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After  weathering t h e  laminate ,  specimens were prepared f o r  t e s t i n g .  
h o  loading condi t ions  with s p e c i f i c  combinations of s teady a x i a l ,  v ib ra to ry  
tors ion ,  and v i b r a t o r y  f la twise/edgewise bending as  previously t e s t e d  and 
-eported i n  Reference (1) were s e l e c t i v e l y  chosen. Test  s t r e s s  l e v e l s  were 
ra r ied  up t o  a maximum of 3.5 times t h e  base l ine  stress l e v e l s  descr ibed i n  
ieference ( 1 ) .  A t  t h e  s p e c i f i c  combined load f l i g h t  s t r e s s  l e v e l s  and 
20nditions t e s t e d ,  t h e  percent  of fatigue damage t o  both a r t i f i c i a l l y  and 
l a t u r a l l y  weathered t e s t  specimens t e s t e d  he re in  was s i m i l a r  t o  t h e  damage 
2xperienced by non-weathered t e s t  specimens; and, under t h e  condi t ions  
?valuated,  t h e  e f f e c t  of weathering was neg l ig ib l e .  The dahping and na- 
tural  frequency measurements on weathered specimens showed t h a t  a cons i s t en t  
in7 r e a l i s t i c  i nc rease  i n  damping and a reduct ion  i n  n a t u r a l  frequency a f t e r  
LO f a t i g u e  cyc les  occurred only i n  specimens where in te r laminar  matr ix 
:racking was de tec ted  by u l t r a s o n i c  ' C '  scan. S i g n i f i c a n t  and meaningful 
i d e n t i c a l  p ropor t iona l  changes were de tec ted  when cobparing both t o r s i o n a l  
lamping and n a t u r a l  frequency changes t o  t h e  t o r s i o n a l  modulus changes even 
it percentages l e s s  than  5%. While t h e  NDI technique u t i l i z i n g  u l t r a s o n i c  
' C '  scan  d i d  provide an exce l l en t  means f o r  de t ec t ing  long i tud ina l  i n t e r -  
Laminar c racking  d e f e c t s ,  t h e  dye penet ran t  technique was a more use fu l  
Lnspection method f o r  de t ec t ing  minor su r f ace  cracks. 
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FORWARD 

This  document was prepared by Sikorsky A i r c r a f t  Divis ion of United 
Technologies Corporation under Contract  NAS1-13882 t o  t h e  National Aero- 
nau t i c s  and Space Administration and USAAMRDL of t h e  L~tngley Direc tora te .  
It i s  subdivided i n t o  two volumes a s  follows: 

Volume I Design and Tes t  Evaluat ion of Large Sca le  Composite 
Bearingless Main Rotor Flexbeam 

Volume I1 Combined Load Fat igue Evaluat ion of Weathered 
Graphite/Epoxy Composite 

This  r e p o r t  covers work conducted during the  period of May 1975 t o  
December 1976. 
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Small s c a l e  combined load f a t i g u e  t e s t s  were conducted on s i x  a r t i f i c i a l -  
l y  and s i x  n a t u r a l l y  weathered t e s t  specimens. The t e s t  specimen ma te r i a l  
was u n i d i r e c t i o n a l l y  o r i en t ed  A-S g r aph i t e  - woven g l a s s  scrim-epoxy r e s i n  
laminate prev ious ly  f ab r i ca t ed  under NASA Contract  ?To. NAS~-12662 and r epor t ed  
i n  Reference (1). 

After  t h e  laminate was weathered, specimens were prepared f o r  t e s t i n g .  
Two loading condit ions with s p e c i f i c  combinations of s teady a x i a l ,  v ib ra to ry  
t o r s i o n ,  and v i b r a t o r y  f  latwise/edgewise bending a s  previously t e s t e d  and 
&eported i n  Reference (1) were s e l e c t i v e l y  chosen. Tes t  s t r e s s  l e v e l s  were 
va r i ed  up t o  a  maximum of 3.5 times the  base l ine  s t r e s s  l e v e l s  described i n  
Reference (1). A t  t h e  s p e c i f i c  combined load f l i g h t  s t r e s s  l e v e l s  and con- 
d i t i o n s  t e s t e d ,  t h e  e f f e c t  of weathering was neg l ig ib l e .  Fur ther ,  t h e  perce? t  
of f a t i g u e  damage t o  both a r t i f i c i a l l y  and na tu ra l ly  weathered t e s t  specimen:; 
t e s t e d  he re in  was s i m i l a r  t o  t h e  damage experienced by non-weathered t e s t  
specimens. The damping and n a t u r a l  frequency measurements on weathered spec- 
imens showed t h a t  a cons i s t en t  and r e a l i s t i c  i nc rease  i n  damping and a re- 
duc t ion  i n  n a t u r a l  frequency a f t e r  l o7  f a t i g u e  cycles  occurred only i n  spec- 
imens where in te r laminar  matr ix cracking was de tec ted  by u l t r a s o n i c  ' C '  scaK. 
S i g n i f i c a n t  and meaningfbl i d e n t i c a l  p ropor t iona l  changes were de tec ted  when 
comparing b ~ t h  t o r s i o n a l  damping and n a t u r a l  frequency changes t o  t he  t o r s i o n a l  
modulus changes even a t  percentages l e s s  than 5%. While t h e  N D I  technique 
u t i l i z i n g  u l t r a s o n i c  ' C '  scan d id  provide an exce l l en t  means f o r  de t ec t ing  
l o n g i t u d i n a l  in te r laminar  cracking d e f e c t s ,  t h e  dye penet ran t  served a s  a  
u s e f u l  i n spec t ion  method f o r  de t ec t ing  su r f ace  cracks. 



INTRODUCTION 

The purpose of t h i s  e f f o r t  w a s  t o  a s se s s  t h e  e f f e c t  of weathering on 
composite ma te r i a l s  which a r e  ~ u b j e c t e d  t o  combined cyc l i c  loads. To make 
t h i s  assessment combined load  f a t i g u e  t e s t s  of a r t i f i c i a l l y  and n a t u r a l l y  
weathered s m a l l  s c a l e  t e s t  specimens were conducted and compared t o  f a t i g u e  
r e s u l t s  of non-weathered specimens a t  some of t h e  se l ec t ed  s t r e s s  l e v e l s  and 
condi t ions  previous ly  repor ted  i n  Reference (1). These s e l e c t e d  s t r e s s  
l e v e l s  and condi t ions  a r e  ou t l i ned  i n  Table I. A l l  weathered specimen f a t i g u e  
data was acq  ired by performing t o r s i o n a l  and bending s t i f f n e s s  measurements B a t  0, 5 x 10 and l o 7  cyc les .  

I n  a d d i t i o n  t o  performing v i s u a l  damage inspec t ion ,  an at tempt  was made 
t o  c o r r e l a t e  damage detec ted  by R D I  methods of s o f t  x-ray radiography, dye 
penet ran t ,  and u l t r a s o n i c  ' C 1  ?can with damage viewed i n  photomicrographs of 
the  t e s t  specimens a t  0 and 10 f a t i g u e  cyc le s  on t h e  weathered specimens 
only. An at tempt  w a s  a l s o  made t o  compare t o r s i o n a l  damping and n a t u r a l  
frequency measurement changes v e r s w  t o r s i o n a l  s t i f f n e s s  change a f t e r  10  7 
f a t i g u e  cycles  on weathered specimens. 
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MATERIALS, E-NT AND PROCEDURES 

Mater ia l s  and T e s t  Specimen Configuration 

The m a t e r i a l  used f o r  t h e  weathered t e s t  specimens f o r  t h i s  program 
was Hercules,  Inc .  t ype  A-S g raph i t e  f i b e r  wi th  s t y l e  104 woven g l a s s  scrim 
prepreged by Dexter Mater ia l s  Corp. (now Re l i ab l e  Mfg. C o q . )  wi th  DM-101 
r e s i n  system. This  modified epoxy r e s i n  sys t en  r equ i r e s  a cure temperature 
of 275O~ ( 1 3 5 1 ~ ~ 2  wi th  t h e  p o t e n t i a l  design ope ra t iona l  temperature capa- 
b i l i t i e s  t o  200 F ( 9 2 O ~ ) .  C e r t i f i c a t i o n  t e s t s  were performed by t h e  vendor 
i n  accordance wi th  requirements o f  Sikorsky s p e c i f i c a t i o n s  s tandard SS-9611, 
Reference ( 2 ) .  The r e s u l t s  of t h e  c e r t i f i c a t i o n  t e s t s  and t h e  requirements 
of Reference ( 2 )  a r e  given i n  Table 11. I n  genera l ,  t h i s  ma te r i a l  met t h e  
requirements of Reference (2 ) .  

The f a b r i c a t i o n  of t h e  t e s t  specimen laminate  (without  doublers)  which 
were used f o r  t h e  weathering t e s t  conducted he re in  was completed i n  approx- 
imately t h e  same time per iod  a s  t h e  non-weathered t e s t  specimen laminate  a s  
o u t l i n e d  i n  the t e s t  program of Reference ( I ) .  A 10  ply flat panel laminate 
approximately 1 2  in .  (30.5 cm. ) x 24 inches ( 61 0 cm ) was l a i d  up then vacuum 5 2 bagged and autoclave cured a t  100 p s i  (6.9 x 10 ~ / m  ) f o r  2 hours a t  275 '~ 
(135 '~ ) .  A nominal cured per  p ly  thickness  of  .0095" ( .02h em.) was obtained, 
.0085 inches (0.022/cm.) A-S g raph i t e  and 0.001 inches (0.002crn. ) 1 Q 4  s t y l e  
woven g l a s s  scrim. P r i o r  t o  weathering, a t o t a l  of 1 2  t e s t  specimens were 
rough c u t  from t h e  laminate  above a t  a width of 1 1/16  inch (2.70 c m . ) .  Dur-  
ing t h e  course o f  2 yea r s  t he  specimens were weathered and p e r i o d i c a l l y  
weighed a s  descr ibed i n  s ec t ion  2.2.6 of t h i s  repor t .  Af te r  weathering 
was completed, specimens were cleaned with methyl e t h y l  ketone and loose 
sur face  scr im on t h e  specimens was removed t o  provide a good bonding sur face .  
Unid i rec t iona l   las lass) f i b e r g l a s s  doublers were ind iv idua l ly  bonded t o  t h e  
g raph i t e  specimens us ing  IIysol 9309.2 adhesive. The f i b e r  o r i e n t a t i o n  of 
both t h e  g raph i t e  specimen and t h e  f i b e r g l a s s  doublers w a s  p a r a l l e l  t o  t h e  
long dimension (9.0 inches 23 cm. ) of t h e  specimen. The e n t i r e  specimen 
w a s  then  ground t o  t h e  f i n a l  dimensions shown i n  Figure 1. The s t e e l  cuffs  
i n s e r t e d  a t  each end of t h e  specimen and then  placed i n  an alignment f i x t u r e  
which a f f i x e d  t h e  f i n a l  t e s t  specimen length.  The previously designed b o l t  
hole  p a t t e r n  i n  t h e  s t e e l  c u f f s  was then  u t i l i z e d  a s  a drill j i g  i n  order  t o  
drill and l o c a t e  t he  same b o l t  ho le  p a t t e r n  i n  t h e  g raph i t e  specimen. The 
specimen i n  t h e  s t e e l  c u f f s  was then  bo l t ed  toge the r  i n  t he  f a t i g u e  t e s t  
specimen conf igura t ion  shown i n  F igure  1. 



Equipment and Procedures - 
Tors iona l  and Flexura l  Modulus Ca l ib ra t ions  

S t r a i n  gauges ( 350 ohm type )  were bonded on a l l  specimens i n  order  
t o  measure f l a tw i se  bending, edgewise bending and t o r s i o n a l  p r o p e r t i e s ,  
i . e .  ( l o a d ,  s t r e s s ,  s t r a i n  and modulus). A t y p i c a l  combined load 
specimen wi th  end g r i p  attachments and s t r a i n  gages i n  p lace  i s  shown 
i n  Figure 2. Both f l a t w i s e  and edgewise bending gauges were loca t ed  
a t  t h e  end of t h e  nontapered f i b e r g l a s s  doubler where it had been 
previous ly  determined t h a t  t h e  maximum bending loads occur. I n  a l l  
c a ses  t h e  r a t i o  of f l a t w i s e  t o  edgewise s t r e s s  was nea r ly  constant  
along t h e  e n t i r e  length  of t h e  specimen. The t o r s i o n a l  gauges were 
loca t ed  i n  t he  middle of t h e  specimen width and a t  a 3" d i s t ance  from 
t h e  end of t h e  non-tapered doubler where t h e  maximum t o r s i o n a l  s t r e s s  
would occur.  

The t e s t  f i x t u r e  shown i n  F igure  3 was used t o  determine 
t h e  t o r s i o n a l  modulus and s t i f f n e s s  changes. The t o r s i o n a l  modulus 
of each specimen was ca l cu la t ed  by applying known torques  t o  t h e  
specimen and the  measuring the  output  s t r a i n s  from t h e s e  torques.  
With each appl ied  torque,  the angle of t w i s t  w a s  a l s o  recorded. The 
measurement of t h e  changes i n  t h e  angle of t w i s t  a s  a func t ion  of 
f a t i g u e  cycles  provided t h e  means of determining t h e  percentage 
change i n  t o r s i o n a l  modulus. 

The t e s t  f i x t u r e  shown i n  Figure 4 was u t i l i z e d  t o  determine 
both  t h e  f l a t w i s e  and edgewise f l e x u r a l  bending modulus changes. 
The specimen was loaded a s  a c a n t i l e v e r  beam and t h e  outputs  of 
t h e  pure f l a t w i s e  and pure edgewise bending s t r a i n  gages were in-  
d i v i d u a l l y  recorded. Each bending modulus was sepa ra t e ly  used 
r a t h e r  t han  averages of t he  two i n  t h e  combined load  t e s t  set-up. 
The de f l ec t ion  f o r  a known appl ied  load  was recorded similar t o  
those recorded w i t h  torsional measurements. The measurement of 
t h e  changes i n  d e f l e c t i o n  a s  a func t ion  of f a t i g u e  cyc le s  was used 
t o  de t e rn ine  t h e  percentage change i n  both f l a t w i s e  and edgewise 
f l e x u r a l  bending s t i f f n e s s  which i s  expressed i n  terms of an  e f f e c t -  
i v e  modulus change. 

Botk t o r s i o n a l  and bending specimen s t r a i n  gauge ou tpu t s  were 
monitored us ing  a  s t r a i n  gauge br idge ,  ampl i f i e r  and osc i l l o scope  
console. P r i o r  t o  t e s t  i n i t i a t i o n  and during pe r iod ic  specimen re-  
moval, t h e  s t a t i c  and dynamic eccen t r i c  s e t t i n g  were recorded and 
repea ted  whenever t h e  specimen was r e i n s t a l l e d .  Both s t a t i c  and 
dynamic s t r e s s e s  were ad jus ted  u n t i l  they were wi th in  3 percent  of 
des i r ed  values.  



Damping and Frequency Ca l ib ra t ions  

Damping and n a t u r a l  frequency measurements were made on the  apparatus 
showc i n  Figure 5. The specimen was i n s t a l l e d  wi th  one f ixed  end ( t o p )  
while  the  o the r  end was a t tached  t o  a r a d i a l  accelerometer.  The specimen 
was then  tw i s t ed  so t h a t  t h e  peak shear  s t r e s s  did not  exceed 2000 ps i .  
When re leased  it produced an o s c i l l a t i o n  and amplitude which then  w a s  
allowed t o  diminish i n  f r e e  decay. The output o f  t h e  r a d i a l  accelerometer 
w a s  recorded us ing  an osc i l lograph  recorder .  

I n  order  t o  accu ra t e ly  measure the  n a t u r a l  frequency of t h e  specimen 
a r e f e rence  s i g n a l  was a l s o  recorded. The decay of t he  na tura l  frequency 
a s  a func t ion  of cyc l e s  was u t i l i z e d  t o  c a l c u l a t e  t h e  r a t i o  of damping 
capac i ty ,  C, t o  c r i t i c a l  damping capac i ty  C,. The s t ,a t i  c measurements of 
t h e  t o r s i o n a l  mod us G a s  we l l  as damping and frequency measurements were 2 7 taken a t  0, 5 x 10 and 1 0  f a t i g u e  cycles .  

Non-Destructive Inspec t ion  Techniques 

Ul t rasonic  l C 1  Scan 

This  work was accomplished a t  P r a t t  and Whitney Research Lab, 
East  Har t ford ,  Conn. The f i a t  specimens were scanned au tomat ica l ly  
us ing  the  apparatus  shown i n  Figure 5 which provided a ' C '  scan 
p r in tou t .  The ' C '  scans a r e  p l an  views of t h e  f l a t  specimens and 
a r e  obta ined  by d r iv ing  a w r i t i n g  device synchronously wi th  the  
t ransducer .  A mark i s  then  nade on the  e l e c t r o s e n s i t i v e  paper 
at any p o i n t  where a s i g n a l  i s  received on the  u l t r a s o n i c  instrument .  

A l l  u l t r a s o n i c  work w a s  conducted whi le  t h e  specimens were 
immersed i n  water. The amplitude o f  t he  s i g n a l  a t  which t h e  'C7-scan 
would p r i n t  de fec t  i nd ica t ions  was determined by us ing  a c a l i b r a t e d  
f l a t  specimen which had s p e c i f i c  notches ( c r e a t e d  mechanicaliy) as 
shown i n  Figure 7. The smal les t  notches designated i n  F igure  7 a s  
a r eas  1, 2, 3 and 4 ve re  approximately .28" (.71cm.) long, .035" 
(.089 cm.) wide and a t  depths of .013" (.033 cm.) for a reas  1 and 
2 and .020" (.051 cm.) f o r  a reas  3 and 4. The hole  designated i n  
Figure 7 as area 5 was approximately ,045" ( .11h  cm.) deep and 
.125" ( .318 cm. ) i n  diameter. I n  all cases ,  t h e  .013" ( .033 cm. )  . 
notch was the  sma l l e s t  s i g n a l  which could be  r e a d i l y  d i f f e r e n t i a t e d  
from t h e  background and s e t  a lower l i m i t  on t h e  s i z e  of the  de- 
f e c t  which can b e  detected.  Ul t rasonic  ' C '  scan were taken of . 
both a r t i f i c i a l l y  and n a t u r a l l y  weathered specimens before  and 
a f t e r  f a t i g u e  cycling. 



The x-ray radiography was performed using ' s o f t 1  x-rays 
approximately 25 KVP (peak k i l o v o l t s )  wi th  a beryl l ium window 
i n  a normal labora tory  a i r  environment. Exposure time was 
approximately 3 minutes at 10  MAM (milliampere minutes) using 
M type  f i lm.  The source t o  f i lm  d i s t ance  (SFD) was 18 inches 
(45.7.2 cm.) The x-rays were taken of  each specimen ( inc13~d ing  
c a l i b r a t i o n  s tandard)  before  and a f t e r  f a t i g u e  cycl ing.  The 
x-rays were taken a t  s eve ra l  angles  inclu3ing normal t o  the  
specimen sur face  i n  order  t o  cover a l l  pos s ib l e  o r i e n t a t i o n s  
of defec ts .  

Dye Penetrant  

Dye penet ran t  was used t o  de t ec t  sur face  damage a f t e r  t h e  
specimen was f a t igue  t e s t e d  t o  lo7 cycles .  The technique f i r s t  
involved cleaning t h e  specimen wi th  spotcheckTM cleaner-type 
SKC-W, second, coa t ing  t h e  spccimen with spotchcckTM dye pe- 
n e t r a n t  t ype  SKL-HF and t h i r d ,  drying t h e  specimen f o r  3 t o  5 
minutes. Excess pene t ran t  was then removed wi th  clean cheese- 
c l o t h  sa tu ra t ed  wi th  the  same Spotcheck cleaner .  Spotcheck TM 
developer type SKD-NF was then sprayed over specimen sur face  
i n  t h e  same a r e a  covered by dye penet ran t .  A l l  s u r f ace  de fec t s  
were photographed subsequent eva lua t ion  of the  de fec t  s i z e .  
A l l  specimens were then throughly cleaned of a l l  pene t ran t .  

A combined load f a t i g u e  machine, was u t i l i z e d  t o  perform t e s t s  
under varying combinations of s teady  a x i a l ,  v ib ra to ry  t o r s i o n a l  and 
v i b r a t o r y  bending loads. De ta i l s  of t h i s  machine a r e  shown i n  Figure 
8. As seen in Figure 8, the bending loads are appl ied  by two bending 
eccen t r i c s .  The offset of each e c c e n t r i c  can be var ied  t o  con t ro l  not  
o ~ l y  t h e  bending s t r e s s  d i s t r i b u t i o n  along t h e  e n t i r e  specimen l eng th  
b u t  a l s o  t h e  ~ a x i n u m  amplitude of t h e  bending s t r e s s .  

The r a t i o  of edgewise s t r e s s  t o  f l a t w i s e  bending s t r e s s  i s  con- 
t r o l l e d  by ad jus t ing  t h e  angle of t h e  p lane  of t h e  specimen wi th  r e spec t  
t o  t h e  bending plane on the  machine. For example, i f  t h e  app l i ca t ion  
of pure f l a t w i s e  bending load is des i red ,  then t h e  angle  between plane 
of t h e  specimen and t h e  bending plane of t he  machine i s  s e t  a t  90 degrees.  
Increas ing  t h e  amounts of edgewise by varying the  90' angle  u n t i l  bending 
becomes pure edgwise a t  an angle of 0 o r  180 degrees.  The t o r s i o n a l  
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s t r e s s  on t h e  specimen i s  con t ro l l ed  by t h e  t h i r d  eccen t r i c  as shown 
i n  Figure 8. A l l  t h r e e  e c c e n t r i c s  a r e  l i nked  toge ther  by means of 
synchronized t iming b e l t s  so t h a t  t h e  maximum t o r s i o n a l  and bending 
s t r e s s  occur simultaneously. I t  has been previously demonstrated 
t h a t  t h i s  motion s imula tes  both the  cyc l i c  t o r s i o n a l  and bending 
s t r e s s  experienced by t h e  a c t u a l  r o t o r  blades.  

A s teady  a x i a l  load  s imula t ing  c e n t r i f u g a l  fo rce  i s  a l s o  t ransmit-  
t e d  t o  t h e  specimen by means of d isk  spr ings .  

' Test  Conditions 

The o r i g i n a l  t e s t  condi t ions  were based on t h e  p red ic t ions  of 
t h e  s t r e s s  d i s t r i b u t i o n s  i n  a  f u l l  s c a l e  bear ingless  composite main 
r o t o r  blade. Reasons why i n i t i a l l y  t h r e e  load condit ions with four  
d i f f e r e n t  percents  of f l i g h t  s t r e s s  a t  each load condit ion were in- 
ves t iga t ed  a r e  d e t a i l e d  i n  the  Reference (1 )  repor t .  

Based upon t h e  r e s u l t s  of t h e  Reference (1 )  r epo r t  and t h e  li- 
mited quant i ty  ( 3 2 )  of weathered t e s t  specimens a v a i l a b l e ,  only two 
t e s t  load condi t ions  with t h r e e  d i f f e r e n t  percents  of f l i g h t  s t r e s s  
a t  eazh load  condit ion were repeated.  Table I o u t l i n e s  t he  t e s t  
program. 

Weather  in^ T e s t s  

The g raph i t e  specimens designated f o r  t h e  n a t u r a l  weathering 
environment were ?laced on the  roof of  t h e  Sikorsky A i r c r a f t  p lan t  
l oca t ed  i n  S t r a t f o r d ,  Connecticut f o r  a  two year  period. 

A f i x t u r e  a s  shown i n  Figure 9 was f a b r i c a t e d  i n  order  t o  
p o s i t i o n  t h e  specimen a t  a 45' angle  t o  t h e  horizon,  fac ing  South. 
These specimens rece ived  continuous exposure (one s i d e  only)  t o  
t h e  r a i n  and sunl ight  of t he  t y p i c a l  Connecticut environment 
during t h e  time per iod  of September 1971 ~ h r o u g h  September 1373. 

The g raph i t e  specimens designated f o r  t h e  a r t i f i c i a l  weathering 
environment were placed i n  an At las  E l e c t r i c  Devices Company Model 
XW Weatherometer shown i n  Figure 10. 

Each specimen was r o t a t e d  t o  expgse t h e  oppos i te  face  a f t e r  
each 300 hour exposure period s i n c e  only one f a c e  of t h e  specimens 
could be exposed a t  one time. Each specimen f ace  rece ived  a t o t a l  of 
600 hours of exposure. A 600 hour exposure i n  t h e  weatherometer was 
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equivalent  t o  two years i n  a Flor ida  environment. This t y p i c a l  Florida 
environmental conditions would consis t  of continuous 1 3 0 ' ~  ( 5b0c ) heat  
and u l t r a v i o l e t  r ad ia t ion  and water spray 20 minutes every 2 hours. 
All specimens were weighed a t  periodic in te rva l s  i n  order t o  monitor 
weight l o s s  or  ga insdue t o  weathering e i t h e r  na tu ra l  o r  a r t i f i c i a l .  



Resultpa and Discussions 

Combined Load Fat i~ue  Tests  

The tes t  strees levels  for tech load condition as well as the re- 
sulting changes in flexural and torsional moduli for both wn-weathered 
and wertthered teet epecimene are tsbulated in Table 111, A plot of 
retai ad torsional nrodulue as a function o f  vibratory torrional etreee 7 at  10 cycle8 for load conditions 1 and 2 ir given in Figure8 l l a  and 
l l b ,  Convereely; Figuree 12s and 128 for l o r d  sonditfone 1 and 2 @how 
a plot o f  retained t rrriersrl moBUue ae cr func t ion  sf vibratory flatwitre B bendin$ ~ t r e s ~  8% 18  cycle^. It  m u %  Be wtated that while  the date 
pinto plotted ier both the ar%iiicislly and natweUy w@e%he?sd apscimsns 
i n  Figures 2lr throwh I2B repremnt the actual r e n u t 8  o f  the i n d f v i d w l  
% o ~ i r % ~  for @&oh lo&d condition, %he eorrswpsnding; data goants for the 
mnwootkered egociwem ~ k m  in fig we^ l l ~  through 12% whioh were or$&- 
nel ly  reported In  Referanee (1) were ekerirged @ l i g h t l y  after re-evalwtlon 
sf  %ha% data, Tn g@ner&$, %he re-evaluation wm bmed upen tihe ~ d d i t i o n a l  
wperieace $ained ever the paet  3 ~ U R Y B  and the clrrreat pr4et fces  now i n  
e f f e c t .  Bpeeif icafly,  t h r e e  changes were incorporated and a r e  de ta i l ed  
and discussed next,  

1) Re-examination of non-weathered specimens showed various 
degrees of apparent disbonding between t h e  f ibe rg lass  
doublers and t h e  graphi te  specimen, This disbonding 
may have been the  reason f o r  not a s ing le  specimen ex- 
h i b i t i n g  zero damage u on ca l ib ra t ion  even a f t e r  the  g accumulation of 1 x 10 fa t igue  cycles i n  t h e  invest-  
iga t ion  reported i n  Reference (1) .  The establishment of 
improved bonding techniques i n s t i t u t e d  s ince  the  time of , 

t h e  publ ica t ion  of Reference (1) r epor t  has been t h e  
correc t ive  ac t ion  taken. 

2) I n  order  t o  normalize all data,  it was required t o  re- 
evaluate the  to r s iona l  modulus values f o r  t h e  non-weatliered 
specimens a t  the  same l i n e a r  s t r a i n  and/or t o r s i o n a l  load 
l e v e l  as the  weathered specimens. 

3) Re-evaluation of the  method f o r  determining percent 
r e t en t ion  of t o r s i o n a l  modulus was re-defined i n  order  
t o  conform wi th  more r e a l i s t i c  r e s u l t s  t h a t  should be 
received. For example, it was discovered t h a t  with t h e  
previous method employed i n  Refer nce (1) repor t ,  t h e  5 t o r s i o n a l  modulus losses  a f t e r  10 fa t igue  cycles could 
t h e o r e t i c a l l y  exceed 100% when i n  reality t h e  physical  
evidence (photomicrographs, u l t rasonic  ' C ' scan and 
t o r s i o n a l  damping c h a r a c t e r i s t i c s )  d id  not  show 100% 
damage o r  t o t a l  disbond. With the  incorporat ion of the  
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t h r e e  procedural  changes and techniques above, t h e  com- 
par i son  between non-weathered and weathered specimen 
r e s u l t s  could then  be a f fec ted .  

Because t h e  t o r s i o n a l  modulus change was more s i g n i f i c a n t  t h a t  
e i t h e r  t h e  f l a t w i s e  o r  edgewise modulus changes a s  a func t ion  of 
f a t i g u e  cyc le s ,  it was chosen a s  t h e  dependent v a r i a b l e  a s  shown i n  
Figures  l l a  through 12b and w i l l  be discussed exclusively.  A s  shown 
i n  F igu res  l l a  and 12a f o r  load condi t ion  1, t h e  t e s t  r e s u l t s  show 
t h a t  bo th  non-weathered and weathered specimens a r e  not  a f f ec t ed  when 
t e s t e d  a t  t h e  220 and 300% f l i g h t  s t r e s s  l e v e l .  However, i d e n t i c a l  
f a t i g u e  damage i n  terms of a 30% t o r s i o n a l  s t i f f n e s s  l o s s  is  exhib i ted  
a t  3308 f l i g h t  s t r e s s  l e v e l .  It  the re fo re  can b e  assume t h a t  t h e  po in t  
of  zero  damage l e v e l  f o r  a l l  specimens t e s t e d  f o r  load condi t ion  1 
seems t o  occur s l i g h t l y  before  t h e  300% f l i g h t  s t r e s s  l e v e l ,  a s  def ined 
by Table 111, i s  reached. Tes t  r e s u l t s  f o r  load condi t ion  2 a s  shown 
i n  F igures  l l b  and 12b show t h a t  t h e  po in t  of zero damage f o r  a l l  
specimens occurs  s l i g h t l y  a f t e r  the  220% l e v e l  of f l i g h t  s t r e s s ' ,  a s  
def ined  by Table 111, i s  obtained. 

A t  t h e  300% l e v e l  gf f l i g h t  s t r e s s  where a t a r g e t e d  t o r s i o n a l  s t r e s s  
of 5,600 p s i  (38.7 x 10 ~ / m ~ )  i n  Figure l l b  i s  requi red ,  bo th  na tu ra lxs  
and a r t i f i c i a l l y  weathered t e s t  specimens exhib i ted  t h e  same amount of 
damage i. e. approximately 25%. The non-weathered specimens exhib i ted  
6% damage a t  t h e  300% f l i g h t  l e v e l  s t r e s s .  However, a f t e r  re-eva1uatio:l-  
of t h i s  d a t a  it was discovered t h a t  t h e  ; tress l e v e l  was a c t u a l l y  5,300 

2 p s i  (36.5 x 10 N/m ) and is p lo t t ed  a t  t h i s  po in t  i n  Figure l l b .  

A t  t he  350% l e v e l  05 f l i g h t  s t r e s s  where a t a rge t ed  t o r s i o n a l  s t r e s s  
of 6,540 p s i  (45.1 x N/m ) is  requi red ,  re-evaluat ion of t h e  non-weathered 
specimen r e s u l t s  a l s o  s owed t h a t  the  45% damage level reported w a s  a c t u a l -  8 l y  6,200 p s i  (42.7 x 10 N / I ~ ~ )  which i s  a l s o  p l o t t e d  i n  F igure  l l b .  

A t  330% f l i g h t  s t r e s s  l e v e l ,  it would a t  f i r s t  appear t h a t  t h e  damage 
t o  t h e  a r t i f i c i a l l y  weathered specimens is  15% grea t e r  than t h a t  exhib i ted  
by t h e  n a t u r a l l y  weathered specimens. However, a s ta tement  t o  t h e  e f f e c t  
t h a t  a r t i f i c i a l l y  weathering may be more severe than  n a t u r a l  weathering 
cannot b e  made because both types of weathered specimens provided r e s u l t s  
t h a t  were wi th in  t h e  s c a t t e r  band of t h e  mean curve p l o t t e d  f o r  non- 
weathered specimens. Consequently both weathering environments appear 
t o  have had very l i t t l e  e f f e c t  on t h e  combined load p r o p e r t i e s  a s  com- 
pared t o  non-weathered specimens. 



Damping and Natural  Frequency Measurements 

The recorded damping and n a t u r a l  frequency measurements obtained f o r  
bo th  n a t u r a l l y  and a r t i f i c i a l l y  weathered specimens i s  t abu la t ed  i n  Table 
I V .  Table I V  a l s o  g ives  t he  values of t h e  percentage change of f ,  t he  
na tu ra l  frequency and C/Cc,  t e r a t i o  o f  damping capac i ty  t o  c r i t i c a l  
damping capac i ty  a f t e r  5 x 10' and l o 7  f a t i g u e  cycles .  A comparison of 
t he  percent  change of both I f '  and 'C,' as a func t ion  of  percent  change i n  
t o r s i o n a l  modulus a t  lo7 f a t i g u e  cycles  i s  t abu la t ed  i n  Table V and 
p l o t t e d  i n  Figure 13. Test  r e s u l t s  i n  Figure 1 3  show t h a t  t h e  percent  
changes i n  ' G ' ,  f ,  and Cc a r e  t h e  same f o r  a l l  v i b r a t o r y  s t r e s s  l e v e l s  
f o r  Condition 1. 

The examination of t h e  var ious  v ib ra to ry  s t r e s s  l e v e l s  f o r  Con- 
d i t i o n  2 show that t he  percent  changes i n  t h e  ' G I ,  'g', a5d ' C c l  
values a r e  a l s o  t h e  same a t  t he  3,510 p s i  (24.2 x 1 0  N/m ) v ib ra to ry  
s t r e s s  l e v e l  o r  a t  t he  220% of f l i g h t  s t r e s s  leve l .  Fur ther  examination 
of  t h e  remaining two v ib ra to ry  s t r e s s  l e v e l s  show t h a t  t h e r e  i s  a very 
c l o s e  agreemerit between t h e  t o t a l  change i n  t o r s i o n  modulus and Cc 
va lues  while  t h e  2ercent  change i n  n a t u r a l  frequency i s  about 15 t o  20% 
higher  than both the  ' G '  and ' C c l  values.  

Failure Analys i s  

There were t h r e e  non-destructive t e s t i n g  techniques employed 
i n  order  t o  de te rn ine  ex ten t  of damage t o  a l l  specimens. These were 
t he  following; ' s o f t '  x-ray radiography, dye penet ran t ,  and u l t r a s o n i c  
' C '  scan. Destruct ive examination i n  t h e  f o r n  of photomicrographs 
taken a t  NDI i nd i ca t ions  was used t o  v e r i e  t he  r e s u l t s  of t he  t h r e e  
NDT techniques whenever poss ib le .  

A d i scuss ion  on the  r e l a t i v e  mer i t  o r  short-coming of each NDT 
method i s  next. 

X-Ray Radiography 

Even though s e v e r a l  x-rays were taken with varying para- 
meters of KVP, exposure time and MAM wi th  the  u t i l i z a t i o n  of  
a c a l i b r a t i o n  s tandard on damaged and undamaged specimens, 
o v e r a l l  r e s u l t s  proved negative. Fur ther  work would b e  re- 
quired i n  order  t o  r e f i n e  t h i s  technique s o  t h a t  it i s  appl ic-  
ab l e  t o  the  s i z e  of cracking damage incur red  by t h e  specimens. 

Dye Penetrant  

Dye penet ran t  inspec t ion  was performed on a l l  t e s t  specimens 
i n  order  t o  de t ec t  any minor non-visual cracking on any sur face  
of t h e  t e s t  specimen. P a r t i c u l a r  a t t e n t i o n  was given t o  small  
minor crack de t ec t ion  i n  two areas .  These a reas  were t h e  lon- 
g i t u d i n a l  o r  ho r i zon ta l  sur face  cracking between p l i e s  and t h e  



Dye Penet ran t  (Cant.) 

t r ansve r se  o r  v e r t i c a l  cracking on t h e  top  and bottom su r face  
of t h e  specimen. It was an t i c ipa t ed  t h a t  su r f ace  i r r e g u l a r i t i e s  
o the r  than  cracking,  i.e. b u t t e d  p l i e s  of g raph i t e  and/or scr im 
non-scrim a r e a s  would b e  screened out .  These i r r e g u l a r i t i e s  might 
l e a d  t o  f a l s e  i nd ica t ions  of cracking. 

The r e s u l t s  o f  t h i s  t e s t  method show t h a t  s k f a c e  i r r eg -  
u l a r i t i e s  were not detected.  Minor l ong i tud ina l  o r  ho r i zon ta l  
su r f ace  cracking between p l i e s  was detected and provided an 
e x c e l l e n t  c l e a r  sharp i n d i c a t i o n  fo r  subsequent photomicrographs 
as shown i n  F igure  14a. While u l t r a s o n i c  ' C '  scan could not  
d e t e c t  t r ansve r se  o r  v e r t i c a l  cracking on t h e  top  and bottom 
su r face  of t he  specimen as  w i l l  b e  discussed i n  d e t a i l  i n  Sec t ion  
3.3.3, dye pene t r an t  d i d  prove successful .  The examination of 
p o t e n t i a l  sur face  cracks i n  t h r e e  specimens a s  shown i n  Figure 
14b revealed (through photomicrographs) t h a t  t h e s e  cracks d id  
e x i s t .  

This  NDT technique appears t o  b e  a v i ab le  t o o l  f o r  de t ec t ing  
minor su r f ace  cracking on A-S g raph i t e j epo l~y  composites. 

Ul t rasonic  ' C '  Scan 

Two sepa ra t e  u l t r a s o n i c  techniques ' S t r a i g h t  Fuse Echo' (SPE) 
and "Loss of Back   ace" (LOBF), were employed i n  order  t o  d e t e c t  
de fec t s  i n  t h e  f l a t  specimens st as  many o r i e n t a t i o n s  a s  poss ib le .  
With t h e  above techniques, t he re  were a  t o t a l  o f  f i v e  scanning 
d i r e c t i o n s  inves t iga t ed .  

Four of these  scans  were a t  a  20° angle wi th  a  t ransducer  
d i s t ance  of 2.25" (5.72 cm.) t o  t h e  specimen su r f ace .  Figure 
15 i l l u s t r a t e s  t h e  c a l i b r a t e d  specimen wi th  de fec t s  and each of 
t h e  four  d i r e c t i o n a l  20' angle scans taken.  These scans were 
taken with t h e  i n t e n t i o n  of  de t ec t ing  v e r t i c a l  ~ r a c k i n g ~ d e f e c t s  
i n  t h e  t e s t e d  specimens, however t h e  r e s u l t s  of t hese  fou r  
scanning o r i e n t a t i o n s  proved t o  be inconclusive.  

The f i f t h  and remaining scan w a s  d i r ec t ed  normal t o  t h e  
specimen sur face .  The t ransducer  t o  specimen su r f ace  d i s t ance  
was 1 1 / 2  inches.  (3.81 cm.). A 15  MHz t ransducer  was employed 
f o r  t h e  scan. This  scan succes s fu l ly  de tec ted  the  h o r i z o n t a l  
cracking de fec t s  ( a r e a s  of disbond) i n  a l l  f a t i g u e  damaged spec- 
imens. The r e s u l t s  of t h i s  scan a r e  contained i n  Figure 16 and 
17,  ' S t r a igh t  Pulse Echo' and 'Loss of Back Face' r e spec t ive ly .  



Ult rasonic  'C1 Scan 

To sub jec t ive ly  eva lua te  bo th  of t h e  above methods, each 
specimen's u l t r a s o n i c  scan was read  i n  terms of t o t a l  dis-  
bond a r e a  versus  s o l i d  laminate .  This  quant i ta tLve technique 
was accomplished by means of a  plainometerTM which measures 
su r f ace  a r e a  i n  any d i r ec t ion .  The percent  disbond versus  s o l i d  
laminate  a r ea  measured by t h e  Plainometer u t i l i z i n g  both 'SPE' 
and 'LOBF' i s  t abu la t ed  i n  Table V I .  Also given i n  Table VI 
i s  t h e  percent  t o r s i o n a l  modulus r e t e n t i o n  a f t e r  l o 7  f a t i g u e  
cyc le s  f o r  each damaged specimen. 

An attempt was made t o  c o r r e l a t e  t o r s i o n a l  s t i f f n e s s  l o s s  
wi th  percent  t o t a l  disbond a r e a  u t i l i z i n g  e i t h e r  'SPE' o r  ' M B F 1 .  
Resu l t s  of t h i s  eva lua t ion  showed t h a t  on ly  specimen numbers 
-16, -17 and -23 were comparable u t i l i z i n g  t h e  'SPE' technique 
while  no specimens were comparable u t i l i z i n g  t h e  'LOBF1 technique. 
Since d a t a  from only 3 out  of  7  specimens give comparable r e s u l t s ,  
no d e f i n i t e  r e l a t i o n s h i p  seems t o  e x i s t  a s  t o  t h e  p o t e n t i a l  com- 
pa r i son  between the  t o r s i o n a l  s t i f f n e s s  l o s s  wi th  percent  disbond. 
O f  the two methods employed, 'SPE1 provided a c l e a r e r  and m o r e  
p r e c i s e  r ep re sen ta t ion  of  fa t igue damage t o  t he  specimens. 

Natural and A r t i f i c i a l  Weathering 

One of t h e  conclusions given i n  Reference ( 1 )  r e p o r t  s t a t e d  t h a t  
t h e  percent  moisture ga in  a f t e r  600 hours of  a r t i f i c i a l  and 143 days 
of n a t u r a l  weathering was l e s s  t han  1 percent  by weight. However, 
i t  was a l s o  s t a t e d  t h a t  l e s s  t han  one percent  of the  t o t a l  specimen 
weight was l o s t  a s  a  r e s u l t  of r e s i n  leaching out .  It i s  t h e r e f o r e  
s a f e  t o  s t a t e  t h a t  t h e  e f f e c t  of moisture ga in  with t h i s  laminate  
a f t e r  t h e  time exposure wi th  t h e  above weathering condit ions a s  re- 
por ted  i n  Reference (1) may have been obscured because o f  t h e  weight 
l o s s  due t o  r e s i n  leaching  out .  Because of this  phenomenon, a s  shown 
i n  F igure  18, t h e  n a t u r a l l y  weathered specimen a f t e r  given an 
additional exposure of 587 days again exhib i ted  l e s s  than 1 percent  
moisture weight gain. Since each n a t u r a l l y  weathered specimen pro- 
duced randomly s c a t t e r e d  r e s u l t s ,  t h e  exact  measurement of t h e  
percent  of moisture ga in  e f t e r  2 years  of exposure f o r  n a t u r a l l y  
weathered specimen could not  be  accu ra t e ly  determined due t o  weight 
l o s s  exhib i ted  by r e s i n  leaching  out  of  t he  s p e c i ~ e n  during t h e  course 
of 2 years .  



Conclusions 

1 )  For s t r e s s  l e v e l s  up t o  3.5 times o r  350% predic ted  f l i g h t  
s t r e s s e s ,  combined load f a t i g u e  t e s t i n g  of both types of 
weathered specimens produced t h e  same amount of f a t i g u e  
damage a s  non-weathered specimens. 

2 )  Test  r e su l - t s  on a l l  specimens showed t h a t  f a t i g u e  damage a s  in- 
d i ca t ed  by t o r s i o n a l  s t i f f n e s s  l o s s  (approx. 30%) was only 
evident  a t  3.5 t imes t h e  l e v e l  of f l i g h t  s t r e s s  of condi t ion  
1, while  t h e  f i r s t  i nd i ca t ion  of f a t i g u e  damage a t  condi t ion 2 
was evident  a t  3.0 times l e v e l  of f l i g h t  s t r e s s  (30%) with a  
subsequent i nc rease  t o  45% a t  3.5 t imes l e v e l  of f l i g h t  
s t r e s s .  

3 )  ' C 1  scan wi th  t h e  pulse  d i r e c t e d  normal t o  t h e  specimen su r f ace  
can succes s fu l ly  d e t e c t  t h e  t o t a l  a r e s  of disbond crea ted  by 
i n t  er laminar  l ong i tud ina l  or  ho r i zon ta l  cracking. Corre la t ion  
between t o r s i o n a l  s t i f f n e s s  l o s s  and percent  disbond was not  
ab l e  t o  be achieved. 

4 )  The dye penet ran t  successfu l ly  de tec ted  minor su r f ace  cracks 
which were l a t e r  i d e n t i f i e d  with photomicrographs a s  d e f i n i t e  
v e r t i c a l  cracks i n  t h e  f a t i g u e  damaged specimens. 

5 )  The change i n  t h e  t o r s i o n a l  s t i f f n e s s  l o s s  ( G )  c o r r e l a t e d  with 
t h e  change i n  c r i t i c a l  damping r a t i o '  ( c ~ ) .  

6) The percent  of moisture gain by weight f o r  n a t u r a l l y  weathered 
specimen over a  per iod of 2 years  could not  be accura te ly  de- 
termined due t o  weight l o s s  caused by r e s i n  leaching  out of 
the  specimens. 



Recommendations f o r  Further  S tudies  

1) A l a r g e r  quan t i t y  of both n a t u r a l l y  and a r t i f i c i a l l y  weathered 
specimens a t  o ther  weathering environments ( d i f f e r e n t  humidi t ies  
and temperatures)  should be  f a t i g u e  t e s t e d  i n  t h e  combined load 
s t a t e  i n  order  t o  determine t h e  e f f e c t  of t hese  o ther  environ- 
ments on t h e  f a t i g u e  s t r eng ths  of graphi te-glass  scrim spoxy 
composites. 

2 )  Refinement of both N3T techniques,  u l t r a s o n i c  ' C '  scan and s o f t  
x-ray radiographs,  should b e  inves t iga t ed  a s  t o  t h e  f e a s i b i l i t y  
of d e t e c t i n g  s m a l l  microscopic v e r t i c a l  cracks.  

3 )  The e f f e c t  of moisture due t o  weathering on d i f f e r e n t  r e s i n  systems 
prepreged on A-S g raph i t e  should be  evaluated i n  terms of acce ler -  
a t e d  ve r sus  long term aging e f f e c t s .  
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TABLE I1 

REQUIREMENTS OF SS-9611 AND CERTIFIED TEST RESULTS 
FOR TYPE A/S GRAPHITE COMPOSITE MATERIALS 

* I n f o r m a t i o n  F u r n i s h e d  by Dexter Materials C o r p o r a t i o n  
**Average of Five T e s t  S p e c i m e n s  

2 1 

C e r t i f i e d  T e s t  
R e s u l t s  f r o m  DMC* 

44.7% 

0.2% 
3 

PSI(Min.  ) * *  (n/m2x106) 

1 3 , 8 0 0  9 5 , 1 3 7  
1 2 , 1 0 0  83 ,417  
1 1 , 7 0 0  80 , 660 

9 ,360  64 ,528  

2  
PSI(Min.  ) ** (n/m x10 6, 

1 9 8 , 2 0 0  1 , 3 6 6  
208 ,200  1 , 4 3 8  
222 ,400  1 , 5 3 3  
1 9 3 r 5 0 0  1 , 3 3 3  

PSI (n/m2x109) 

1 6  .2x106 111 .7  
1 6  .2x106 1 1 1 . 7  
1 7 . 3 ~ 1 0 ~  1 1 9 . 3  
15*7x106 108 .2  

p / s q  f t gm/sq m *  

19 .46  209 

1 .88  20.2 

P r o p e r t y  

R e s i n  C o n t e n t  

SS-9 6 1 1  
R e q u i r e m e n t  

44 - + 3% 

V o l a t i l e  C o n t e n t  

H o r i z o n t a l  S h e a r  
A t  

-67OF (55OC) 
70°F (21°C) 

1 6 0 ° F  (71°C)  
250°F (121°C)  

1 .0% Max. 

PSI (Min. ) ** (n/m2x106) 

Room Temp. V a l u e  f5% 
1 2 , 0 0 0  82 .7  

> 9 5 %  o f  Room Temp.Value - 
> 7 5 %  o f  Room Tenp.Value  

L o n g i t u d i n a l  
F l e x u r a l  S t r e n g t h  

A t  

-67OF (55OC) 
70°F (21°C) 

1 6 0 ° F  (71°C) 
250°F (121°C) 

L o n g i t u d i n a l  
F l e x u r a l  Modulus 

A t  

-67OF (5S°C) 
70°F (21°C)  

160°F  (71°C)  
2 5 0 ' ~  (121°C)  

G r a p h i t e  Fiber 
W e i g h t  

Glass F i b e r  
W e i g h t  

P S I  ( I l in .  ) ** (n/rn2x106) 

Room Temp. V a l u e  5 5 %  

200,000 1 , 3 7 8  
> 9 5 %  - o f  Room Temp.Value 
1 7 5 %  of Room Temp.Value 

P S I  +6% - (n/rn2x1o9) 

Room Temp. Value +5% - 
1 6 . 2 ~ 1 0 6  1 1 1 . 7  

'95% of Room Temp.Value - 
,759 of Room Temp.Value - 

Must Be R e p o r t e d  

Must  B e  Reported 



MODULUS REDUCTION DATA 

TABLE 111 

COMPARING ARTIFICIAL AND NATURAL WEATHERED VS. 

:;,,;;:: (-J i ~ , ~ ;  <:-; .;.-.:,4: -,:i:,r, 1 ,'<;la1 Stress -i LC00 P S I  (27,596) N/IT? 
:5 r  L;lr: Cor,i i=ior,  2 Axial Stress = 83380 PSI ($5.1521 ~ / r n ~  

Zdzeuise 
Beneicg 
Stres s  
*PSl - 
zf~~;m2xl~6~ 

11,600 
(79.9) 

15, zoo 
(104.0) 

19,200 
(132.3) 

5.380 
(33.1) 

- _ _  

i 

. : 0 3  

C+,:.G: L L * , ~ .  

I 

::.~tural an4 Xrti .-ir <a1 :y Ucatb .er~d I :~: ; -~*;P . : :L~ .  .. .p 

2 

.2,.. . . -. .c:.-. 
,n 

' ;i;:c; 
Sa-!-$.>3 

Fpec i-en 

-25 

-16 

r , cra iof ia l  
: ; t : - , :s  

T .  

+ r. - , 

A r t .  

N n t .  

' T r i l t i a J  ;s:i.;u~lhs ~ ! ~ t l u l u s  k e d l ~ c t i n n  a t  Cy-ic:: 
X ' G P S I  * t p  e,.r,.n +. )  Epeclmcn 

( x  lay i;;y2) Number 

?Latuise 
Bending 
Stress 

1 - 
' 1 n : t i ~ ~ l .  ;;< ;:lu.s 

X l L ; : . - I  
( X  I;.' : 2 )  

-21 

- In  

-22 

-19 

-2L 

-15 

--~75F- 
0.73 
(5.0) 

0.71 

0 , 70 
( 4 . 0 )  

i 

20,400 
(11A0.6) 

330 

1 - 
I 

8,080 
( 5 5 - 7 )  

8,5&0 
(58.61 

x,;. ;r,* x ; b  1 1 2 ( : ; ! x ~ x l ~ f +  

:!.. L ~ L ~ J :  Fe :. ,--. -. : - . 2 :  

1 -  F.L . < .  - 
' . . 1 F, ; - ' 

0.71 
( 4 . 9 )  

, 0.69 
(4.8)  

0.69 
(4,8) 

------- 

23,800 
(164 - 0 )  

57,500 
! 2 ; a + 4 )  

------ 
5: ,530 
! 3 5 L  . R )  

59,500 
( ' - ~9 .9 )  

15 ,coo 
(:0?.4) 

223 

2 63 

A r t .  

Hat. 

5 .Eio 
:ji;.?i 

-20 

-17 

- 2 3  

-14 

2 ,  i-23 
l;c=.?) 

3.33': 

13.36 
!92.1) 

I 

13.93 0.1 0.4 0.3 0.7 
(96.0) -014 

6 . j - 3  
(44.91 

- 

L O T S .  

0.73 
( 5 . 0 )  

1b.22 
(4 .9)  (98 .0 )  

A r t .  0.67 l3 .57  
( b . 6 )  (93-51 

0.66 
(4-5) 

0.68 
iL.7) 

353 

5.0 

I-- 

2.0 

0.0 

2 G . O  

0.3 

0.3 

0'.4 

a.'. 

Art. 

Nat. 

Nnt .  

( 2 2 . 7 )  1 

0.09 
(b.8) 

0.0 

3 . 3  

553 

5 . 6  

Art. '  

Kat. 

1L.06 
lr36.9) 

:.. . - ... 

5.7 

2 . 5  

TTT----' 
13.33 
(41.8) 

0.0 L.o 0.0 

1.6 

0.72 1 1 3 . 6 5  

3.555 
: LP ; .G :  

1.9 

33. 5 

- 

5.9 

O:[Y 
(5.h) 

0.81 
( 5 . 6 )  

- .  
. . . .  . ., . 

3.C 

- .  
: , ex.  . .- t . .  

0.0 

17.30 
( )  

-06 

(5.01 

0.69 
(4.8) 

0.69 
( b . 8 )  

h r t . 1 0 . 7 6  
( 5 . 2 )  

O.G6 
(4 .51 

29.0 

25.8 

0.0 

0.9 

1 .5  

2 - 9  

L5.0 

(94.0) 

i3.69 
(35.7) 

1b.41 
(93.31 

l3.28 
(91-5) 

13.72 
(94.5) 
_. 

35.e 

222 

51.2 

34'.9 

, 

-05 

3.3 

0.8 

( 9 3 . 5 )  

13.09 
( 9 0 . 2 )  

13.91' 
( 9 6 . ~ 1  

14.lh 
( 9 7 . h )  

3.9 

m 

2.13 

13.70 
( ? b . h ]  

1i1.20 
( ? - - 8 )  

6.5 

I 

?,5?3 
I , "  - .<*.:; 

- 07 

0.0 13.57 

1 

0.0 . 

0.3 1 1 . 1  , 

9.9 

26.6 

23.2 

' 38.7 1 1.7 

0.5 

5.0 L.0 

c.c 

o < a  1 i ~ - 5  

1 

0.9 

23.4 

-08 
30.5 

0.0 

0.0 

0.0 

3 0.0 

0.0 I 1' -09 

0.0  

i 

I 
0.0 

0.0 

0.3 

0.7 



TABLE IV 
DAMPING AND NATURAL F'REQUENCY I'4lWSUHE3B.Nm AS A l"VNcTION OF FATIGUE CYCLES 

C/C, and Frequency a t  Cycles 
P e r c e n t  

of 
Fl ight 
Stress 

220 

300 

350 

220 

300 

300 

350 

3 50 

Percent Chcnse  of C/C, and P'requ-ncy 
L'onipared to O Cycle ' i h l u e s ,  at Cycles 

5 - x  10 
6 0 

c / c c  

X lo'* 

12.91 

12.12 

13.02 

12.70 

1J .72 

1h.38 

14.10 

12.72 

I C/Cc 

10: 
1 

8req. 

Ez 

2.31 

2.10 , 

2.31 

2.01 

2. 09 

2.17 

2.17 

2.07 

- F req .  C/C, 

0.8 

5.7 

23.8 

6 

Fi-eq. 

0.0  

0 . 0  

26,4 

5 x 

C/C, 

X lo'* 

- 

12.17 

- 
- 
- 
- 

33.47 

- 

lo7- 

3.1 

40.2 

58 -9 

L1.2 

I 

- 
0.4 

- 

10 

Freq. 

Hz 

- 

2.10 

- 
- 
- 
- 

1.46 

- 

C/C, 

X la-2 

13.02 

12.85 

16.66 

13.10 

19.49 

2b.05 

34.30 

21.64 

- 

0.0 

- 

F;;. 

2.31 

2.10 

1.70 

2.01 

1.58 

1.7 r 

1.36 

1.6 

- 
- 
- 

53.7 

- 
- 

- 

32 .7  

- - 

f 



TABLE V 

COMPARISON OF TQRSIOIJAL CRYI"I'CAL DAMPING ( C/CC ) AND FREQUENCY ( f ) CHANGE 

7 VERSUS TORSIONAL ' G '  C W C E  AFTEK FATIGUE TESTING TO LO CYCLES 

PERCE?TX' TORS 1Ol;kL FLAT(; I SE EDGDiISE RPCI!OTICilS AT I o?' cYCil S 
S?ZC. UAD F'L: GilT STESS BENDIPJG BENDING TORSIONAL FREQUt;NCY C/C, 
PI0 CORD. ST%SS ?PSI STRESS STRESS 6 MODULUS 

( + ~ / r n  x 10 ) +PSI 6 +PSI 6 G 
; ( t N / m 2  x 10 (:~/n' x 10 ) ( % I  - 



TABLE: Vi 

TEST RESULTS CO!PABING PERCENT OF DAMAGED AREA DETECTED BY ULTliASONIC ' C' 

SCAN VERSUS TORSIOWU-I MODULUS REDUCTIOH AFTFR lo7 FATIGUE CYCLES 

Spec. 
110. 

-1L 

-16 

-17 

- 19 

-20 

-22 

-23 

b 

T o t 3 l A r e a  
Inszectec!  
I s2 

( c:t2 ) 

4.50 
( 2 9 . 0 3 )  

4.93 
(3l.Sl) 

4.76 
(36.71) 

4.67 
(30.13) 

4.2~ 
( 30.97 ) 

4 .e2 
(31.10) 

4.89 
(31.55) 

Straicht Pulse Echo 
Total Disbond 

1 

Area - 1n2 
( c;.12 

3.10 
(_20.00) 

0.23 
( 1 . U )  

1.67 
( 10 .77 )  

3.00 
( I.? . 36 

2.50 
(16.13) 

. 3.60 
(23.23) 

3.15 
(20.32) 

Inspection Results 
Perce:lt Disbond 

Area - % 

--ppp 

69 .O 

5 40 

35 .o 

64 .O 

52.0 

75.0 

64 .O 

1 

Pert-ent  'Iors i o n a l  
Y o d c l u s  R e d u c t i o n  
(3ef. Table I 11 ) 

Loss of Back Face Inspection Hes7~i ts  
Total J Disbond 
kzea - 1n2  
( c M ~ )  

Percent  Disbonc 
Area - % 

'3.45 
(22.26) 

1.45 
( 9 . 3 5 )  

2.74 
(17.68) 

3.07 
(19.81) 

2.85 
(18.39) 

2-05 
(18.39) 

3.49 
(22.52) 

77.0 

29 .O 

$8.0 

66.0 

58.5 

59 .o 

71.0 

34.9 

4 -0  

25.8 

3L .O 

29.0 

30.5 

51.2 

L 
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, FIGURE 2 
1 FATIGUE SPECTMEN SHOWING STRAIN GAGE LOCATIONS 



FIGURE - 3 

STATIC TQRSIONU MODULUS MEASUREMENT FTXTUTiE 
- 

2 8 



I FIGURE 4 
I_ - 

STATIC: FLEXURA,L MODnW MEXSURE3IZNT FIXTWiE 

29 



RADIAL ACCELEROMETER 1 

FIGURE 5 - - 

I TORSIONAL DAMPING AND NATURAL FREQUENCY MEASUREMENT FIXTURE 



F I G U R E  
' THE ULTRASONIC C-SCAN F A C I L I T Y  E Q U I P P E D  WITH AN AUTOMATIC RECORDING D E V I C E ,  SYNCIFRONIZED 

WITH THE TRANSDUCER MOTION 



FIGURE 7 

ULTRASONIC CALIBFtATLON OF TEST SPECIMEN NAS ACCOMPLISHED WITH MACHINED DEFECT 



COMB 
.I 



I F I G U R E  9 ' i 
I 
I SPECIMEN SUBJECTED TO WEATHERING ON ROOF OF SIKORSKY AIRCRAFT PLANT 



ACCELERATED WEATHERING TESTS CONDUCTED IN WEATHEROMETER 



STRESS RATfOS 
I**, 

i ~ ~ ~ ~ / ~ ~ j ~ ~  I FLAT/TORSION 
1 1 3 . 4 / 1  1 5 ~ 1  4 - n NUN-WEATHERED SPECIMENS 

I A AIVI"YFICIALLY WEATIIERED SPECIMENS 
.y LI w - 

Mi JATUIULLY WEA'rffERXD SPECIMENS 

VIBRATORY TORSIONAL STRESS ( 2  PSIS 
t- I t 1 t t t .. i 



, , ,  , , , I... , .. -.. """.,. ...... 
* 

I 1 i : i %r5 R[#I$ !!@#I! I 

P 

6 
VIBRATORY TORSIONAZ, STRESS ( 2  n/m2 x 10 ) 

F I C m  l l b  
WEATFiEXtED VS NON-WTH- TORSION TEST RESULTG FOR CONDITIOP3 2 



MEAH CURVE FOR 
NON-WEA'IXERED 

- 6 VIBRATORY FZATWISE l3EKDXNG STRESS (+ n/m2 x 10 ) 

FIGURE 128 
mTfERED NUN-WEATHFRFD FLATWISE BENDING TEST RESULTS FOR CORDITION 1 



SW. COND. NO. ~~ ~ 1 I STRESS RATIOS AXIAJ, STRESS 
FLAT/EDCE IFLAT/TORSXOEI I (KSII n/m2x10' 

2 1 2.811 1 3 a G/J* 18 5 5 - 2  
NOi~-k+TATIE~RED SPECIMENS 

// AHTI FICIALLY WXAifIIEHED SPEC IMENS I n 

0 NATURALLY kZATHEHED SPEC II*!ENS 

VIBRATORY FLATWISE BENDING STRE,SS (-19 

FIGURE 12b 
a- VS. NOES-WER'BERED FLA'SWISE BENDING TESTS lU3SULTS FOR CONDITLOB 2 



VT9RATORY TOBSXONkL STRESS ( 2FSf ) 

VIBBATORY TORSIONPiAL STRESS (*n{n2 X l o6 )  
I ' ~ FIGURE 13 



FIGURE ( B )  

#TYPICAL VERTIC 
SURFACE CRACKS 

' V E R I F I E D  BY 
SECTIONED 
PHOTO MICROGRA 



SCAN 4 
D I R E C T I O N  

SCAN 1, 

D I R E C T I O N  

'SCAN 2 

I DIRECTITN 

TAKEN A T  29' I&~GLLF: BEAN TO 1 THE SPECIMEN 



SCAN OF 
CALIRRATED 

SPECDEN a 
W P  . SCAN 
OF UNDAMA(;ED 
SPECIKFN @ 

SPEC I MFJ SPECTREN SPECIMEN SPESC I.WJ SPECIhiE4 
N ~ ~ E R  NLPEER NLbIBW NI%IBEII NUMER 
-16 -17 -19 -20 -22 

PE1iCENT OF DIsECNS AREA NO, hEASURm :IONE 65.0 P, .o 2>.(1  6S.c 52.0 75  .O 64.0 

PERCENT OF TCFSllihRL 
NOT MEI\SUREI! N C)N r: 74.3 .O 75.5  34.0 29.0 30.5 51.2 

K@E'-;LrJ: RLDUCTla': 

@ WITE m a  imrc~ms  D I S ~ N ~ / ~ ~ C T  

@ DASHED LINES SHOW SPECIMEh' B O U N D A R I ~  

ULTRASONIC STRAIGHT PULSE ECHO 'C '  SCAN SYOUIRG PERCZNT DISBQD AREA FOR 

EACH FATIGUE DAMAGED SPECItm 



SCAN OF 'IW. SCAN SPdCIMCN S P E C I m  SPECIKEN SPEC1103 SPEC1bm SPECIMEN S?ECi.YEIJ 
C.zL%T'WTEI~ OF IIIDAMA:t:D NT3MRI.X hTlX?ZT NUMBER 37'4IBW XLIII'LXH h'LIf.IBEl? XLC.lBk5 

RPECImN @ -14 -1 6 -17 -19 -20 -22 -21 

66 .O PWSF.NT 31. C1EBO:IC ARFA - INoT :1331 77. c r9.c 59.0 ~ 8 . 5  59 .O 71.0 
HEASURED 

PERCENT OF TORSIONAL- iJr,i' lJ0l~ 34.9 4 .O 2 5 . 8  31.0 29.0 30.5 51.2 
!,IODUIAfS REDUCTION hTf iUI2  EL 

@ DASHED L U J 3  SHOW S3CIK3l8 RMINbAP.IES 

F I C L ~  17 
ULTIASONIC LOSS OF BACK FACE 'C' SCNl S I I O W I N C  PERCENT DISBOND AREn FOR 

EACH FATIGUE DMUGED SPECIKDI 



ARTITICIALXY WEATHERED- FOR 3 YEARS 
TYPICAL S E ONLY 

NA-&-e-GER-EIB- 2Y-e-ARS -- I-CIAL 
--- - 
SCRIM VS, NOR SCRIM SIDE ~ O S U R E  




