  had  been  established  for the skin-stiffeners,  cyclic  loading  was 
investigated. Two series of cyclic tests were performed. The first  series of tests used the ortho- 
polyester  matrix  material to determine initial  damage  location, rate of  damage  accumulation,  change 
in structure stifkess, change in  maximum  bending  strain  and  cycles  to  failure  at  specific  load  levels. 
The  second  series of fatigue tests were performed on skin-stiffeners  with  different  resins to observe 
cycles  to  failure at specific  load  levels. 

Damage propagation  was  determined in detail for  skin-stiffeners  with the ortho-polyester 
resin. An initial,  audible,  crack  similar to that observed at initial  damage  in  static tests occurred  in the 
fillet  area  between the web and the flange  for the fatigue  specimens  during  the  period of the  cyclic 
test (crack #1) shown in Figure 164. 

The  upper  crack  front (step #2) grew  into the web  region  but  stayed in the 0"/45"  interface. 
The  lower crack fiont (step #3) grew  transversely  through the 0" ply and arrested. It is  believed  that 
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the load  paths  changed  within  the  stiffener  when the crack  grew  transversely  through the 0" ply. 
When the transverse crack appeared,  additional  transverse cracks occurred at the (martid45") 
interface (crack #2). A  delamination  then propagated'between the  flange  and  skin  *45" interface 
causing  a  significant  increase  in  compliance  which  resulted  in  stiffenedflange  pull-off. 

As  damage  accumulated  within  the  bend  region,  a  reduction in  specimen stiflhess  occurred. 
This resulted  in an increase  in the maximum actuator  displacement as shown  in  Figure  165.  As the 
compliance  of the stiffener  increased, the maximum  bending strain in  the skin showed  a similar trend. 
The fatigue  crack growth rate, da/dN, was  obtained  &om  crack growth observations  during  testing 
using  a  scaled  magnifier. G values  were  determined using FEA VCCT stiffener  models.  Crack growth 
per cycle  (da/dN)  versus G,, is shown in Figure 166, where G,, was  determined  by  FEA. 

Web 

Flange ' 

Skin 1 
Transverse  crack  step #3/ 

Figure  164.  Skin-Stiffener  Crack  Sequence During Fatigue Loading. 
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13.6. Correlation of Predicted  and  Experimental Results 

Finite  element  analysis  was  conducted  on the relevant  geometries as descriied earlier.  Local 
strength and  delamination  criteria  based  on test data were  implemented with  the FEA  results to 
predict  the  onset of growth of  damage,  first in static  tests and then in fatigue tests. Methodologies 
for  damage  prediction  were  established. 

13.6.1. Delamination Modeling 

To  validate  the  FEA  procedures  for  damage  analysis,  they  were fmt applied to  the simpler 
Mode I DCB  delamination test geometry.  Both 2-D and  3-D  models were used  with the virtual  crack 
closure  method  (VCCT-1) in  the ANSYS software  (described  earlier). 

The  FEA  calculations were validated  against the Mode I delamination test data for the 
[(*45),/0/(*45),]  laminate. This  established the FEA  mesh  sizes  which  gave  accurate  results at 
delamination  cracks. Test specimen  DCB870  was  used  as the basis for the model,  and the GI values 
calculated  by the VCCT-1  method.  For the 3-D case, the G value  was  averaged across the width o f  
the crack fi-ont, as it varies  with  position (see Reference 40 for  details). 

13.6.2.  Skin-Stiffener  Models 

The  skin-stiffener  was  modeled  in ANSYS as described  earlier. The goals of the  skin-stiffener 
modeling  were to predict static linear  displacements,  initial  damage  load and location  using  a 
maximum  strain  failure criterion. After the initial  damage  load  and  location  were known, the 
determination of the  critical  load  to  propagate the "pop-in" crack was of interest.  Finally, 
determination of fatigue life at specified  loads was to be analyzed  and  predicted  using  Mode I and I1 
input data. The  bend  region ofthe skin-stiffener  was the prime  area of interest. This was the damage 
initiation  site  for both the  static  and  cyclic  tests. 

13.6.3. Static FEA Prediction  vemus  Experimental Results 

The  symmetric  half  model of the skin-stiffener  was  incrementally  loaded  with  no  damage to 
confirm the stiffener  experimental  linear  displacement  and  bending  strains.  A  plot of load  versus 
displacement  for  the  experimental  specimen  and  FEA  model  were  in good agreement, as in the  study 
reported in the previous  section.  Once  displacements  and strains were confirmed using  the  FEA 
model,  initial  failure  analysis  was  performed to determine  the  local  failure  location  and  load to initiate 
damage.  Experimental  observations  showed that delaminations  occurred  at the 0"/45"  interface,  with 
the  crack  growing in the 90" direction.  The  strains  in  the  bend  region  were  calculated  using  a  load 
of 1 N per cm of width. Since  the  model  was  a  linear  elastic  analysis,  the  strains were scaled  until 
failure  occurred  using  the  maximum  strain  criterion  for  the data in Table  42.  Before  strain  results 
could be extracted from the model, the output  was  viewed in the  cylindrical  coordinate  system  used 
to create the stiffener  bend  region.  Typical contour plots in  the  bend region for the tangential and 
radial  strains  are  presented  in  Figures  167  and  168  respectively.  The strains were rotated from the 
global  coordinate  system to the local  Cylindrical coordinate  system so strains  were tangent and  normal 
to the bend  radius. 
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Table  42.  Comparison of Predicted  Initial  Damage  Load  Using 
the Maximum Strain Criterion  with  Experimental  data. 

I I Maximum strain criterion 
initial  damage  load,  N/cm initial  damage  load,  N/cm 

Average  experimental Percent  difference 

I 45" I 82.6 I 94.9 I 13 I 
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Figure  167.  Skin-Stiffener  Tangential Strain Plot at 
the Bend  Region  (no crack). 

226 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure  168.  Skin-Stiffener  Radial  Strain  Plot  at the 
Bend  Region  (no  crack). 

In the bend  region  local coordinate system, the (x) direction  was  the  radial  direction,  the  (y) 
direction  was  tangent  to the bend  radius  and  the (z) dlrection  was orthogonal to (x) and  (y). 
The  maximum strain criterion  predicted  an  initial  damage  load of 82.6  N/cm.  The  transverse  tensile 
failure  occurred  in  the  bend  region  45"  ply due to interlaminar  radial  stresses. The predicted  damage 
load was  13 percent  lower than the experimental  value.  This is considered to be acceptable  accuracy 
given  the  complicated  damage  state. A combined  stress or strain criterion  could  also  have  been 
employed,  but the results  would  have  been  similar. 

Once the initial  damage locationwas determined,  the  nonsymmetric (full) modelwas analyzed 
using  a  crack  length of2.48 mm inserted between the 45"/0"  plies  and  an  applied  load of 129  N/cm. 
The crack used m the  model  was the observed  experimental static "pop-in" crack length. A typical 
plot  of the tangential stress field in the bend  region is shown m Figure  169. In reference  to  all  cracks 
in the skin-stiffener  model, crack front #I is the lower  crack tip extending toward the stiffener  flange 
tip. Crack fiont #2 is the crack tip  extending  toward the stiffener  web  section. FEA results  for  GI  and 
G, at the critical  load  for crack growth are  compared in Table 43 with  experimental GIc and  GUc fiom 
DCB  and ENF delamination tests. The 'GIc value used is that fiom the R-curve m Figure  100  at  a 
crack extension of 2.48  mm.The cracks in the  skin-stiffener  are  mixed-mode,  with both G,  and G, 
components. The vahes  of G,and G, calculated by FEA for the skin-stiffener  delamination  crack at 
the load  which  produced crack growth are far below  the GIc and  GnC  values from the DCB  and ENF 
tests for the same  ply  interface.  This is in contrast to  the  case  for  a  similar  size  crack  at the end  of the 
flange  in the previous  section. In that case, the interface  cracked  was O"/O" and  45"/-45",  with the 
crack  growing in the 0 direction. The value of GI, in that  case was much  lower, in the range  of  140 
J/m2,  similar to the calculated value for the  skin-stiffener  here.  Thus, there may  be  some  problem 
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introduced by the use of R-curve  values of G,. The  initial GIc values  for the 90"/45"  interface  ranged 
from 132 to 261 J/m2,  close to the values  calculated  for the skin-stiffener GI. 

Table  43. Strain Energies for a Load of 129  N/cm  and  a  2.48 mm Long  Crack  in The Bend 
Region of Skin-Stiffener  Compared  with G, and GnC Delamination  Test Data. 

Mode I and I1 delamination  data  Mode  I  and I1 energies at critical  load  for 
(for a  90"/45"  Interface Crack) delamination growth m skin-stiffener, by FEA 

GI,, J/m2 

101 143 94  1  342* 

G,, J/m2 GI, J/m2 Gnc, J/m2 

* This  value  was  determined fkom the curve fit of the  R-curve  data in Figure 101, taken at a crack 
extension of 2.48 mm. 

EL-T SOX'TION 
STEP-1 

TJMR=l 
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EPTO'I {NOAVG) 
RSTS=11 
PowecGraphics 
FPACPP- 1 
D m  =.05'!503 
SMN =-.010051 
SMX =.010692 

Figure  169.  FEA  Tangential  Strain  Plot  with  Crack  Front 
Locations. 

To explore  the  apparently very low G values  for the skin-stiffener  relative  to  R-curve  values, 
the use of a  mixed-mode  criterion  for crack growth has  been  investigated. The skin-stiffener G values 
shown in Table 43 were inserted  into  Equation 17  using exponents of 1  (m = n = 2) and 1/2 (m = n 
= 1) to determine  F. For crack growth to occur, recall  that the sum of the two ratios,  F,  must  be 
greater than or equal to one. 

The  values of GI and G,, in  any  elastic  solution  vary  with the force  squared [75]. This was 
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confirmed  in the present  study by  running the VCCT  model at different force levels;  details are given 
in  Reference  40.  The  assumed  variation of GI  and G, with P2 for  a  specified  crack  length  fit the FEA 
results  accurately.  This  demonstrates  that  a  crack  model can be run with an arbitrary applied  load 
(PmodeJ, and  G  values  can  then  be  determined  using themode interaction  criterion  in  Equation  17.  The 
interaction sum F  then can be used to scale the load  applied to the model (Pmode,) to determine the 
critical  load (PC,) that  will  propagate the crack.  The  sequence of events  used in  determinmg the critical 
static load  that  initiates crack growth for  the  skin-stiffener  is  shown in Figure  170 (represented here 
in terms of a  "design"  sequence).  Due to the uncertainty in  using  R-curve data for G,, a  second 
method,  termed  Method  B, was to calculate the mode  interaction  using  a  conservative  value  for GIc 
taken fiom initiation  results  for  a O"/O" interface  in the previous  section. 

Using  m  and nvalues of2 and  1 in Equation  17,  and the R-curve GI, value  (Method A), the 
interaction sums F  were  0.56  and  0.98  respectively,  shown  in  Table  44.  This  resulted  in predicted 
crack propagation  loads of 173 and  130  N/cm  respectively. This analysis  shows  that exponents for 
m=n=l seem to correlate  well with the experimental  data. A difference of 1.2 percent fiom the 
experimental critical propagation  load of 129  N/cm  was  obtained  with ratio exponents m = n = 1, 
compared to a Merence of 34 percent  with  ratio  exponents  of  m = n = 2.  However, as noted earlier, 
the DCB GIc of 342 J/m2 was taken fiom  an  R-curve  (Figure 101) at the observed  2.48 mm crack 
extension.  Had the initiation  GI,  values  from  the  DCB  tests,  ranging  fiom 132 to 261 J / d ,  with an 
average of 191 J/m2,  been  used, the prediction  with m=n=2 would  have  been  much  closer, as was the 
case in the  previous  section. If, as in Table  22,  crack  extensions up to 2 mm were  allowed  for the 
initiation GIc, the average value  would  increase to 273  J/m2. Thus, the use of R-curve  values to 
represent  initial  crack  formulation  in  a  substructure may  not  be  justified.  If  a  conservative  initiation 
value of GI, is used,  taken  as the GI, for  initiation  in  a O"/O" interface  (Method B), then values of 
m==n=2 in Equation  17  are appropriate. the  choice of GI, definition fiom DCB tests is  particularly 
sensitive  for  interfaces  containing  a  90"  ply, as noted  in  the  delamination  section.  Thus,  if the GIc for 
initiation in a O"/O" interface  is used, good agreement  is  found  for the force  prediction  using  m=n=2 
in Equation  17,  the  same  conclusion as for  delamination  at the edge of a  thick  flange m the previous 
section.  This  also  agrees  with the observed  crack  in the T-section  (Figure 163), which  shows  no 
secondary  cracking,  like  a O"/O" interface. 

13.6.4. Fatigue FEA Prediction versus  Experimental  Results 

The  same  skin-stiffener  model  was  used  to  predict  behavior  for  the  fatigue  loading tests. 
Experimental  observations  showed  that  delaminations occurred in the 0"/45" interface. The 
non-symmetric  model  was  analyzed  with  various crack lengths to investigate  the  mode  interaction 
as crack  fiont  #2  propagated toward the web.  Crack  lengths in the  fatigue  model were varied fiom 
1.2 mm to 9.0 mm to determine  mode  interactions  for  various crack lengths m the  bend  region. A plot 
of G  versus  crack  length  for  crack fiont #2  is shown m Figure  17  1. GI varied  from  55  percent to 99 
percent of the total G (GT) for crack lengths fiom 1.2 mm to 9.5 mm as shown in Figure  171. The 
crack fiont becomes  mode  I  dominated  as the crack  progresses  around the bend  region toward the 
web of the  stiffener. 
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Table  44.  G-Values,  Interaction Sumsand Predicted CriticalLoads for the FEA Skin-Stiffener  Model. 
Method  A  uses GIc from  R-curve  data  at  a  crack  length of 2.48 mm; Method  B  uses GI, initiation 
data  for  a Oo/Oo Interface. 

GI, and G,, from  DCB and ENF 

GI and G, at the  critical load fi-om 

Predicted  critical  load,  N/cm 

F,  1/2  exponent ratios, m=n=l (Equation 17) 

113 130.2 Predicted  critical  load,  N/cm 

1.30 0.98 

A similar  methodology to that used to predict critical static loads  was used to determine  the 
cyclic  crack growth rate of the skin-stiffeners at a  specified  load  level. Three specific  experimental 
cases were  investigated  that  were run at various load levels  resulting in various crack growth rates 
(dddN). The experimental  slun-stiffener  specimens were 9T9 and  10T3.  The  average  crack  length, 
DCB  and  ENF  experimental GI and G,, and FEA GI and G, are shown m Table  45. 

The DCB and  ENF G values  were obtained from the inverse of the  power  law  curve-fit 
Equation 17 (Figures 171 and  172)  relating G and (da/dN) for the DCB  and  ENF  specimens. In 
Equation  17, ifthe sum of the  two ratios F  is  equal to one, it is assumed that crack growth will occur 
at the chosen rate (dddN). Smce G  is  proportional to P2, the load  can  be  scaled  by  F to obtain the 
predicted  load  for the selected growth. Ratio sums F, predicted load, crack length, crack growth rate 
and  experimental load are  presented in Table  46. 

When the normalized  GI  and G, components of the  skin-stiffener are compared to the 
individual  mode tests (DCB  and ENF), the  Mode I1 -G components  (Figure 173) possess  similar 
slopes  but  very  different G, values. The Mode I - G component  (Figure  174) of the  stiffener  gives 
approximately  half the exponent of the  DCB  Mode I test, but the GI  values  are  closer together than 
are the G, values.  These  discrepancies  may be due to geometric efkcts since the stiffener crack is  in 
the bend region. The interaction term (F) which correlates the data best  is  0.5 (m = n = l), the same 
as for the static case using  R-curve  values  (Method A). 
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i Static  Analysis 

Confirm validity of model with  basic  engineering 
principles  (force or energy  balance  equations) 

4 I Determine  stress  concentration  areas I 
no 

Run model with  design  load (Pdesign ) and 
apply classic strength failure criteria to 
determine initial damage  load acceptable? 

Insert  flaw in failed  area  or  area  that 
possesses  large  stresses  gradients 

+ 
Run  model with  design  load (Pdesign ) 

Using  interaction  criterion 
Insert FEA G  values 

*Insert  experimental Gc values using  VCCT method I 

Obtain  interaction sum (F) 

.c 
Obtain FEA G  values 

from  fracture  toughness  database 

1 
I Determine critical load  that I 
initiates crack growth 

no 

r 1 - E  

L'J 

0 

- 
- 'model I 

?-I Finalize design 

Figure 170. Sequence of Events for Static Analysis of Skin-Stiffener. 
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The  sequence used in  determining the critical  fatigue load that  produces  a  particular  value of 
crack  growth rate in the skin-stiffener  is  shown in  Figure 175, again  cast  in  terms  of  design.  The 
overall  lifetime  would  then require integration of the crack growth rate  as the crack extends  to  failure 
in a  particular  geometry.  For  example,  a growth rate  of &cycle  would produce a  2 mm long 
delamination in 2x106  cycles if the G values  remained constant as the crack grew, which  is  in 
approximate  agreement  with  Figure 175. For design,  it  may be significant to identa  force  levels 
which  produce  crack growth at a  significant  rate,  like 1 0-6 &cycle, rather than to integrate  the rate 
for complex,  changing  geometries,  to predict total hilure. 
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40 
7 
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Figure 17 1 .  GI and G, versus  Crack  Length for Crack  Front #2, at two 
loads. 
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Figure  172.  Normalized  GdG,  versus  Crack  Length  for  Crack  Front  #2 
in the  Bend  Region. 

Crack Length, mm 

Table  45. Strain Energies and Crack  Lengths  for  DCB and ENF  Crack Growth 
Compared  with  Skin-Stiffener  Values at the Same  Crack Growth Rate. 

Table  46.  Experimental  and  Predicted Loads for Different  Crack Growth Rates in 
the  Bend  Region  of  Cyclic  Loaded  Skin-Stiffeners. 

Crack 
Experimental , Ratio sufn (F) da/dN, 

Predicted  load, 
N/cm, Specimen  length, load, N/cm mm (m,n = 0.5) m, n = 0.5  m, n =  1 dcycle 

9T9 

75.1 78.8  1.10 0.64 6.31~10-~ 2.9 1 OT3 
75.5 78.8 1.09 0.66 9 .47~10-~  2.8 1 OT3 
60.1 61.3 1.04 0.57 8.09~10-~ 2.4 
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The method  described  above  is,  as in the static case,  complicated  by  use of growing cracks 
with  secondary  cracking in some cases. This is dficult to avoid with  fatigue cracks, where true 
initiation  values are difficult to establish.  A  more  simple  and  conservative approach is to base 
substructure design on threshold  values  for  fatigue  crack growth. Figures 102 and 103 show that 
threshold values of G,/10 and G,,/lO would hll below the data for the slowest crack growth which 
could be measured.  This is also consistent  with  threshold data in References 50, 98 and 99. As in 
Method B for the static case  (Table 44), where GIc and G,, were  taken as initiation  values  for cracks 
in Oo/Oo interfaces, this method,  using GI, and GnC values  for  a Oo/Oo interface  (Table 44) and m=n=2, 
using  Equation 20, predicts a load of 38.6 N/cm  for  no  fatigue  crack  extension  (Table 47). This  is 
well  below the experimental  load  for  the  slowest  cracks  observed  (Table 46) of 61.3 N/cm,  and  is 
about 30 percent of the  experimental static crack  growth  load.  This  appears to  be a  practical  method 
of fatigue  design  against  delamination in structural details.  A  higher  value  like G$ and G,,/5 might 
be  more accurate, and  appears to be justified  for  fabric  type structures [99]; this would  give  a  critical 
load of 54.5 N/cm,  which is less  conservative. 

Table 47. Results of Simplified  Method for Prediction  of  Conservative  Load  for  Safe  Fatigue  Design. 

GI, (DCB, Oo/Oo Interface  Initiation  Value),  J/m2 

13.8 GI, / 1 0, J/m2 

1293 GI, (ENF, Oo/Oo Interface  Initiation Vahe), J/m2 

138 

GIIC / 1 0, J/m2 

38.6 Predicted Load,  N/cm 

129.3 

G,/5, J/m2 

258.6 G,,/5, J/m2 

27.6 

I Predicted Load.  N/cm I 
Lowest experimental  load  where  fatigue  crack  growth is observed,  N/cm 61.3 

An adjustment  to Equation 17 for this  case is: 

GIc @or 10) GIIc /@or 10) 
FF = 

GI model GII model 
+ 

where 

p = (-)1'2 1 p . 
F model 3 'model= 12' Nlcm, GI model = 143Jm ; GII model = 101 J/m2 

F F  

and  Pmodel  is the static  experimental  load  for  delamination, GImode, and GIImodel are the FEAvalues at this 
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load.  Alternately,  any  load  applied  to  the  model  containing  a  crack  could be used,  with  FEA  values 
for G, and G,. 
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Figure  173.  Crack  Growth  Rate  versus GIIComponenD Skin-Stiffener 
Specimen  Compared  with  ENF  Specimen. 
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Figure  174.  Crack  Growth  Rate  versus  GI Componena Skin-Stiffener 
Specimen  Compared  with ENF Specimen. 
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9 Fatigue Analysis 

Construct / reconstruct FEA model 
4 

C o n f i i  validity of model with basic engineering 
principles (force or energy balance equations) 

+ 
Determine stress concentration areas 

1 
Insert flaw in failed area or area that 
possesses large stresses gradients 

Run model with design load (Pdesign ) 

4 

1 
Obtain FEA G values using VCCT method 

Using interaction criterion 
0 Insert FEA Gs 

Insert experimental G s  values 
from fracture toughness database P C B  and  ENF 
tests at the designer chosen growth rate (da/dN) 
O r ,  for conservative design, use 10% of GIC and qrc 
values for Oo/Oo interfaces as threshold values. 

Obtain interaction s u m  (F) 

1 
Determine  load that produces I 
the chosen growth rate (dddN) 

- 1 

'model 

+ 
Finalize design 

Figure 175. Sequence of Events  for  Fatigue  Crack Growth Analysis. 
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13.7. Fatigue Lifetime  with  Different  Resins 

Skin-stiffeners were tested in fatigue  with the additional  three  resin  systems (see Table 4 1 for 
static data).  Damage  initiation  was  similar in mode  for  all of the systems  tested. All cracks  formed 
in the 0"/45" interface and propagated in a  manner  similar to  the fatigue crack growth in  the ortho- 
polyester  stiffeners. The criterion  used  for  specimen  failure  was  defined as reaching  amaximum  cyclic 
deflection of 0.43  cm. This was the displacement for initial  damage  for the static ortho-polyester skin- 
stiffener  specimens. Thus, the  lifetimes  given  are  for  a  displacement  failure  criterion  which correlates 
with  damage  development, as confirmed  experimentally  for  each  system. 

The  maximum  cyclic  load  versus  number of cycles to failure  is  plotted  for  each of the  matrix 
materials  in  Figure  176.  The  vinyl esters operated at the highest  maximum  loads  to  equivalent  cycles 
to failure  when  compared to the three other matrix  materials. The 8084  vinyl  ester  produced the 
largest  initial  and  maximum  loads  during the static load tests, and  also  performed the best on an 
absolute  load  scale  during  fatigue  testing. However, when the fatigue  sensitivity  is  viewed  relative 
to the static  performance by normalizing  the  cyclic  loads by the static failure  load, the order  reverses. 
Now  the 8084 system  shows  the  most  rapid  loss in load  carrying  ability.relative to its static strength' 
(Figure  177). Also demonstrated in Figure  177, the polyester  resin  system  can  operate at higher 
percentages of the maximum static load  when  compared to  the vinyl ester  resin  systems. 
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Figure  176.  Comparison of Different  Matrix  Materials m Fatigue Life S-N 
Data for Skin-Stfleners. (Maximum  Cyclic  Load versus Number of 
Cycles to Reach  a  Deflection of 0.43 cm). 
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Figure  177.  Maximum  Cyclic  Load / Ultimate Monotonic Load  versus 
Number of Cycles to Reach  a  Deflection of 0.43 cm. 

13.8.  Conclusions 

This  section reports on a  study  which  represents the first  complete attempt in this  program 
to predict  initial  crackmg  and  delamination  failure in a  complex  structural detailunder both static and 
fatigue  loading. The use of a  commercial  finite  element code combined  with  basic strength data for 
damage  initiation  and fiacture and  fatigue  crack growth data for  delamination  yields  predictions  for 
the load  carrying  capability  of the structural detail  which are in substantial agreement  with 
experimental data, ifa reasonable  mixed  mode  delamination  criterion is assumed.  Methodologies  for 
static and  fatigue  design of details are presented. Further work on mixed mode  criteria and other 
geometries is  needed to further  validate  this  approach. A simplified,  conservative  approach is to  use 
GI, and GnC values  for  initiation  in  a O"/O" interface,  and  threshold  values  of 10 percent  of  these  for 
fatigue,  coupled  with  a  linear G interaction  criterion,  m=n=2 in Equation  17. 

The  results for static  and  fatigue  testing  ofskin-stiffener specimens with four matrixmaterials 
lead to clear  conclusions. As reported in the matridenvironmental section,  resins  with  improved 
interlaminar  toughness  produce skin-stsener specimens  with greater resistance to damage 
development and  failure  under static loading;  these  results  for  new  batches of material  and  more 
consistent  material thcknesses confirm  the  results in the  earlier  section. In fatigue, the tougher  resins 
also perform better; however,  the data tend to converge  at  higher  cycles, so the static advantages of 
the tougher systems is gradually  lost;  this is consistent  with other fatigue studies using  toughened 
resins. 
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13.9. Design  Recommendations 

Figures  170  and  175  provide  a  design  sequence  for  predicting  the static and  fatigue  lifetime 
of structural  details of this  type.  Data  required  are  the  usual  ply  ultimate strength properties, as well 
as Mode  I  and  Mode I1 fracture  toughness and  fatigue  crack growth data  for  appropriate  interfaces. 
(Many of these  data are now available  in  the  database  for the most  common  reinforcing  fabrics and 
resins;  additional data are  being  developed.) An FEA model  is constructed for the proposed  geometry 
and  ply  layup,  and areas of high stress (or  high  stress  gradient, as m the previous section) are 
identified. Idente  the loads to produce local  failure,  and  insert  a  small  crack at these locations; the 
crack length can  be  set  by  an  iterative  process, so that  the sum F in  Equation 17 reaches  1 .O. The 
design  loads  are then compared to the load  predicted  to  produce crack extension,  and  a  safety factor 
is determined. 

A similar  approach is used  in  fktigue,  inserting  a crack in areas of high  stress or stress 
gradient. A load  is then applied  to  obtain G values,  and  scaled  to the critical  load to produce a 
particular  crack  growth  rate,  following  the  procedure in  Figure  175. This load  can  then  be compared 
to design  loads  to  establish  a safety factor for  the  design  in  fatigue.  This  process  is  iterated  until  a 
design is determined  which  produces an acceptable  safety  factor. 

A simplified, conservative  approach  is  recommended,  where G, and GnC values are taken as 
initiation  values for a Oo/Oo interface,  using  the  appropriate  resin,  fabric,  and  fiber  content.  This 
approach  produces accurate static predictions for delamination  if  exponents  m=n=2 are used in 
Equation 17,  producing  a linear mode  interaction in terms of G (this is  the  equivalent to  the method 
used in the  previous  section). For fatigue,  a  simplified,  conservative  approach  is to  design for 
threshold  values  for G to produce delamination  values in  fktigue. A reasonable  assumption is that 
threshold  values  are  10  percent  of  initiation GI, and GDc values. 
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14. SANDWICH PANEL CLOSEOUTS 

14.1. Summary 

Typically,  sandwich  panel construction is used in the trailing  edge  side of most blades to 
increase  resistance to panel  buckling of thin  airfoil skins (Figures 142 and  143).  Sandwich  panels are 
composed of thin structural skins and  a  very  lightweight core material,  such as balsa,  polymer  foam, 
or honeycomb. The thickness  added  by the core raises  the  moment  of  inertia  of thin panels,  increasing 
the bending stifkess and  buckling  resistance at little  expense  in  terms ofweight or cost. Achieving 
the same  buckling  resistance  with  a  thicker  laminate  would  greatly  add  to  weight and cost. Other 
stiffening  methods  such  as  multiple  webs  and  "hat"  shaped riis are also  effective. Studies of sandwich 
panel buckling  resistance  have  been  reported  for  basic panel parameters  [37, 1001  in  the  context of 
the AOC 15/50  blade  design. This chapter  explores the performance  of  closeout  areas  where the 
sandwich  panel  transitions  into  normal  laminate. 

The  results  show  very poor tensile performance for the standard  30"  longitudinal  closeout 
geometry.  Delamination  and  failure occur at much lower strains than  can  be  withstood  for the 
laminate or sandwich  panel  without  terminations.  Decreasing the termination  angle  to  10" or 5" 
significantly  increases  the  structural  performance,  with the 5" case approaching  the control laminate 
performance  with no closeout. Finite  element  predictions  based on point-stress  failure  criteria are in 
good agreement  with the experimental data, using  input  material  properties  for the fiberglass  and 
balsa  which were developed in this  study. In tensile  fatigue, the sandwich  panel  lifetime  without 
closeouts approached  that of the baseline  laminate (Chapter 10.4).  Specimens  with  a 30" closeout 
showed  a  similar  fatigue  sensitivity to other delamination results, but  a  steeper S-N curve to failure 
than for  the  base  laminate. On an  absolute  basis, the strain levels  for  delamination  and  failure at lo6 
cycles  were  low, in the range of 0.3  percent,  compared  with the baseline  laminate  value  above  1.0 
percent.  Design  recommendations  are  given at the end of  the chapter. 

14.2. Introduction 

Sandwich  panels in any  blade  design  must  involve  transitions to normal  laminate at the  edges, 
termed closeouts or terminations.  While the basic  sandwich  panel  has  tensile static and  fatigue 
resistance  close  to  those of the basic  laminate  without  a core, the closeout areas contain more 
complex  geometry  which  causes  stress  concentrations and may  lead to delamination  or  in-plane 
failures.  Typical  closeout  areas  are  shown  in  Figure  142,  and  cross-sections of longitudinal and 
transverse terminations  are shown in Figure 178. 

Stresses  are  transferred  gradually  in  sandwich  panels  due to  the low stifkess of the core; the 
complex shape of the upper  surface  (Figure  179) also contributes 'bending stresses,  and core 
thickness-direction  stresses  vary  from  tensile to compressive (points 1 and 3) as the distance  varies 
along the panel.  Given  enough  length, the face  sheet strains eventually  equalize  (point 7). One  result 
of this  stress  transfer  pattern  is  that test specimens  must be sufliciently  long to allow stress transfer. 
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Load - A 

Load Facesheets  Thick  Laminate 

Transverse  Sandwich  Termination at Spar Cap (90 degree taper) 

Figure  178.  Local  Detail  Regions of Sandwich  Terminations. 
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Figure 179. Illustration of Load  Transfer in a  Sandwich to Thin Laminate 
Transition  Loaded in Tension,  Including Stress States at Several  Locations 
(length of arrows represent  relative  magnitudes). 
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This study involved  tensile  testing  and  analysis of the standard 30" longitudinal  termination 
shown in Figure  178, as well as a  parametric study of variations in this  geometry.  Transverse 
terminations to thicker  laminates  were  studied  in  less  detail.  Significant  test  development  was  required 
for this  research to allow  meaningful testing of coupons containing  terminations  under static and 
fatigue  loading.  Basic  material  properties  for the balsa were also  determined  using  a  variety of tests. 
The study was limited to tensile  loading.  This  report  briefly  summarizes the major  results of the 
experimental program and  finite  element  modeling;  details are available in Reference 42. It  should be 
recognized that terminations of this  type are routinely  located  in  areas of low stress in the blade,  and 
so their  design  may not be optimized  structurally. 

14.3. Experimental  Methods 

A  wide  range of processing  and  testing  methods were explored  in  Reference  42.  This  report 
will  only  summarize the successfbl  methods  and  materials  used  for the main part of the study.  Test 
specimens were fabricated  by hand  layup  using the same  materials  and  configuration as in  the  AOC 
15/50  blade  design. The balsa core was  commercial  Contourkore  material  from  Baltek [ 10 13 which 
has  a  light  scrim on one side and  is scored to allow  forming to complex  shapes  (Figure  180).  Resin 
filled  the scored areas and  was  absorbed into some of the balsa as well,  although the balsa  surface  is 
sealed to reduce permeability. 

Tables  48  and 49 summarize the materials  and  their  properties.  Balsa core properties were 
obtained  from  tension  and  shear  experiments conducted in this  study,  as  well as from literature 
sources. The Contourkore balsa is supplied  in  sheets  assembled fiom a  number of slices out of various 
trees,  and so is quite  variable  in properties. 

Figures  18 1,182 and 183  give  measured  variations  in  balsa  density,  tension,  and  shear tests, 
respectively.  Tables  50  and 5 1  compare the tension  and  shear  properties  measured in this  study  with 
literature values. The low and high literature values  from  the  Wood  Handbook [ 1021 represent the 
tangential  and  radial  directions ofthe grain, respectively. The balsa  properties  used  in the FEAmodels 
were an assembly  from  various  sources,  indicated in Table 52. 

Figure  180.  Sandwich  Panel (right), Contourkote (scored side), and Contourkore 
(scrim  side). 
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Test  specimens  were  strain-gaged  as  shown in Figure  184,  which  also  shows both the 
standard, nonspmetric, specimen,  and  a  symmetric  specimen  tested for comparison  to  reduce 
bending  effects.  Figure  185  shows  specimens  with  a  thin  laminate transition having  different  fillet 
tapers, termed F30, F20, F10,  and  F5  for  the  different  angles.  Only the 30"  fillet  is a  standard 
commercial product. Other  angles were machined  to  shape as described  in  Reference 42. Closeouts 
to thick  laminate  differ  strongly in geometry  and  mechanics;  the  three  cases tested are shown in 
Figure  186. The thick  laminate  material  adjacent  to the balsa was built  up  using  Owens  Corning 
DB400 (*45O); resin  rich areas near the balsa joint were  unavoidable. 

Table 48. Ultimate Strength and Strain Properties  Used in the FEA  Analysis. 

A130 
(Baltek) (*45" plies)* (0" plies)* 
Balsa DB  120 Polyester  resin 

Vf 0.29 0.36 --- --- 

Ultimate Strengths 
~ ~~~ r Tension, Oo, MPa I 701 1 89 

~ ~~~ r Tension, 90°, MPa I 34 I 89 

Compression, 0", MPa 

--- -170 -93 Compression,  go", MPa 

54 x 1.5**  4 -170  -270 

--- 

Shear 54** 3 --- 87 

I Ultimate  Strains 

Tension, 0", % 

--- 1.06 0.39 Tension, go", % 

2.00 --- 1.06  2.53 

--- 

Compression, 0", % 

--- -2.03  -1.05 Compression, go", % 

--- --- -2.03 -0.92 

--- 

*Calculated  from  classical  laminate  theory. ** Estimated 
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Table  49.  Elastic  Constants  Used in FEA  Analysis. 

I Elastic  Modulus',  GPa I Poisson  Ratios' I Shear  Modulus', GPa I 
Material 

5.03 5.03  1.99  0.27  0.44 0.37  8.35  5.96  8.35  0.29 DB  120 

1.65 2.86  2.43 0.44  0.33  0.35  7.43  7.10  29.96 0.36  A130 

GYZ Gxz GXY uy,2 u,,  u,, Ez  EY EX VF 

DB 1203 4.62  4.62  0.40 0.08  0.80 0.13  2.08  1.39 2.08  0.29 

Balsa  (Baltek) 
1.18 

0.16 0.16 0.16  0.36  0.34 0.11 0.053  2.51 0.053 --- 

Resin 1.18  1.18  0.35  0.35 0.35  3.18  3.18  3.18 --- 

I Properties in coordinates of fmite  element  models shown m Figure  186. 
Calculated  from: U,,/EX = Uyx/Ey 
Estimated  using  laminate  analysis  after matrix cracked  (E2=G,,=0.2 of original  values). 
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Figure  18  1.  Density of Baltec Contourkore Material,  Individual  Test 
Results  and  Averages  (with scrim removed). 
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Table 50. Experimental  Results of Balsa  Extensional  Modulus  Tests. 

Balsa  modulus  experiments  Supplier Literature 

Experimental  Result Standard COV Baltek  Feichtinger Wood 
Average deviation (%) [loll r 1021 [lo31 

Density  (kg/m3)  127  31.3  24.6  150  150  150 
Modulus  (MPa) 52.8 16.2 30.8 --- 53 - 164' 1015 

Modduddensity 0.42 0.06 14.0  0.35 ; 1.09  6.77 (MPa  m3/kg) 
Strength  (MPa)  0.73  0.30  41 .O --- 1.0 --- 

StrengtWdensity 0.0056  0.0009  17.0 --- (MPa m3/kg) 

--- 

--- --- 

I Calculated  using  ratios  presented in  the  Wood  Handbook [ 1041. 
From Science  and  Technology of Wood  (density  unknown) [ 1071. 

Table 5 1. Shear Modulus  and  Ultimate  Shear  Strength of Balsa. 

Baltek  Kilbourn MilHandbook Wienhold Wood 
[loll  [lo41 23A [lo51 [ 1061 Handbook 

Experiment 

Density,  (kg/m3)  150  150  155  160  152  160 
Shear  Modulus  (MPa)  208  159 --- 156 - 235 I --- --- 

Ultimate Shear (MPa)  2.93  2.98  3.00  2.0 - 2.35  2.38 2.07 

1 Range is due to modulus  parallel  and  perpendicular  to growth rings. 

Table  52.  Origin of all  Balsa Properties. 

Material Value 
Property* (MPa) 

Source Rational 

E, 52.8 Experiment Wide  range fi-om literature 
EY 25 10 Baltek [ 10 11 Given as specification 
EZ 52.8 Experiment Wide  range fiom literature 

%Y 0.1 1  Wood  Handbook 
Averaged  tangential  Source  given  by  Baltek 

and  radial  values [ 1021 

GXY,  Gxz7  GYZ 159 Baltek [ 10 11 Given as specification 
u tx  13  Feichtinger [ 1031 Source  given  by  Baltek 

TXY 3  Baltek [ 1011 and Experiment Given as specification 
*Grain is in direction of y  axis. 
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Fillet  Strain  Gage -3 
Straight  Strain  Gage /[\ 

Fillet  Strain  Gage -1 , I  

Straight  Strain  Gage 

Figure  1  84.  F30,  Standard 30” Fillet  Specimen (Top), Close-up of Solid 
Core  Tapered for Gripping,  Close-up of Sandwich  Transition,  and  Two 
Sides  Secondary  Bonded Together to Form One  Symmetric  Specimen. 
(“Fillet”  Refers to the Facesheet  Which  Covers the Balsa;  “Straight”  Refers 
to the Facesheet  Which  Remains Straight). 

F10 

F20 

F30 
Figure  185. Thin Laminate  Termination  Specimens  with 
Fillet  Angles  5, 10,20 and  30  Degrees (Top), and  Close-up 
of Sandwich  Transition  End  Area of Each  Specimen. 
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Figure  186.  Thick  Termmation  Specimens: 90 (top), 10 and 5 (bottom) Degrees. 

14.4. Numerical Modeling 

Each of the major test geometries was  modeled  using ANSYS finite  element  software  with 
Plate 13 elements.  The main macro  was  developed for the F30  geometry,  then  varied for the other 
cases. Details can be found  in  Reference [42]. In Figure  187  a photograph of the F30 geometry is 
shown  along  with the material  boundaries  and  coordinates used in the FEA discretization.  Care  was 
needed  to keep the material  directions  consistent in the various  areas.  A  neat  resin  area was mcbded 
at the tip of the fillet as seen m micrographs  like  Figure  188.  A  typical  mesh for the F30 geometry is 
shown m Figure  189.  Input  material  properties used in the FEA  models  are  given in Tables  48  and 
49. 

X 
Figure  187.  Close-up  Photograph of F30  Specimen  (Top),  and  Close- 
up of FEA  Model  With  Areas  Outlined,  Material  Properties  Shaded 
and Local and  Global Coordinate Systems  Shown. 
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Fillet Facesheet 

Straight Facesheet 

Resin Rich 
Region 

5 mm 
Figure 188. F30  Closeout  with Balsa Highlighted, and Showing Resin 
Rich  Region. 

Figure 189. Mesh of F30 Model with Detail of Fillet  Region. 
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14.5. Results and Discussion 

14.5.1. Sandwich  Termination into Thin Laminates 

The main focus of this study was the termination  into  a  thin  laminate.  Due to resin  content 
variation,  a  nominal  thickness  for the laminate  of  1.92 mm was  assumed  in  calculations,  representing 
an average  fiber  content of 33.8 percent by  volume  (following  earlier  discussion (Chapter 1 I), the 
local fiber  contents in the 0" and *45" layers  were taken as 36.3  percent  and  29.2  percent 
respectively, in establishing  the  input properties in Tables 48 and 49). 

The  failure  mode for typical  F30  specimens is shown m Figure  190.  Delamination  progressed 
gradually fiom a  spot near mid-width  or, in other cases, the entire  width  delaminated  simultaneously. 
The  delamination stress was taken as the stress when the delamination  spread across the  entire 
specimen  width. The strain and stress to delamination  and  failure  for  various  geometries  are  given  in 
Table  53  and  Figures 19 1  and  192.  The stress for delamination in the  F30  specimens  averaged  only 
25 percent of the strength  for the facesheet  materials,  and  fiber  failure was at a stress of 58 percent 
of the facesheet  strength  (all  stresses are calculated  based  on the nominal  thickness,  ignoring the 
core). Thus,  under static tensile  loads, the standard  30"  fillet  configuration  sustains  severe  damage 
and  failure at stresses fbr below those for the facesheet or the sandwich  panel  away fiom the 
transition. 

3 

A- 

4 

3 

Figure  190.  Steps  During  Delamination of F30  Specimen  (Front (1 and  2) 
and Edge Views,  Point A is Edge of Thin  Laminate). 
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Table 53.  Delamination  and  Ultimate  Failure  Conditions of Thin Laminate  Termination  Specimens 
and  Baseline  Materials. 

Geometry Number of 
specimens 

Delamination Ultimate  Failure I 
% % MPa % % % I MPa I % 

Baseline  Specimens 

Facesheet 

Sandwich 

251  383 3.30 2.69 -- -- -- -- 3 

3 -- -- -- -- 
Panel 

1.80 409 1.45 2.64 
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Figure 191. Stress Values  for  Each  Type of Thin  Laminate  Termination,  at  Full 
Width  Delamination  and  Fiber  Failure  (Average  Values). 

Figure 192. Strain  Values for Each  Type of Thin Laminate  Termination at Full 
Width  Delamination  and  Fiber  Failure  (Strain  Gages Located as  Shown in Figure 
18  1;  Lines  Give  Values  for  Individual  Test  Specimens;  Average  Values  Indicated 
Numerically). 
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When the fillet  transition is made  more  gradual  by  using  a  smaller  angle at the edge, the 
improvement is remarkable.  Table 54 shows the delamination  and  ultimate  strengths for each  case as 
a  percent of the facesheet  value.  The  10"  termination  still  delaminates at 64 percent of the facesheet 
strength, but the 5" case approaches the facesheet  performance  at  94  percent.  While  a 5" taper may 
seem  extreme  for an actual  blade  manufacturing  process, it was  readily  prepared in the  lab,  and  would 
not appear to add significantly  to  blade  overall  cost  (while  removing  a  major  potential source of 
material  safety  factors).  Typical  fillet strips used  for  each case are shown in Figure  193. 

Table  54.  Delamination  and  Ultimate Strengths for Each Specimen  Type,  Expressed 
as a  Percentage of the  Facesheet Control Values. 

Asymmetric 

100 100  100 FC  (baseline) 

% % % 

Asymmetric  Symmetric 
Geometry Ultimate  Delamination  Delamination 

F30 I 24.7 I 32.4 I 58.1 

F30R I 25.9 I 23 I 58.1 

F20 

95.0  93.9  93.7 F5 

72.1 63 ' 64.1 F10 

63.2 23 37.1 

Symmetric 
Ultimate 

% 

100 

66.8 

63.1 

74.6 

81.3 

93.9 

The  symmetric,  back to back  specimens  (Figure  184) were tested to avoid  significant  out-of- 
plane  bending  effects,  since  actual  blade  geometries  would  constrain  the  deformations.  The  results 
were not encouraging, as  the delamination  values  were  only  slightly  improved at best,  and  decreased 
in some  cases (see Reference  42 for details).  Thus,  the  specimen  bending  in  the  unsymmetrical 
specimens  does  not appear to decrease the measured  properties  ,significantly.  Replacing the balsa in 
the transition  region  with  solid  laminate  (F30R,  Figure 192) did  not  lead to measurable  improvement. 

14.5.2. Sandwich  Termination  into  Thick  Laminate 

The transverse terminations  into  thick  laminates  (Figure 178) were  studied  in  less  detail. 
Tables 55 and 56 give  results  for  the  termination  cases  having  angles  of 90",  10" and 5", relative to 
the standard  laminate  ultimate properties. As for  the  thin  laminate  case,  the  strength  values are greatly 
reduced  for the most  severe,  90"  termination.  The  more gradual transitions  show more acceptable 
strength reductions on the order of 25  percent. 
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1 

Figure 193. Balsa  Fillet Strips for Various  Tests  (left to right): 5 ,  10,20 and Baltek 30 
Degrees. 

Figure 194. Detail of Fillet  Region  Showing  Solid  DB400  Laminate  Fillet. 

Table 55. Delamination  and  Ultimate  Failure  for  Thick  Sandwich 
Terminations  and  Baseline  Material. 

Delamination  Ultimate 
Number of 
specimens COV Stress COV Strain  COV Stress COV  Strain Geometry 

% 

1.8 409 1.5 2.64 --- --- --- 

YO MPa % YO % MPa % 

s90 3 1.00 

3.8 314 6.6  2.11 3.8 314 6.6 2.11 3 s5 

4.6 335 7.7 2.01 8.9 256 10.0 1.46 3 s10 

28.2 230 39.2 1.31 32.2 176 35.7 

Sandwich  panel 
(baseline) 3 --- 

I 
I 
I 
1 
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Table  56.  Delamination  and  Ultimate  Failure  for  Thick  Sandwich  Terminations 
as a  Percentage of the Sandwich  Panel Strength. 

Geometry Delamination 
% 

I Sandwich  Panel  (baseline) I 100 I 100 I 
I S90 I 43.0 I 56.2 I 
I s10 I 62.6 I 81.9 I 
I s 5  I 76.8 I 76.8 I 

14.5.3. Fatigue 

Tensile  fatigue tests (R = 0.1,  with  3 to 4 Hz frequency) were carried  out  on the baseline 
laminate,  sandwich  panel,  and  30F  termination  with the thin laminate. The test  specimens  for the F30 
termination  were  shortened as shown  in  Figure 195, due to testing  machine  limitations.  The static 
delamination  and  ultimate  values  were  higher  for  this  geometry  than for the standard  F30  specimen, 
as  indicated in Table  57. 

Figure  195.  Fatigue  Specimen  for  F30  Fillet  (asymmetric)  (Showing  Spacer on the Right 
End to Ahgn  Loading  Parallel to the Center of the  Sandwich). 

Table  57. Static Tensile  Delamination  and  Ultimate  Failure of Fatigue  F30 
Specimens  versus  Standard  F30  Specimens  (Asymmetric  Cases). 

Delamination 

COV Strain COV Stress COV  Strain 

Ultimate 

5.1  238 4.8  1.45 12.5 116 13.2  0.63  3 

8.1 222 9.5 1.17  4.1 99 18.1 0.44 3 

% MPa % YO % MPa % % 
COV Stress Geometry Number of 

specimens 

Standard 
specimen 

Fatigue 
specimen 
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The  fatigue  results for the baseline  laminate  and  sandwich  panel control materials  were 
reported earlier in Chapter  10.4. The baseline  laminate  showed  good  fatigue performance as 
anticipated fkom the  low  fiber content. The sandwich  panel  showed  only  slightly  more  fatigue 
sensitivity  than  did the base  laminate. Fatigue data  for  the  F30  closeout  indicating  various  stages of 
delamination are given in Figure  196. The scatter in  both the static and  fatigue  results is great, but 
trend lmes could  be  fit  and discriminated. The slopes, b, are  similar to those described  earlier  for 
matrix  dominated  fatigue. A plot of delamination  fkonts for various  cycles  for  typical  specimens  is 
given m Figure 197. 
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E 
u) 

E 
.- z 
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50 Stress = Ultimate Stress (1 - b Log N) 
__ ! Full Delamination is defined as a delamination 
I across the  entire width of the  specimen. 

0 ' j I : i 1 
. .  ~ . /  . .  : . ; ; : ; ;  : : . .  i ; ; : ; ,  i .  

, , . . , , :  , , . , > : : . !  
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Cycles  to  Failure, N 

Figure  196. S-N Plot  of Various Delamination  Stages:  Initiation,  Full  Width, and 
of 35 mm Length  (F30  asymmetric, R = 0.1). 

Results  for total fiber  failure and full  width  delamination are given in Figure  198.  While 
delamination occurs at  stresses  far  below  fiber  failure  in static loading, the data tend to converge 
around lo5 to lo6 cycles,  due  to the differences in slope of the S-N trends for delamination  and  fiber 
failure.  The total failure S-N trend is slightly  steeper  than for the  baseline  laminate or sandwich  panel, 
as indicated  in  Figure 199. Most  significant is the great  decrease in static strength for the F30 
terminationrelative  to  the  baseline  materials; the greater  fatigue  sensitivity  exacerbates  this  difference. 

Fiber  failure  happened  in the straight  facesheet frst, as  in  the static tests.  Fiber hilure almost 
always  followed  a  stitch (bead) or the fillet tip, producing  very  linear  failures  across the width  of the 
specimen. A typical  failure is shown m Figure 200. 
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Fillet Facesheet  View 
25 mm Straight Facesheet  View 

Figure  197.  Delamination  Boundaries at Various Numbers of Cycles 
During Fatigue of a  Typical  Fillet  Fatigue  Specimen. 
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Figure  198.  S-N Plot for Full Width  Delamination  and  Tensile  Failure of F30 
Specimen Tested in Fatigue at R = 0.1. 
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Figure  199.  Comparison of F30 Fillet,  Sandwich  Panel,  and  Facesheet Control S-N 
Data,  R = 0.1. 

Stitching  location t 
(straight  facesheet) Fillet tip 

Fillet 'start 
(fillet  facesheet) 

Figure 200. Detail of Typical  Fatigue  Failure  of F30 Specimen,  Showing Positions 
Relative to Fillet Tip. Stitching  Indicates the Position of the Bead in the Woven 
A130 Fabric. 
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14.5.4. Finite Element  Predictions 

Finite  element  predictions were run for the baseline  materials  and  various  cases  containing 
terminations  under  static  loading.  Experimental  and  predicted stress-strain curves for the sandwich 
panel  specimen  with  no  termination  is  shown in Figure 20  1.  Good  agreement  is  seen  between the 
prediction and  experiments;  matrix  cracking  in  the  *45"  layers  was  modeled by assuming a  bilinear 
stress-strain  curve  for those layers  [42]. 

Comparisons  between  predicted  and  experimental strain distribution  along an F30  specimen 
with  increased  length  compared  with  standard  specimens  [42] are given  in  Figure  202.  Experimental 
strains  were  measured  with an extensometer.  Agreement is again  good. The standard F30 specimen 
predicted  and  experimental  stress-strain  curves  are  shown m Figure  203.  Results are shown  for both 
the  straight  and  filet sides of the  specimen  (Figure  178); as noted  earlier, strains are always  much 
higher on the straight  side.  Whether or not  delamination  was  included  in the FEA  model  did not  make 
a  great  difference [42]. A comparison of strain maps  along the specimen  length is shown m Figure 
204 at a  stress  near the failure stress. 
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Figure  201. Stress-Strain Plot  for  Sandwich  Panel  Tests  With No Terminations, 
Including  Experimental  Plots  and  FEA  Results. 
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Figure  202. Strain Mapping of F30 Extra Long  Specimen;  Comparison of 
Experimental  and  Predicted  Strains. 
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Figure  203.  F30  Fillet  Experimental Data Compared  with  FEA  Results  for  Model 
With  and  Without  Delamination  Included.  Strains are at the  Positions of the  Strain 
Gages in Figure  183. 
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Figure  204.  Predicted Surface Strains  fiom F30 Models  With and Without 
Delamination at a Stress of 222 MPa  (F30  Fiber  Failure  Stress). 

Comparisons  between  predicted  and  experimental stresses for  delamination  and  failure of 
various thin laminate  terminations are given in  Table 57.  Predicted stresses generally  fall  below 
experimental  values,  with  differences  ranging  up to 30 percent.  Predicted  strain  distributions for the 
various  geometries  at  a stress of 95 MPa are  compared in Figure  205. 

The  differences  in  predicted  and  experimental  values  in  Table  58  may  relate to several  factors. 
Delamination  was predicted from the von  Mises  stress (and neat resin  strength  data) in the  resin 
region at the fillet tip, where local stress concentrations  were  determined  and  delaminations  were 
observed to initiate. (A second,  higher stress concentration  area in the  resin  was  a  result of the  model 
geometry, and was ignored [42]). Fiber  failure  was  predicted  by  a  point-stress  criterion  in the A130 
fabric  layer. A more  realistic  criterion  involving  characteristic  distances or volumes  might  give  a  more 
accurate  prediction  in the presence of stress  gradients  [105].  Delamination  cracks  could  also  be 
inserted  in the model  and  evaluated  as  in  the  previous two chapters, but this has not  yet  been done 
in this study. 
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Table 58. Experimental and Numerical  Values  for Asymmetric 
Fillet  Specimens,  Thin  Lammate  Terminations. 

I I Delamination I Ultimate 

F5  359  2.9  250 -30.4 364  3.6  308 -15.4 

(Note: Negative errors are  conservative. 

Figure  205.  Predicted Strains in Each  Facesheet of Fillet  Specimens  at  a Stress of 
95 MPa (F30 experimental  delamination  stress). 
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14.6.  Conclusions 

This study shows the importance of sandwich  panel  terminations  in the structural response 
of laminates. The commercial 30" edge  termination (to a thin laminate)  reduced  the  strength to 58 
percent of the facesheet  strength,  with  major  delamination at 25 percent.  Similar  magnitudes of 
reduction  were  observed  with  thick  laminate  transitions. The low static strength  was fi,uther 
exacerbated by fatigue  loading,  which  produced  a steeper S-N trend at failure  than  for the base 
laminate. 

These  strength  reductions  were  greatly  reduced by  using  a  shallower  angle at the edge  of the 
termination,  with  a 5" angle  nearly  eliminating the strength  loss. While 5" may  present  manufacturing 
problems, it would greatly  reduce  required  partial  safety  factors  for these details. 
Finite  element  predictions  gave  reasonable  accuracy  for  delamination  and  failure.  Predicted  (FEA) 
trends  with geometry also  agreed  approximately  with  experimental  results. 

The  major deficiencyofthis study is that it does not  include  compressive  loading,  which  could 
result  in  severe strength losses as well.  Compressive  tests  and  geometries ofthis type arevery difficult 
to conduct without extreme  bending  and  buckling  problems.  However, the compressive  strength 
aspect  would be predicted  by  FEA  to  follow  similar  trends to those  predicted  in  this  study  for both 
delamination  and  failure  (only the signs of the  stresses  would  be  changed).  Modeling  delaminations 
with fiacture mechanics  might produce greater  accuracy  and  reduce  complications  fiom  local 
extraneous stress concentrations in the resin  rich  areas.  Tougher  resin  systems  could  improve 
performance  with  terminations  like the 30" case. 

14.7.  Design  Recommendation 

The  knockdown or safety  factor  required  for  sandwich  panel  terminations  could be greatly 
reduced by  using  a  shallower  angle in the termination. An angle of 5" would greatly improve 
performance,  and  would  seem to be practical. This could  be  important  in  cases  where  terminations 
occur in high-stress  parts of a  blade. 
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15. CONCLUDING REMARKS 

Most of the foregoing, as well as previous reports, has dealt  with static and  fatigue strength 
problems  associated  with  typical  low  cost  composite  materials  used in most  blades. Many of the 
materials  problems  addressed  in Part A occur due to the  use of heterogeneous, stranded glass  fabrics 
and  brittle,  environmentally-sensitive  resins,  and  wet  hand  lay-up or RTM-type processes. Many of 
these problems  would be greatly  reduced or eliminated  by the use of well  dispersed, straight fibers 
in a tough, environmentally  resistant  resin.  Typical  aerospace  prepreg  manufacturing  approximates 
this  condition,  but  at great cost. Current  prepreg  blade  manufacturing might also  closely  approximate 
this  condition,  with the possible  exception  of  the  resin  toughness  (improving resintoughness isusually 
expensive). The extent to which  a  large  blade  can be consistently  manufactured  with  straight  fibers 
using  prepreg is not  known,  but  chances  would  seem to be greater as compared  with  some  variation 
of RTM  with  a  fabric  like the bonded  fabrics descriied in Chapter 3, or the stitched  large tow carbon 
fabric in Figure 105. 

If the  fibers  were  straight  and  well  dispersed,  the  general  laminate static and  fatigue properties 
away fiom detail  areas  should  consistently  achieve  the  best  possible  levels  obtainable  with  the  glass 
or carbon  remforcement.  Much  more  testing  is  still  required for the large tow carbon  materials, such 
as characterization  under  different  loading  conditions to obtain  complete Goodman diagrams  for 
laminate  configurations of interest,  including  high  cycles.  Spectrum  loading  and  cumulative  damage 
testing  is  also  needed  for  these  materials.  Materials ofthis type would  still  require  considerable  study 
in the structural detail  and  delamination  area, to provide  efficient but reliable structural detail design 
methodologies. 

With regard to conventional hand  layup,  RTM, and resin  infusion processes which use 
stranded  fabrics of various  types, the fmdings  presented  in  this  report  lead to a  basic question ofhow 
to approach  research and  development  efforts on blade  materials:  should  efforts  continue to find the 
combinations of fabric  architecture,  resin and process  which  provide the best static and fatigue 
performance, or is  there  now  ample  evidence  that  improved  materials are subject  to greater 
knockdowns  at  flaws and structural details, so that a  design  using  rational  safety factors would  arrive 
at  similar  design  allowables  for  both ends of the materials  spectrum? For example, the Ahlstrom 0" 
fabric (42024LM50, Figure 30) appeared to have an optimum  architecture,  with  large,  straight 
strands in the  warp  direction,  but  with  adequate  resin  paths to provide  high  permeability.  However, 
in practice,  laminates  constructed  with  this  fabric  showed poor compressive strength in the same 
range as  woven hbrics like A130, due to waviness  in the strands when  molded.  Furthermore, the 
tensile  fatigue  resistance  was  low,  even at low  iiber  contents, due to stitching  to the mat  which  carries 
the strands,  locallyraising  the  fiber  content  near the stitching to levels  where  tensile  fatigue  resistance 
is poor. If the  waviness  and  stitching  had  not occurred in the flat  laminates  used  for test specimens, 
then  high  knockdowns  would  probably  have been introduced  around areas such as ply drops, which 
are impossible to avoid  in  a  realistic,  low  cost  design.  This  line of reasoning  leads to  the conclusion 
that material  systems  which are least  expensive  and  easiest to process  would  ultimately  have  design 
allowables  which  would  be  close to those of optimal materials.  Perhaps  even  economical  woven 
roving  type of fabrics would provide similar designs if most  of the strands were in  the 0" direction. 
Database  values  for  balanced 0/90 woven  roving  laminates (Material ROV)  are  similar to those for 
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the Ahlstrom  fabric  laminates if adjusted to the same 0" material content. 

The  use of processes  like  hand  layup,  RTM,  and resin idhion with fabrics like  UC1018V 
might  provide  properties  close to prepregs,  without the major  knockdowns  associated  with  strand 
crowding.  Resin  would  need to flow  in  the thickness  direction due  to  the low  permeability.  However, 
the waviness  knockdown on compression  strength  would  be  difficult  to  avoid in  complex  blade 
structures.  Tensile  fatigue  resistance  should  be  improved  relative to stranded  fabrics at higher  fiber 
contents,  and  there  should be  little  sensitivity to flaws  and  details as long as the overall fiber content 
remained  in the 50 percent  volume  range. 

The alternative of using  stranded hbrics and  keeping the fiber content below  40  percent  by 
volume  would  provide  relatively  poor  stiffhess and ultimate  tensile strength, but the tensile  fatigue 
resistance  would be good as long as the strands  were  not  tightly  stitched to a  backing.  However, it 
appears doubtful that  knockdowns for strand  packing,  which  raises the fiber  content  locally  around 
flaws  and  details,  could be avoided. Thus, there is little  benefit to the good fatigue  resistance in  simple 
test  specimens if it is lost  in  unavoidable  details. 

The  design  of  structural  detail areas against  delamination  is  essential,  regardless of the 
material  system or processing  method.  Away fiom singularity  areas (see Figure 90) it is necessaryto 
model the area with  finite  elements,  and  to  apply  a  point-stress  based  failure  criterion  (maximum 
strain or quadratic) to high stress areas.  The  mode of failure  should be identltied  from  a  maximum 
strain  criterion. IC as is oRen the  case,  the hilure mode  is  by  matrix  failure  in the through-thickness 
direction,  then  a  second-stage  analysis  should  include the insertion  of  a  delamination crack several 
millimeters  long  in  the  high stress area (see Chapters  13  and  14). The VCCT-1  method  will  then 
provide  values  for G, and G,, from  which static and  delamination  failure can be  predicted  following 
the  simplified  methods  presented in Chapter 14. In singular  areas,  a crack of several  millimeters 
should  be  inserted  without  first  applying  a point-stress criterion,  and the precedingprediction method 
followed  for  delamination..  Further research is underway to validate this procedure for other 
geometries,  and to provide  basic  delamination data for other materials  systems  (includingmixed-mode 
delamination  testing).  An  additional  application of fiacture mechanics  is  currently  being  explored  for 
splitting  parallel to the 0" fibers  in  the  primary  structure.  The puipose of this study  is to establish  the 
off-axis ply content, and fiequency of interruption of the 0" plies,  necessary to resist the growth of 
major cracks parallel  to the main  load-bearing 0" plies. 
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