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FOREWORD 

This repor t  describes an inves t iga t ion  of  f rac ture  charac ter is t i cs  and c y c l i c  
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work was administered by Mr .  John A. n isencik  o f  the NASA-Lewis Research 

Center. 
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Pro ject  Manager and W. L. Engstrom, Technical Leader. Test support was pro- 

vided by A. A. Ot t l yk .  Meta l lu rg ica l  support was provided by M. V .  Hyatt  and 

F?. H. Cramling. George Buehler prepared the a r t  work and Eva Cornelius typed 

the manuscript . 

The i n f o r m t  ion contained i n  t h i s  repor t  i s  a l so  released as Boeing Document 

0180-18615-1. 
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SYMBOLS AND ACRONYMS 

a  
c r  

2c 

C 

COD 

N  A 

Q 
SENT 

Crack depth o f  s e m i - e l l i p t i c a l  sur face f l aw  i n  sur face f l a w  

specimen, length o f  through-the-thickness crack i n  s i n g l e  

edge notch tens ion specimen. 

C r i t i c a l  f l a w  s i z e  f o r  s i n g l e  edge notch tens ion specim:n. 

Flaw leng th  o f  s e m i - e l l i p t i c a l  sur face f law. 

Crack opening displacement constant .  

C r ~ k  opening displacement. 

Cycl i c  crack growth r a te .  

Young's Modulus. 

Elevated temperature ( 4 5 0 ~  (350°F) unless noted otherwise)  . 
E l e c t r i c a l  discharge machine. 

S ing le  edge n o t c ! ~   ensi ion specimen s t ress  i n t e n s i t y  f ac to r .  

S ing le  edge notch t ens io r~  specimen s t ress  i n t e n s i t y  a t  

f a i  l u re - -  ca lcu la ted  from a. and o . 
I ma x  

C r i t i c a l  s i ng l e  edge notch tens ion specimen s t r ess  i n t e n s i t y  

f ac to r - -  ca lcu la ted  from a and a . 
c r c r 

I r w i n  surface f law s t ress  i n t e n s i t y  w i t h  deep f l a w  magn i f i ca t i c r i .  

Surface f law c r i t i c a l  s t ress  i n t e n s i t y .  

Maximum c y c l i c  surface f law s t ress  i n t e n s i t y .  

Haximum c y c l i c  s i n g l e  edge notch tens ion through-the-thickness 

f l aw  s t ress  i n t e n s i t y .  

Crack growth res is tance.  

D i f fe rence  between maximum and minimum appl ied c y c i i c  s t ress  

i n t e n s i t i e s .  

Deep f law magn i f i ca t ion  f ac to r  from NASA CR 72606. 

Number o f  f a t i gue  cyc les .  

Not ava i l ab l e .  
2 

Flaw shape parameter = : 2  - 0.212(s/o ) . 
Y 

S ing le  edge notch tens ion specimen. 

Surface f law specimen. 

Ha l f  p l a s t i c  zone s ize .  

Cycl i c  s t ress  r a t i o .  



SYMBOLS AND ACRONYMS 

RT Room temperature. 

t Thickness o f  specimen a t  f law plane. 

'4 Width o f  specimen a t  f l a w  plane. 

Y Polynomial f unc t i on  o f  a and V used t o  c a l c u l a t e  s t ress  

i n t e n s i t y  f o r  s i ng l e  edge edge notch tens ion specimens. 

6 Crack opening displacement . 
a ,aA.aG Appl ied gross s t ress .  

a 
FA I LURE *OF 

Stress l eve l  a t  which f a i l u r e  occurs. 

0 C r i t i c a l  s t ress  l eve l  a t  which f a i l u r e  occurs. 
C r 

a 
MAX 

Maximum c y c l i c  s t ress  l e v e l .  

G~ 
Net sec t ion  s t ress .  

,CJ Y i e l d  s t reng th .  
YS Y 

fs 
ULT 

Ul t i rnats  s t reng th .  

u Poisson's r a t i o .  

@ Complete e l l i p t i c a l  i n t e g r a l  o f  the second k ind  

corresponding t o  modulus k = [ ( c7  - a2 ) / c2 ]  1 /2 

JUBSCRI PTS 

F ina l  cond i t i on .  

I n i t i a l  cond i t i on .  

C r i t i c a l  cond i t i on .  

Condi t ion a t  room temperature 

Condi t ion a t  e levated temperature (450~ (350'~) unless noted 

otherwise) . 

v i i l  
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F Specimens. Freq = 1 Hz (60 cpm), TS Propagation 

Direct ion,  Constant Temperature 

Cycl ic  Crack Growth Data, 3.18 mm (0.125 in.) 2219-T87 127 
SF Specimens. Freq = I Hz (60 cpm) , TS Propagat ion 
Direct ion,  Constant Temperature 

Cycl ic Crack Growth Data, 6.35 mn (0.250 in . )  2219-T851 128 
SENT specimens, Freq = 1 Hz (60 cpm) , TL Propagat ion 
Direct ion, Constant Temperature 
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Cycl ic  Crack Growth Data, 6.35 mn (0.250 in.) 2219- 129 
T87 SENT Specimens, Freq = 1 Hz (60 cpm), TL 
Propagation Direct ion,  Constant Temperature 

Cycl ic Crack Growth Data, 3.18 mn (0.125 in.)  2219- 
T87 SENT Spec imns,  Freq = i Hz (60 cpm) , TL 
Propagation Direct ion,  Constant Temperature 

Thermal Prof i l e  Cycl ic  Crack Growth Data. 6.35 mn 
(0.250 in .  ) 22 19-1851 SF Spec imens , TS Propaga t ion 
D i rec t ion  

Thermal P r o f i l e  Cycl ic  Crack Growth Data, 6.35 mn 
(0.250 in . )  and 3.18 nm (0.125 in . )  2 2 1 9 ~ 8 7  SF 
Specimens, TS Propagation D i rec t ion  

Thermal P r o f i l e  Cycl ic Crack browth Data, 6.35 mm 
(0.250 in.) 2219-T87 SENT Specimens, TL Propagat ion 
D i rec t ion  

Thermal Prof i l e  Cycl i c  Crack Growth Data, 6.35 mn 
(0.250 in .  ) 2219-T851 SENT Specimens, TL Propaqat i o ~  
D i r e c t i ~ r ~  

Thermal P r o f i l e  Cycl ic Crack Growth Data. 3.18 mm 
(0.125 in.) 2219-~87 SENT Specimens, TL Propagation 
D i rec t ion  

Thermal P r o f i l e  Cycl ic Crack Growth Data, Sustain 
Load a t  ET Followed by Constant Amplitude Cycl ic 
Test a t  RT, 3.18 mn (0.125 in.)  SENT Specimen, TL 
Propagaticn D i rec t ion  



This experimental program was undertaken t o  determine the behavior o f  

2219-T851 and - ~ 8 7  aluminum a l  loys when subjected t o  a thermal p r o f  i l e  

spectrum i n  which appl ied s t ress  l e v e l s  a re  va r ied  a t  the same t ime tha t  

the t e s t  temperature i s  va r ied  over the range 144K ( - 2 0 0 " ~ )  up t o  450K 

(350 '~ )  . Pursuatit t o  the invest i ga t  i on  o f  the above problem a number o f  

other data were a l so  generated i nc l ud ing  mechanical p roper t ies ,  s t a t i c  

f r ac tu re  c h a r a c t e r i s t i c s  and constant amplitude, constant temperature 

cyc l  i c  behavior. The -T851 temper was tested i n  a th ickness o f  6.35 mm 

(0.250 in . )  and the -T87 temper was tested i n  thicknesses o f  6.35 mm 

(0.250 in . )  and 3.18 rnm (0.125 i n . ) .  F l a t  t e n s i l e  specimens and sur face 

f law and s i ng le  edge notch tens ion f r ac tu re  specimens were tested. Mech- 

an ica l  proper ty  and s t a t i c  f r ac tu re  specimens were tested a t  144K ( - 2 0 0 ° ~ ) ,  

room temperature, and 450K ( j5o0F).  Cycl i c  specimens were tested a t  room 

temperature and 450K (350 '~ )  . 

A l l  surface f law specimens tested exh ib i t ed  f a i l u r e  stresses near the y i e l d  

strengths o f  the mate r ia l s .  S ing le  edge notch tens ion specimens produced 

Kcr and YCN values which remained constant a t  144K ( -200 '~ )  and room tem- 

perature.  An increase i n  temperature t o  450K (350°F) caused a subs tan t ia l  

increase i n  K and KCN values . 
C r 

Results o f  the constant amplitude, constant temperature c y c l i c  crack growth 

t es t s  i nd i ca te  f o r  both surface f law and s i n g l e  edge notch tens ion specimens 

tha t  2219-T851 and -T87 have the same c y c l i c  crack growth ra tes  a t  room 

temperature. A t  450K ( 3 5 0 " ~ )  the -T851 temper has slower crack growth ra tes  

thar the -T87 temper. I n  add i t i on ,  i t  has been showc tha t  crack growth ra tes  

o f  each temper are approximately doubled by an increase o f  temperature t o  450K 

(350 '~)  a t  low K va lues (22 f l ~ / m ~ / ~  (20 ks i m) . A t  Kmax values above 
ma x 

44 n ~ / m ~ / ~  (40 k s i f i )  growth r a tes  a t  r o r o  temperature and e levated temper- 

a tu re  a re  equal. Tests conducted on s i c g l e  edge notch tension specimens t o  

evaluate the e f f ec t  of ho ld  time on crack growth ra tes  have shown t ha t  ho ld-  

ing a t  the maximum s t ress  leve l  fo r  2 minutes on each cyc l e  increases crack 

growth ra tes  subs tan t i a l l y  over those produced by s inusoida l  load ing a t  1 Hz 

(60 cpm). 



Results of thermal p r o f i l e  tests show that  the flaw growth o f  surface 
I .  

f law specimens can be successfully predicted by using a l i nea r  cumulative 1 ' 
aamage analysis. Crack growth rates o f  s ing le  edge notch specimens sub- 

jected t o  thermal p r o f i l e  loading are  s l o m r  than those which would be I 
predicted by a l inear  cumulative damage analysis. The crack growth r a t e  

retardat  ion apparent i n  s i ~ g l e  edge -etch tens ion specimens appears t o  be , 
i 

caused by the high temperature pa r t  o f  the thermal p r o f i l e .  Specimens sub- 

jected t o  subsequent room temperature exposure and cyc l ing  e x h i b i t  lower 

growth rates than would be expected f r a  comparison w i t h  base l i n e  constant 
I 

temperature, constant amplitude crack growth data. Addi t ional ly ,  there 

appears to  be a specimen s ize  and/or net sect ion e f f e c t  on s ing le  edge I 

notch specimens subjected t o  thermal p r o f i l e  loading. Wide specimens sub- 

jected t o  net sect ion stresses o f  27% to  31% o f  a d isplay more retarda- 
YS 

t i o n  i n  flaw growth behavior than smaller specimens subjected t o  net sect ion 

stresses o f  42% t o  84% o f  o . The surface f law specimens, which d i d  not 
Y s 

show retardat ion, were subjected t o  net sect ion stresses on the order o f  

53% t o  97% of a . 
YS 



E*perit.nce has shown tha t  la rge  aerospace s t ruc tu res  and pressure vessels 

cr t e  I conta in  crack-1 i ke  defects  due t o  fabr i ca t ion .  Service 1 i f t  o f  these 

s t r u c ~ u r e s  i s  dependent upon i n i t i a l  q u a l i t y  o f  the s t r uc tu re ,  the sub- 

cr - i  tic;aI f law growth cha rac te r i s t i c s  o f  the mater ia ls  i n  t h e i r  respect ive 

serv ice environments, and the c r i t i c a l  f l aw  s izes a t  maximum opera t ing  stresses. 

Over t "le past few years, several research programs have been undertaken t o  

inves! iga te  methods t o  prevent f a  i l u r e  o f  aerospace s t ruc tu res  and pressure 

vessels, and t o  prov ide t es t  data which can be c t i l i z e d  i n  design (e.g., 

ieferences 1 through 6 ) .  Mcst p r i o r  f r a c t u r e  experiments on 2219 aluminum 

have been performed a t  constant temperature. Several areas o f  the planned 

shut t l< !  veh i c l e  w i l l  be subjected t o  vary ing  temperature p r o f i l e s  ranging 

from subzero temperatures t o  up t o  approximately +450K (+350°~) f o r  aluminum 

cOI7ponen t s . 

An e a r l i e r  Boeing lR&D study invest igated f law growth o f  aluminum 

sur"ac: flawed specimens subjected t o  a simulated recoverable booster load/ 

tem-or i t ture p r o f  i l e .  Loads were he ld  r e l a t i v e l y  constant whi l e  temperature 

was var ied  betwe. I 7 8 ~  (-320°F) and 4SOK (+350"~) .  Resul ts ind icated s i g n i f -  

i c a n t l y  higher growth ra tes  than an t i c ipa ted ,  w i t h  most o f  the damage occur- 

r i n g  a t  elevated temperature. 

The program reported here in  was i n i t i a t e d  t o  f u r t he r  explore the problem o f  

f law g r m t h  under loadltemperature p r o f i l e s  s imu la t ing  Space Shu t t l e  o r b i t e r  

pr imary s t ruc tu re .  Ha te r i a l 5  selected fo r  t h i s  i nves t i ga t i on  were 2219-T851 

aluminum, 6.35 n (0.250 in . )  t h i ck ,  and 2219-T87 aluminum, 6.35 mrn (0.250 In.) 

and ~ . 1 8  rm LO. 125 i n . )  t h i ck .  The f r ac tu re  and f l aw  growth t es t s  were per-  

formed t i ng  both surface f l aw  (SF) and s i ng le  edge notch tension (SENT) spec- 

imen con f igura t ions .  

'he mater ia ls  werr character ized using mechanical proper ty ,  s t a t i c  f r a c t u r e  

and constant 6.3~1 i tude, constant temperature cyc l  i c  crack growth tes ts .  A 

sumnary L'-' i e s t s  performed a re  shown i n  Table 1. Tests i n  which the app l ied  



stress and temperature were varied simultaneously were subsequently conducted. 

The load/thermal p r o f i l e  u t i l i z e d  f o r  each f l i g h t  was a s i m p l i f i e d  vers ion o f  f 

that which a shu t t l e  s t ruc ture  might be subjected t o  during f l i g h t .  I t  was - 
kept as simple as possible t o  insure that  the tes t  resu l t s  could be eas i l y  com- .- . 

pared w i t h  the resu l t s  of  the constant amplitude, constant temperat l~r t  c y c l i c  

tests. A schematic o f  the typ ica l  p r o f i l e  used fo r  the tes ts  i s  shcmn i n  Fig- 

ure 1. A sumnary of the load/thennal p r o f i l e  tests i s  shown i n  Table 2. 

The f o l l o w i ~ i g  sections o f  t h i s  repor t  describe mater ia ls  and procedures and 

include resu l t s  and analysis,  and conclusions. 



2.0 MATERIALS 

The material  used i n  t h i s  program was 2219 aluminum i n  the -T851 and - ~ 8 7  
tempers i n  a p la te  thickness o f  6.35 mn (0.250 in.). A l l  mater ia l  f o r  each 

temper was from a s ing le  heat. The mater ia l  was ordered per B a i n g  Speci- 

f i c a t i o n  BHS 7-10% (equivalent t o  H i l i t a r y  Speci f icat ion H IL -A-~~~OA) .  

Chemical compositions of the two heats were determined by the Boeing Aero- 

space Company and are shown i n  Table 3 .  The cleanl iness r a t i n g  o f  both 

heats were bet te r  than c l a s s i f i c a t i o n  "A" per ASTfl E45-63. 



3.0 PROCEDURES 

3.1 SPECIMEN FABRICATION 

3 . 1 . 1  Tens i 1 e Spec i mens 

Tens i le  specimens were fabr i ca ted  per F igure 2. The 2219-T851 specimens 

were tested i n  f u l l  thickness from 6.35 mm (0.250 i n . )  p l a t e .  22;9-T87 spec- 

imens were cu t  from the same heat o f  6.35 mm (0.250 in . )  p l a t e  and were tested 

i n  thicknesses of  6.35 mm (0.250 i n . )  and 3.18 mn (0.125 i n . ) .  Specimnens were 

cu t  so tha t  the loadina a x i s  wa5 e i t h e r  p a r a l l e l  ( l o n g i t u d i n a l )  o r  persendicular 

( t ransverse) t o  the major r o l l  ;ng d i r e c t  ion. 

3.1.2 S ing le  Edge Notch Tension and Surface Flaw Specimens 

A1 l s i n g l e  edge notch tens ion (SENT) and sur face f law (SF) specimens were 

fabr i ca ted  so tha t  the loading d i r e c t  ion was perpendicular t o  the r o l l  i ng  

d i r e c t i o n .  This ~ r o d u c e d  a TL crack propagat ion d i r e c t i o n  f o r  a l l  5ENT t e s t s  

and a TS crack prooagat:on d i r e c t i o n  f o r  a l l  SF t e s t s .  (See F igure 3 f o r  a 

desc r i p t i on  o f  propagat ion d i r e c t i o n s . )  Specimen con f i gu ra t i ons  a re  shown i n  

Figures 4 through 9 .  SENT s t a t i c  f r a c t u r e  specimens a re  sh>wn i n  Figures 4, 5 

and 6. The SENT con f igu ra t ions  shown i n  Figures 6 and 7 were employed f o r  the 

c y c l i c  t es t s .  The s ~ r f a c e  f law specimens used fo r  the s t a t i c  f r a c t u r e  and 

cyc l  i c  t es t s  were fab r i ca ted  per the con f igu ra t ions  shown i n  both o f  Figures 8 

and 9. 

Flaws i n  the SENT specimens were ic'roduced by c u t t i n g  standard chevron shaped 

notches as shown i n  Figures 4 through 7. Flake i n  the SF specimens were i n t r o -  

duced by e l e c t r i c  discharge machining (EOM) . The chevron notches i n  the SENT 

specimens and the EDM notches i n  the SF specimens were extended by tens ion 

cyc l i r i g  a t  low s t ress  l eve l s .  The maximum s t ress  l eve l s  f o r  the SENT specimens 
2 

var iee f ~ s m  28 t o  41 HN/m (4 t o  6 k s i ) .  The SF specimens were precracked a t  
2 

83 t a  138 MN/m (12 to  20 k s i ) .  The number of cyc les requi red was 10 t o  453 

thousand f o r  SENT specimens and 2 t o  30 thousand f o r  SF specimens, depending 

on the i n i t i a l  f l a w  s i ze  and precrack ing s t r ess .  The cracks i n  SENT specimens 

were v i s u a l l y  observed a t  the specimen surface w i t h  the a i d  o f  a magnify ing t 
1 

glass,  and the f law per iphery  o f  SF specimens was v i s u a l l y  observed w i t h  the a i d  i i 
of  a microscope t o  determine when precrack ing was complete. I 

'i 
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3.2 TEST SETUP 

A l l  t e s t s  were conducted i n  an env i ronmenta l ly  c o n t r o l l e d  labora to ry  a t  the 

Boeing Space Center i n  Kent, Washington. Mechanical p roper ty  and s t a t i c  

f r ac tu re  t es t s  conducted a t  144K (-200°F) were pe-formed by enc los ing the 

specimen i n  an insu la ted  chamber and in t roduc ing  gaseous n i t r ogen  (GN ) a t  
2 

low temperature. Several thermocouples were i n s t a l l e d  on each specimen and 

the temperature was maintained a t  144K ( -200 '~)  - +3K ( 5 " ~ )  f o r  a t  l eas t  ten 

minutes before each t e s t .  Tests conducted a t  450K (350°F) were performed by 

i n s t a l l i n g  e l e c t r i c a l  res is tance  contact  heaters on the specimen. As w i t h  

the cryogenic tes ts ,  the temperature was monitored w i t h  thermocouples and 

the specimen was al lowed t o  soak a t  450K (350 '~ )  - +3K (s°F) f o r  a t  l eas t  ten  

minutes before each t e s t .  Thermal p r o f i l e  specimens which were tes ted  a t  

temperatures ranging from 144K ( - 200 '~ )  up tn 450K (350°F) were conducted by 

u t i l i z i n g  a combination o f  GN LN spray, acd e l e c t r i c a l  r e  stance contact  2 '  2 
heaters. 

Tens i le  specimens were tested i n  a 0.53 MN (120 k i p )  capac i t y  Baldwin s t a t i c  

t e s t  machire. The SENT and SF s t a t i c  f r a c t u r e  t es t s  were tested i n  a Mate- * 

r i a l s  Test ing System (~!Ts) machine w i t h  a 1 .34 MN (300 k i ~ )  s t a t i c  c a p a b i l i t y  

and a 1 - 1 1  MN (250 k i p )  cyc l  i c  capabi 1 i t y .  The SF cyc l  i c  t e s t s  were conducted .. 
i n  e i t h e r  a 0.27 HN (60 i t ip )  o r  a 0.67 MN (150 k i p )  capac i ty  t e s t  machine o f  

Boeing manufacture. A photo o f  a SF specimen i n s t z l ~ e d  i n  a t e s t  machine i s  

shown i n  F igure 10. The SENT c y c l i c  t e s t s  were conducted i n  the above mentioned 

0 . 2 7 ~ ~  (60 k i p )  a n d O . 6 7 ~ ~  (150 k i p )  machines, and i n  the MTS machine. A l l  SENT 

t e s t s  u t i l i z e d  p i n  load ing.  Thermal p r o f i l e  spectrum tes t3  o f  the SF specimens 

were conducted i n  the MTS machine. Thermal p r o f i l e  spectrum SENT specimens were 

tested i n  the MTS machine and a 1 - 5 6  MN (350 k i p )  caoac i ty  resonant beam f a t i g u e  

machine. Dur ing the thermal p r o f i l e  t es t s .  the load was r o n t r o l ' e d  by the use 

o f  a NOVA load p rog ram ing  system. The temoerature p r o f i l e  was c o n t r o l l e d  w i t h  

a p rogramab le  temperature c o n t r o l  system us ing set  po in ts  and t imers.  Control  

systems on the load and temperature p rogramers  were interconnected t o  achieve 

the thermal/stress p r o f i l e s  requi red fo r  the t es t s .  A photo o f  a SENT specimen 

i n s t a l l e d  i n  a t e s t  machine and under t e s t  i s  shown i n  F igure 1 1 .  A closeup 

view i s  shown i n  F igure 12. 



Crack propagation i n  SENT specimens was monitored w i t h  the use o f  crack pro- 

pagat ion gages (CPG) . These gages are manufactured by the Micro-Heasuremtnts 

Company under the catalog number TK-09-CPC03-003. They were appl ied i n  the 

same manner as standard s t r a i n  gages. A photo of a specimen w i th  a CPG in -  

s t a l l e d  i s  shown i n  Figure 13. Crack propagation was a l so  measured by v isual  

means durfng the cyc l  i c  tests .  

For the SF s t a t i c  f rac tu re  tests, determination o f  f law growth through the 

thickness (breakthrough) p r i o r  t o  u:timate f a i l u r e  was accomplished by em- 

p loy ing pressure cups. The pressure cups were clamped t o  the specimens and a 
2 pressure d i f f e r e n t i a l  o f  approximately 3.5 t o  7 KN/m ( 5  t o  10 ps i )  has used. 

Helium gas was used as the pressur iz ing medium. Pressure transducers were 

employed on the f ron t  and/or back side t o  sense the pressure change associated 

w i t h  f law breakthrough. Pressure cups were a l so  u t i l i z e d  on SF c y c l i c  tests  t o  

determine breakthrough. Examples o f  pressure cups are shown i n  Figure 14. 

Crack opening displacement (COD) was moni tored during s t a t i c  f racture and cyc l  i c  

tests  of both SENT and SF tests.  A standard ASTn type c l i p  gage (Reference 7) 

was used. The c l i p  gage was attached t o  i n t e g r a l l y  machined k n i f e  edges on the 

SENT specimens. (see Figure 13 f o r  an example o f  a c l  i p  gage i n s t a l  l a t  ion.) 

For the SF specimens, i t  was necessary t o  spot weld k n i f e  edges t o  each specimen 

as shown i n  Figure 15. 

3.3 EXPERIMENTAL APPROACH 

Sumnaries o f  the types o f  tes ts  conducted i n  t h i s  program are shown i n  Tables 

1 and 2. Deta i l s  o f  the experimental approach used are described below. 

3.3.1 Mechanical Property Tests 

Extensometers were used on a l l  t ens i l e  specimens. Mechanical property tests 

were conducted a t  1 4 4 ~  ( -200"~ )  i n  GN2, i n  room temperzture a i r ,  and i n  a i r  a t  

450K (350"~) .  A s t r a i n  r a t e  o f  0.005 mm/mm/minute was used on a l l  specimens 

u n t i l  the mater ia l  y i e l d  stress was obtained. (y ie ld  stress i s  def ined a t  0.2% 

o f f se t  i n  50.8 mm (2.0 i n . ) . )  A s t r a i n  r a t e  o f  0.10 mn/mn/minute was then used 

for the remaining po r t i ox  o f  the loading u n t i l  f a i l u re .  A t o t a l  o f  36 specimens 

were tested. 



3.3.2 S t a t i c  F rac tu re  Tests 

S t a t i c  f r a c t u r e  t es t s  were conducted on 10 SF and 18 SENT specimens. Both 

types o f  f r a c t u r e  specimens were tested a t  144K (-200°F) i n  CN2, i n  room 

temperature a i r ,  and i n  a i r  a t  450K (350 '~ ) .  Each specimen was loaded a t  a 

r a t e  t o  cause f a i  l u r e  i n  one t o  two minutes. The SF specimens were i n s t r u -  

mented w i t h  pressure cups as described i n  Sect ion 3.2 t o  determine i f  and when 

breakthrough occurred p r i o r  t o  f a i l u r e .  A t y p i c a l  p l o t  o f  load vs. pressure 

i s  shown i n  F igure 16. Each SENT specimen was instrumented w i t h  c rack  pro-  

pagat ion gages (CPG! descr ibed i n  Sect ion  3.2. Data from these gages were used 

t o  determine the c r i t i c a l  f l a w  s i z e  and c r i t i c a l  f a i l u r e  load. A p l o t  o f  

load vs. CPG output  i s  shown i n  F igure 17. 

SF specimens were instrumented w i t h  a c l i p  gage as shown i n  F igure 15 t o  de te r -  

mine crack openlng displacements (COD). The c l  i p  gage was sp r i ng  loaded against  

k n i f e  edges i n t e g r a l l y  machined i n t o  o r  spot welded t o  the specimen. An expres- 

s i on  f o r  the opening displacements o f  a completely embedded f l aw  has been pro- 

v ided by Green and Sneddon ( ~ e f e r e n c e  8 ) .  Thei r  study examined a f law embedded 

i n  an e l a s t i c  s o l i d  which was subjected t o  a un i fo rm load normal t o  the c rack  

surface a t  i n f i n i t y .  The maximum opening displacement occurs a t  the d i a m t t r i -  

ca l  center  o f  the crack and i s  expressed by the equat ion,  

COD = 6 = 4 -  oa 
E C 

Although a r igorous s o l u t i o n  i s  not  a v a i l a b l e  f o r  f l aw opening displacements f o r  

a s e m i - e l l i p t i c a l  surface f law,  such displacements should a l s o  be p ropor t iona l  

t o  a and a/0 f o r  e l a s t i c  mate r ia l s .  By f o l  lowing I r w i n ' s  procedure ( ~ e f e r e n c e  

9) t o  account f o r  the e f f e c t  o f  p l a s t i c  y i e l d i n g ,  the COD f o r  a st jrface f l a w  can 

be approximated by 

where C i s  a constant.  COD measurements were no t  d i r e c t l y  used i n  ana lys is  o f  

SF s t a t i c  f r ac tu re  data, however, these measurements were made so t ha t ,  i f  

necessary, they could be used t o  supplement COD/flaw s i z e  c o r r e l a t i o n s  on the 

c y c l i c  t es t s .  



SENT specimens were a l s o  instrumented t o  determine LOD. These measurements 

were he lp fu l  i n  es t imat ing  the c r i t i c a l  f l aw  s i z e  i n  t es t s  where the sub- 

c r i t i c a l  c rack growth extended beyond the range o f  the CPG. The manner i n  

which t h i s  was done i s  described i n  Sect ion 4.2.2. 

3 . 3 . 3  Constant Amplitude, Constant Temperature 

Cyc l i c  Base L ine Tests 

Base l i n e  c y c l i c  t e s t s  were conducted on 12 SF and 26 SENT specimens. These 

t e s t s  were conducted i n  order t o  produce crack growth r a t e  data w h i ~ h  could 

be co r re l a ted  w i t h  crack growth r a t e  data generafed under the thermal/ load 

spectrum. The t es t s  were conducted i n  room temperature a i r  a t  a s t ress  r a t i o ,  

R, o f  zero and i n  a i r  a t  450K (350 '~)  a t  R = 0.5 f o r  a l l  but  two o f  the SENT 

specimens. These two t es t s  were ccnducted i n  room temperature a i r  a t  R Q 0.5 

and a t  450K (350 '~ )  a t  R = 0. A s inuso ida l  load ing p ro f  i l e  was used and the 

t e s t  frequency was 1 Hz (60 cpm) fo r  a l  l t e s t s  except f o r  the sus l  i c  t e s t s  

described i n  Sect ion 4.3.2. 

SF specimens were tested both i n  the low e l a s t i c  range (o/a  = 0.50) and near 
Y s 

the p l a s t i c  range (u/3 = 0.85). Specimens were tested i n  a manner so tha t  f o r  
Y s 

each specimen tested a t  room temperature, there was a corresponding specimen 

tested a t  e levated temperature. The purpose o f  s e t t i n g  up t e s t s  i n  t h i s  manner 

was so tha t  the r e s u l t s  could be more e a s i l y  co r re l a ted  t o  the thermal p r o f i l e  

tes ts .  The c y c l i c  stresses fo r  room temperature and e levated temperature t es t s  

were such tha t  the r a t i o  n a t  e levated temperature/a a t  room temperature 
ma x max 

was constant f o r  corresponding specimens of  each temper. I n  most cases specimens 

were cycled u n t i l  breakthrough occurred. 

SENT spec'men t es t s  were planned i n  manner s i m i l a r  t o  tha t  o f  the SF t es t< .  

Because o f  net  s t ress  l i m i t a t i o n s ,  i t  was no t  poss ib le  t o  t e s t  a t  gross s t ress  

l eve l s  of 0.50 and 0.85 n . Ho~eve r ,  as i n  the SF t es t s ,  loads were chosen so 
Y 5  

t ha t  the r a t i o  a a t  e levated temperature/a a t  room temperature was constant ma x ma x 
f o r  corresponding specimens of  each temper. F i na l  crack lengths o f  each t e s t  

were l i m i t e d  by the c r i t e r i o n  tha t  a /n 0.8. 
ne t  ys - 

SF specimens u t i l i z e d  pressure cups t o  determine breakthrough as i n  the s t a t i c  

f r a c t u r e  t es t s .  SENT specimens were i n s t r u ~ m n t e d  w i t h  CPG's i n  order t o  monitor 



crack growth dur ing  the t es t s .  The crack leng th  was a l s o  monitored v i s u a l l y  

on SENT tes t s  a t  appropr ia te  i n t e r v a l s .  

SF c y c l i c  specimens were instrumented w i t h  the c l i p  gages descr ibed i n  Sect loq 

3 .3 .2  t o  determine COD dur ing  c y c l i n g  t es t s .  The COD measurements were used 

t o  ca l cu l a te  instantaneous growth ra tes  by us ing  the f o l l o w i n g  approach. The 

crack opening displacement constant,  C ,  can be determined a t  t e s t  i n i t l a t i o n  

and te rmina t ion  from knowledge o f  the s t ress  l e v e l ,  i n i t i a l  and f i n a l  f l aw 

sizes,  and the corresponding f law opening displacerrents as ind ica ted  be lc  

where the subscr ip ts  i and f r e f e r  t o  i n i t i a l  and f i n a l  cond i t i ons ,  respect-  

i v e l y .  Tests have shown t ha t  f o r  r e l a t i v e l y  deep f laws i n  the tougher mate r ia l s  

the value of  C tends t o  increase w i t h  increas ing crack s i ze ,  r a the r  than remain 

constant.  Crack growth r a t e  ca l cu l a t i ons  i n  t h i s  repor t  were based on an 

assumed l i n e a r  v a r i a t i o n  i n  C between the known i n i t i a l  and f i n a l  values. 

1 1 .  order t o  r e l a t e  the f l aw  parameter ( a / b a  t o  5 f o r  values o f  a / 6 )  between 

the i n i t i a l  and f i n a l  values an assumption must be made as t o  the manner i n  

which the f l aw  shape changes from 

a - a  2c - (Zc) 
i -  - 

'f - 'i (2c) - (2c) 

i . e . ,  both  f l aw  depth and w id th  growth s imultaneously reach the same percentage 

o f  t h e i r  respect ive t o t a l  growth from i n i t i a l  t o  f i n a l  values. The f l aw  shape 

parameter, Q, can now be determined as a f u n c t i c n  of f l a a  Jep*b and, i n  tu rn ,  

COD can be r e l a ted  t o  crack depth. T t -  number o f  cyc les ,  N, corresponding t o  

each selected f law depth value can be determined from the t e s t  record and, con- 

sequently, the change i n  N f o r  each increment o f  f law depth i s  known. The c rack  

growth r a t e  da/dN can then be ca lcu la ted .  

SENT specimens were a l s o  instrumented t o  determine COD dur ing  c y c l i n g .  These 

COD measurements were used t o  subs tan t ia te  v i sua l  and CPG measurements. 



3 . 3 . 4  Thermal Pro f  i l e  Tests 

Thermal p r o f i l e  spectrum t e s t s  i n  which s t ress  l eve l  changes were combined 

w i t h  va r i a t i ons  i n  temperature were scheduled f o r  6 SF and 9 SENT specimens. 

I n  add i t i on ,  one SENT specimen was sus ta in  loaded f o r  2 hours a t  450K ( 3 5 0 ' ~ )  
and subsequently cycled a t  RT. A diagram o f  the basic spectrum used f o r  the 

thermal/ ioad p r o f i l e  t es t s  i s  shown i n  F igure 1 .  I t  i s  a s i m p l i f i e d  vers ion 

o f  the t h e r m l / l o a c  p r o f i l e  t ha t  a s h u t t l e  s t r u c t u r e  might see dur ing  a 

t yp i ca l  f l i g h t .  The spectrum was kept as s imple as poss ib le  t o  insure tha t  

the thermal p r o f i l e  cests could be e a s i l y  compared w i t h  the c o n s t a t  temperature, 

constant amp1 ; &ude cyc l  i c  t es t s .  

Thd rnax.mum c y c l i c  loads a t  room temperature (RT) and a t  e levated temperature 

(ET) f o r  most o f  the thermal p r o f i l e  t e s t s  were chosen so t h a t  the r a t i o  

for  each temper. For a given crack length,  t h i s  kept 

the r a t i o  K/uy5 constant.  Since the ca lcu la ted  p l a s t i c  y i e l d  zone s ize ,  2r  
Y '  

a t  the crack t i p  i s  a f unc t i on  o f  t h i s  r a t i o  (e.g., see Reference l o ) ,  t h i s  was 

done i n  an attempt t o  remove 2 r  as another t e s t  va r i ab l e .  
Y 

For a l l  but  one thermal p r o f i l e  t e s t ,  the room temperature cyc les were app l ied  

a t  R = zero and the elevated temperature cyc les were app l ied  a t  R = 0.5 as i n  

the constant temperature, ccnstant amp1 i tude base l ine  t es t s .  Dur ing these 

par ts  o f  the p r o f i l e ,  the t e s t  frequency was 1 Hz (60 cpm) and the waveform 

was s inuso ida l .  One specimen was tested a t  R = zero dur ing  the h igh temperature 

p a r t  o f  the spectrum. 

Because of the complex i t ies  o f  the heat ing and coo l i ng  apparatus, i t  was no t  

poss ib le  t o  instrument the SF specim?ns w i t h  pressure cups. Nor. was i t  pos- 

s i b l e  t o  instrument the smaller SENT specimens w i t h  CPC's t o  monitor c rack growth. 

Breakthrough on the SF specimens and crack length extension on the smal ler  SENT 

specimens were observed v i s u a l l y .  The la rger  SENT specimens were equipped w i t h  

CPG's. 

SF thermal p r o f i l e  specimens were instrumen:ed w i t h  c l i p  gages t o  determine COD. 



t h i s  data was used as described i n  Section 3.3.: w i t h  the fo l lowing exception. 

&cause o f  large var iat ions i n  the readings caused by large tcnpcrature 

changes, i t  was necessary t o  take COD ntasurw5nts a t  EIte sane a r b i t r a r y  po in t  

i n  each spectrum. This method proved adequate i n  r e l a t i n g  COD behavior t o  

f law granth. 

SENT specimens were a lso  instrumented f o r  COD measurements. These data were 

he lp fu l  i n  supplementing visual and CPG measurements o f  crack growth. 

3.4 STREAS INTENSITY SOLUTIONS 

3.4.1 Surface Flaw Specimens 

Where stress i n tens i t y  values are reported, they were based on the I rw in  

equation (~eference 9) modified w i t h  the empir ical deep f law magnif icat ion 

factor developed i n  Reference 2. Tha resu l t i ng  equation i s  as fol lows. 

where K, = surface f law st ress i n tens i t y  

a = applied gross area stress 

a = f law depth i n  a surface f law specimen 

Q = shape parameter 

HK = deep f law magnif icat ion factor .  

Values o f  Q and HK are shown i n  Figures 18 and 19. respect ively. 

3.4.2 Single Edge Notch Tension Specimens 

Where stress in tens i ty  values are reported, they were calculated using the 

fol lowing so lu t ion  from Reference 11 : 

where K = s ingle edge notch tension stress i n tens i t y  

a = applied gross area s t r~ ,s  

a = f law length i n  a s ing le  edge notch specimen 

w = specimen width 

Y = polynomial funct ion o f  a and w. 

Values o f  Y are shown i n  Figure 20. 
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For s ta t i c  fracture tests two methods were used t o  calculate the stress 

intensi ty a t  fracture. The resultant values are referred t o  as KC. and Kcr. 

KtN values were calculated using the maxinun appl ied stress. amx. and the 

i n i t i a l  f law length, ai. Kc r 
values were calculated using the c r i t i c a l  flaw 

s i , a C  and t h e c r i t i c a l  stress level. pr. These l a t t e r  values, a and 
c r  

a were determined using resistance curre methods as described i n  References 
C r 

12 and 13. 



4.0 TEST RESULTS AND AMALYSIS 
--a- 

% 4 / 4.1 MECHANICAL PROPERTIES 

Tensi le propert ies o f  the two tempers of 2219 aluminum a l l o y  used i~ the 

i "  program are shom i n  Tables 4, 5 and 6. Tests o f  both tempers were con- 
... ducted i n  gaseous nitrogen a t  144K (-206.~). i n  room +emperature a i r ,  and 

* 
k, ., i n  a i r  a t  450K (350°f). Tests were conducted on the - ~ 8 5 1  temper i n  the 

- 6.35 mn (0.250 in.) thickness and on the ~ ~ 8 7  temper i n  thicknesses o f  6.35 
I . H mm (0.250 in.) and 3.18 mn (0.125 in.). 

s - .  
i 

Room temperature strength leve ls  were we l l  above the values required by 
3 
; \ *  , M i l i t a r y  Speci f icat ion MIL-A-8920A and the corresponding Bocing Specif ica- 

- .  c 

t i o n  BHS 7-105C. Strength leve ls  are p lo t ted  as a funct ion o f  temperature 

, . ,  i n  Figure 21. The shapes of the curves connecting the datum points were 

determined by comparing the tes t  data w i t h  strength vs. temperature curves 

. , i n  MIL-Handbook 5. As would be expected, strength leve ls  o f  the -T87 

temper are higher than those o f  the -T851 temper. 

4.2 STATIC FRACTURE TESTS 

4.2.1 Surface Flaw Specimens 

Sta t ic  f racture SF data are tabulated i n  Table 7. P lo ts  o f  f a i l u r e  stress, 

a, vs. f law size, a/Q, are shown i n  Figures 22 and 23 for the -T851 and -T87 

tempers, respect ively. One point ,  from specimen 87-SF-3, d i d  not appear t o  

be t r u l y  representative o f  the mater ia l ,  so i t  i s  not shown i n  Figure 23. 

Instead, the datum po in t  from a rep l i ca te  test ,  87-SF-7 i s  shown. A1 1 o f  the 

s t a t i c  f racture specimens f a i l e d  before breakthrough occurred. 

I n  Figures 22 and 23 s t ra igh t  l i n e  f a i l u r e  l o c i  have be-? constructed con- 

nect ing the tes t  points t o  points a t  which unflawed specimens would e x h i b i t  

u l t imate tens i l e  fa i l u re .  Recently, B i x le r  has demonstrated that  such a 

s t ra igh t  l i n e  re la t ionsh ip  can be appl ied t o  data when the f a i l u r e  st ress i s  

above 90% o f  the y i e l d  stress (~eference 14). B i x le r  examined tes t  resu l t s  

from aluminum, n ickel  base s tee l ,  and t i tan ium a l loys .  The equation which 

describes t h l s  re la t ionsh ip  i s  o f  the fol lowing form: 
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where G ULT = ul t imate tens i l e  s t rength 

A = a constant dependent on ~ t e r  la1 propert ies 

t = specimen thickness 

m = an exponent ranging from=t0.6 t o  0.76 

a = f law depth 

Q = shape parameter 

Examination o f  Figures 22 and 23 shorn tha t  the f a i l u r e  l o c i  become more 

hor izonta l  on the p l o t s  w i th  an increase i n  temperature. Indeed, fo r  the 

3 . I8 nm (0.125 in.) -T87 specimen tested a t  4 5 0 ~  (350'~) the f a i l u r e  stress 

ac tua l l y  occurred a t  a stress level  s l i g h t l y  above the average u l t imate  

strength level  determined i n  the mechanical propert ies tests.  This type o f  

behavior indicates tha t  f o r  the flaw s izes and h igh f a i l u r e  stresses ex- 

perienced by these tests, the f a i l u r e  stress o f  the specimen becomes less 

sens i t i ve  t o  the existence o f  the flaw as the temperature increases. 

Specimerts o f  the - ~ 8 5 1  temper f a i l e d  a t  lower stress leve ls  than d i d  can- 

parable specimens o f  the -187 temper. Since the f a i l u r e  stress i s  a func- 

t i o n  o f  r e l a t i v e  u l t imate  tens i l e  strength, t h i s  type o f  behavior would be 

expec t ed . 

4.2.2 S i n g l t  Edge Notch Tens ion Specimens 

Data from the 6.35 mn (0.250 in.) 2219-T851 SENT tests are reported i n  Table 

8. Data from tk 6.35 mn (0.250 in. )  and 3.18 mn (0.125 in.) 2219-187 spec- 

imens are reported i n  Iables 9 and 10, respect ively. Two stress i n t m s i t y  

values are reported for each tes t ,  KCN and K . KCN i s  defined as the stress 
C r 

i n tens i t y  calculated using the maximum applied stress, o , and the i n i t i a l  ma x 
flaw length. ai. The c r i t i c a l  stress intensi ty ,  Kc,, was calculated from 

the c r i t i c a l  stress level ,  acr and the corresponding c r i t i c a l  crack length, 

a . These values of ocr and acr were determiced using resistance curve 
C r 

methods described i n  References 12 and 13. 



Each SENT specimen was instrumented w i t h  crack propagation gages 4s de- 

scr ibed i n  Sect ion 3.2. These gages provided a means o f  ob ta i n i ng  an output 

o f  appl ied load vs. estimated crack length fo r  the specimens du r i ng  the 

f rac tu re  tes ts .  An example curve fo r  specimen 87-2 i s  shown i n  F igure 17. 

Example crack growth res is tance curves ( K ~  vs. a) a re  p l o t t e d  fo r  the 6.35 

nun (0.250 in.) 2219-T87 spec i m n s  I n  F igure 24. Stress i n t e n s i t y  curves 

(K vs. a) f z r  each t es t  a re  p l o t t e d  on t t . t  ;am f i g u r e .  
Kc r 

i s  def i qed as 

the po in t  a t  dh ich the KR curve i s  tangent t o  a K curve. 

F ind inq the tangency p o i n t  o f  the K and K curves requ i res  the cons t ruc t  ion  R 
of K curves a t  several s t ress  leve ls .  However, a more s i m p l i f i e d  approach 

was found t o  be successful f o r  these t es t s .  Examination o f  the load vs. CPG 

curve i n  F igure 17 wi l l show two po in t s  marked "A" and "B". These po in t s  

correspond t o  the tw po in t s  marked "A" and "B" on the K curve i n  F igure 24. 
R 

Point  "A" i s  the po in t  a t  which the maximuw s t r t s s  l eve l  i s  reached. Examina- 

t i o n  o f  F igure 24 and corresponding CPG curves shows tha t  t h i s  r e l a t i o n s h i p  

i s  a l so  t r ue  f o r  o ther  t es t s  p l o t t e d  on F igure 24. Th is  r e l a t i o n s h i p  w?s 

noted t o  ho ld  f o r  the other  twelve t es t s  a lso .  

A c r i t i c a l  crack length could not  be determined fo r  Spccirnen 851-4, tested a t  

room temperature because the f a i l u r e  load was j u s t  beyond the maximum load 

range on the load vs. CPG curve. Specimens tested a t  450K (350 "~ )  exh ib i t ed  

s u b c r i t i c a l  f l aw  growth which extended f u r t he r  than the 39.6 mrn (1.56 i n . )  

gage iength of  the CPG1s. Thus, f o r  the f i r s t  two specimens tested a t  t h i s  

temperature (Specimens 851-6 and 87-6) c r i t i c a l  crack lengths could not be 

determined d i r e c t l y  from the CPG traces. However, c r i t i c a l  f law s izes were 

estimated from COG data. A l  l other  specimens subsequently tested a t  4 5 0 ~  

(350'~) were instrumented wi t h  two CPG's i n  order t o  measure the large amount 

o f  s u b c r i t i c a l  f law growth inherent i n  the t es t s  a t  t h i s  h igher  temperature. 

Tables 8, 9 and 10 show values o f  cnef loys a t  KC,, and a t  Kc r .  The values o f  

u /o a t  KcN were determined from the maximum appl ied s t ress  l eve l  and the 
net  ys 

i n i t i a l  crack length,  a.. Values of  7 / a t  Kcr were ca lcu la ted  us ing 
I net ys 

the maximum appl ied s t ress  l eve l  and the c r i t i c a l  c rack length,  a . Using 
C r 

the above methods, i t  was found that  onet/nys exceede~ 0.8 f o r  a l l  o f  the K 
C N 



values except the 1 4 4 ~  C-200°F) and roam temperature t e s t s  on the -T87 temper. 

For the Kcr values u l o  exceeded 0.8 f o r  a l l  t es t s .  
ne t  ys 

KcN and Kcr values a r e  p l o t t e d  vs. temperature i n  F igures 25 and 26. respect-  

i v e l y .  Average values a r e  sumar ized  i n  the t ab le  below: 

The -T87 temper d i d  no t  appear t o  show any s i g n i f i c a n t  d i f f e rence  i n  s t ress  

i n t e n s i t y  values fo r  the two thicknesses (6.35 mm (0.250 in.)  and 3.18 mm 

(0. I25 in . ) )  which were tested. For bo th  tempers, the Kcr  and KtN values 

remain constant a t  144K (-200aF) and room temperature and increase as the 

temperature i s  ra ised  t o  450K (350 '~) .  The h igher  toughness values exh i  b i  ted 

by the lower s t reng th  -T851 temper (vs. those of  the -T87 temper) demonstrate 

tha t  the SENT f r a c t u r e  t e s t s  were toctjhness contro1le.i regard less o f  the 

inherent h i gh  ne t  sec t ion  stresses. 

1 

TENPER 

-T851 

-T87 

4 -3  CONSTANT TEflPERATURE. CONSTANT AnPLlTUDE CYCLIC BASE LINE TESTS 

4.3.1 Surface F l a w  Specimens 

I 
T E S T  T E f l P E R A T U R E '  

Test parameters f o r  the 2219-T851 SF t es t s  a re  repor ted i n  Table 1 1 .  The 

2219-T87 SF t es t s  a re  repor ted i n  Tables 12 and 1 3 .  Haxim~m s t r ess  i n t e n s i t y  

vs. c rack growth r a t e  curves f o r  the 2219-T851 room temperature and 450K (305 '~)  

t e s t s  a re  p l o t t e d  i n  Fiqures 27 and 28. r espec t i ve l y .  S im i l a r  data f o r  the 

2219-T87 room temperature t e s t s  are p l o t t e d  i n  F igure 29 and data f o r  the 

e levated temperature t es t s  a re  p l o t t e d  i n  F igure 30. A sumnary p l o t  o f  a l l  SF 

t e s t s  i s  shown i n  F igure 3 1 .  

STRESS INTENSITY 144 ( -200 '~ )  ' RT 450K ( 3 5 0 * ~ )  

K , F ! ~ / t n ~ ' ~ ( k s i m  
I -i 

,cr-, 
1 126 (115) I 126 ( I I S ) /  199 (181) 1 

K ~ ~ ,  ~ ~ / r n ~ / ~  ( t s  i m t 

I 97 C88) 1 97 (88) I 121 (110) ' 

K , f l ~ l r n ~ ' ~  (ks i m 
-cr- 
K ,  f l~ / rn~ ' *  (tr i m 

106 (96) 

86 (78) 

+ 

106 (96) 

86 (78) - 

184 (167) 

I 10  (100) 



Figcres 27 and 28 show f a i r l y  t i g h t  data bands f o r  the -T851 temper. The 

-T87 data exh ib i t s  greater scat ter ,  especia l ly  i n  the th icker  gage specimer s, 

as shown i n  Figures 29 and 30, There do not appear t o  be s i g n i f i c a n t  stress 

level  e f fec ts ,  although, i f  such e f fec ts  ex is ted they may be masked by data 

scat ter  i n  the -T87 tests. Figure 31 shows tha t  the room temperature crack 

growth rates are about the same for both tempers for  a given thickness. Crack 

growth rates i n  the T87 temper appear t o  be s l i g h t l y  fas ter  than those o f  the 

-T851 temper a t  elevated temperature. This di f ference i s  o r  the order of  

about twice as fas t .  I t  a lso  can be seen tha t  the 3.18 mn (0.125 in.)  -787 

specimens appear t o  grow a t  a s l i g h t l y  fas ter  crack growth r a t e  than the 

6.35 mn (0.250 in . )  specimens a t  room temperature. Figure 32 shcws the room 

temperature data generated on t h i s  program compared w i t h  3n extensive body 

o f  2219-T87 data compi led i n  Reference 15. 

Forman, Kearney and Engle (Reference 16) have proposed a fat igue crack pro- 

pagation model of  the form: 

where: da/dN = fa t igue crack growth r a t e  

AK = c y c l i c  stress i n tens i t y  range 

h I t  = c r i t i c a l  stress i n tens i t y  

R = stress r a t i o  

C,n = e n p i r i c a i l y  determined constants. 

An attempt was made t o  f i t  t h i s  equation t o  the SF crack growth ra te  data 

generated on t h i s  program. Figures 33 and 34 show t h i s  equation f i t t e d  to  

room temperature SF 2219-T851 and 2219-T87 data, respect ive ly .  I n  Figure 33, 

KIE was estimated from the approximate stress i n tens i t y  a t  f a i l u r e  of specimen 

~ ~ I - s F - C ~  ( t h i s  specimen was cycled t o  f a i  l u re  under thermal p ro f  i l e  loading) . 
I n  Figure 34, f o r  the T87 temper, The KIE value was taken from Reference 15. 

Examination o f  these twc f igures shows that  the equation o f  Forman e t  a i ,  can 

be made to  f i t  the data f a i r l y  wel l .  No attempt was made t o  f i t  the equation 

to  crack growth ra te  data generated a t  elevated temperature because o f  the 

lack of  KIE data. 



4.3.2 S ing le  Edge Notch Tension Specimens 

Test parameters f o r  the 2219-~851 SENT tes t s  a re  tabulated i n  Table 14. 

Data fo r  the 2219-187 t es t s  a re  i n  Tables 15 and 16. Typica l  f law leng th  

vs. cyc les p l o t s  a re  shown i n  Figures 35 and 36 f o r  a room temperature 

t es t  and fo r  a t es t  a t  450K (350 '~) .  respec t i ve ly .  During cyc l  ing, crack 

length measurements were made v i s u a l l y  and w i t h  the use o f  crack propagation 

gages as described i n  Sect ion 3.2. Agrrzment between CPG measurements and 

v isua l  measurements on room temperature t es t s  was exce l len t  as shown by the 

example i n  F igure 35. Agreement between CPC measurements and v i sua l  measure- 

ments on 450K (350'~) t es t s  was not as good (see F igure 36) , however, the 

CPG measurements s t i l l  produced data which were more than adequate tor deter -  

mining crack growth ra tes.  

Crack growth ra tes  f o r  the 2219-T851 SENT room temperature and 450K (350°F) 

t es t s  a re  shown i n  Figures 37 and 3G, respec t i ve ly .  Data from 6.35 mn (0.250 

in . )  2219-T87 SENT room temperature and e levated temperature t es t s  a re  shown 

i n  Figures 39 and 40. The 3.18 m (0.125 i n . )  -187 r e s u l t s  are shown i n  

Figures 41 and 42. Sumnary p l o t s  o f  a l l  the data a re  shown i n  F igure 43. 

Examination o f  Figures 37 through 42 shows tha t  a t  a g iven s t ress  i n t e n s i t y  

crack growth r a t e  i s  not inf luenced by v a r i a t i o n s  i n  maximum s t r t s j  l eve l  and/ 

o r  specimen s ize.  Scat ter  bands on the sumnary p l o t  o f  F igure 43 show tha t  a t  

room temperature and R = 0, the three temper/thickness combinations e x h i b i t  

near ly  equal growth ra tes.  A t  e levated temperature and R = 0.5 there appears 

t o  be no thickness e f f e c t  on the -T87 t es t s .  However, a comparison between 

the two tempers shows t ha t  f o r  most o f  the data,  cracks i n  the -T87 temper 

grow a t  a r a t e  about two times faster  than those i n  the -T851 temper. This 

d i f fe rence  i n  crack growth ra tes  a t  elevated temperature was a l so  observed i n  

the surface f l aw  tes ts .  

A l l  but one o f  the room temperature t es t s  were conducted a t  a s t ress  r a t i o ,  R, 

o f  zero. A l l  but  one of  the elevated temperature t es t s  were conducted a t  

R = 0.5. I n  order t o  determine temperature e f f e c t s  a t  a given s t ress  r a t i o  

(and l i kew ise ,  s t ress  r a t i o  e f fec ts  a t  a given temperature), one room tem- 

perature t es t s  was conducted a t  R 5 0.5 and one elevated temperature t e s t  was 



conducted a t  R = zero. Add i t i ona l l y ,  three specimens were tes ted  under a 

sustained load c y c l i c  ( sus l i c )  load ing p r o f i l e .  E f fec ts  o f  v a r i a t i o n s  i n  

s t ress  r a t i o ,  t es t  temperature and loading p r o f i l e  a re  discussed below. 

l l l u s t r a t i o n s  a re  shown i n  Figures 44 through 48. 

The e f f e c t  o f  vary ing the s t ress  r a t i o  on crack growth r a t e  a t  a constant 

t es t  temperature i s  i 1 l u s t r a t e d  i n  Figures 44 and 45. F igure 44 shows 

sca t t e r  bands o f  crack growth ra tes  f o r  room temperature t es t s  a t  R = 0 f o r  

the three temper/th ickness combinations tested . For comparison, one spec imen 

(87 -~12 )  was tested a t  room temperature and R = 0.5. Datum po in t s  f o r  t h i s  

specimen a re  a l s o  shown i n  F igure 44. Th is  f i g u r e  shows tha t  a t  r m  tem- 

perature the crack growth r a t e  a t  R = 0 i s  on the order o f  2 t o  4 times as 

f a s t  as the crack growth r a t e  a t  R = 0.5 f o r  the three temper/thickness com- 

b ina t ions  tested. Figure 45 shows the sca t t e r  band o f  crack growth r a tes  

f o r  e levated temperature :ests on the -T851 temper tes ted a t  R = 0.5. For 

comparison, one specimen ( 8 5 1 - ~ 1 2 )  was tested a t  e levated temperature and 

R = 0. Datum po in t s  f o r  t h i s  specimen a re  a l s o  shown i n  F igure 45. This 

f i g u r e  shows tha t  a t  e levated temperature the crack growth r a t e  a t  R = 0 i s  

on the order o f  3 t o  10 times as fac,t as the crack growth r a t e  a t  R = 0.5 

f o r  the -T851 temper. 

The e f f e c t  o f  va ry ing  the t e s t  temperature on crack growth ra tes  a t  a con- 

s t an t  s t ress  r a t i o  i s  i l l u s t r a t e d  i n  Figures 46 and 47. F igure 46 shows the 

sca t t e r  band o f  crack growth r a tes  fo r  room temperature t es t s  on the -T851 

ternpet- a t  R = C .  The specimen (851-C12) tested a t  e levated temperature and 

R = 0 i s  a l s o  p l o t t e d  f o r  comparison. F igure 46 shows tha t  f o r  the 2219-T851 

a l l o y  tested a t  R = 0, r a i s i n g  the t e s t  temperature from room temperature t o  

450K (350°F) has the f o l l ow ing  e f f e c t  on the c y c l i c  growth r a tes :  

I ) a t  low s t ress  i n t e n i i t i e s . 2 0  H N / I I I ~ / ~  (18 k r i r ' m  Kmax 

33 M N / ~ ~ / ~  3 s i ) , crack g r a r t h  ra tes  a t  450K 

(350°F) a re  about 2-3 times t3ose a t  RT. 

2 a t  intermediate s t ress  i n t e n s i t i e s ,  33 H N / ~ ~ / ~  (30 k s i t m  
312 

< K < 44 MN/m (40 k s i f i ) ,  crack growth ra tes  a t  4 5 0 ~  
ma x 

(350 '~ )  a re  up t o  tw ice the growth ra tes  a t  RT. 



3 a t  h i g h  s t ress  i n t e n s i t y ,  Kmar > 44 (40 ks i . 
there appears t o  be no temperature e f f e c t  on crack growth 

ra tes .  

F igure 47 fu r ther  i 1 l u s t r a t e s  the  e f f e c t  o f  t e s t  temperature on crack growth 

ra tes .  Scat ter  bands o f  crack growth r a tes  f o r  e levated temperature t e s t s  on 

the -187 temper tes ted a t  R = 0.5 a re  p l o t t e d  i n  t h i s  f i gu re .  Datum po in t s  

from the -187 specimen (87-C12) tes ted a t  room temperature and R = 0.5 a re  

a l s o  p l o t t e d  i n  t h i s  f i g u r e  f o r  comparison. F igure 47 shows t ha t  f o r  the 

2213-187 a l l o y  tested a t  R = 0.5, r a i s i n g  the t e s t  temperature from room tem- 

pera tu re  t o  450K (350'~) has the f o l l o w i n g  e f f e c t  on the c y c l i c  c rack  growth 

ra tes :  

1) a t  low s t ress  i n t e n s i t i e s .  25 M N / ~ ~ ' ~  (23 k s i m  < Kmxc33  

(30 k s i f i )  , growth ra tes  a t  4501 (350 '~ )  a re  about 

1 1/2 t o  about 3 times those a t  RT. 

2 a t  in termediate  s t ress  i n t e n s i t i e s ,  33 M N / ~ ~ ' ~  (30 k s i m  - K ' 44 M N / ~ ~ ' *  (40 ks i dG) , growth ra tes  a t  4 5 0 ~  (350.~) 
ma x 

are about the same as or  as f as t  as 2 times those a t  RT. 

3) a t  h i gh  s t ress  i n t e n s i t y ,  K s 44 t I ~ / m ~ / ~  (40 k s i K ) ,  
ma x 

there appears t o  be no temperature e f f e c t  on growth ra tes .  

The small e f f e c t s  o f  e levated temperature on crack growth ra tes  repor ted here 

have a l so  been seen i n  o ther  2219 data (e .g  , References 17 and 18). 

Three specimens were subjected t o  sus 1 i c  load i ng . These spec imens , 851 - C 5  and 

-C7, and 87-C7 were repor ted i n  Figures 38 and 40. A f t e r  being f a t i gue  cyc led 

i n  the normal manner w i t h  a s inuso ida l  load ing p r o f i l e  a t  1 Hz (60 cpm), each 

specimen was fa t igue  marked a t  a lower c y c l i c  s t ress leve l  i n  room temperature 

a i r .  Each specimen was then subjected t o  30 sustained load (sus l  i c )  cyc les .  

Th is  loading was conducted a t  a s t ress  r a t i o  o f  C . 5  a r d  the specimens were 

he ld  a t  the maximum load f o r  2 minutes dur ing  each cyc l e .  Examination o f  c rack 

opening displacement (COD) records ind ica tes  tha t  crack growth probably occurred 

cont inuous ly  dur ing  each ho ld  t ime. A f t e r  undergoing s u s l i c  loading, each 

specimen was f a t i gue  marked a t  a lower s t ress  i n  room temperature a i r  and the 

o r i g i n a l  t e s t  was cont inued. Average crack growth r a tes  were ca l cu l a ted  f o r  



these t es t s  and they a re  p l o t t e d  as s o l i d  p o i n t s  i n  F igure 48. Base I ine 

crack growth r a t e  bands f o r  the 1 Ha (63 cpm) s inuso ida l  ioad ing prof  I l e  

a re  a l s o  reported i n  F igure 48. The l i n ~ i t e d  amount o f  data shown here i n d i -  

cates t ha t  the s u s l i c  crack growth r a tes  a re  10 t o  15 times the ra tes  o f  the 

1 Hz (60 cpm) data.  

The room temperature SENT c y c l i c  crack growth r a t e  data from t h i s  program 

are  compared wi t h  room temperature 2 2 1 9 ~ 8 5 1  through-the-thickness cyc l i c  

crack growth r a t e  data generated by Grumman i n  the program i n  Reference 19. 

The Grumman data were generated a t  s t ress  r a t i o s  o f  +0, +0.05 and +0.1. 

F igure 49 shows t ha t  the E3eing data compare very w e l l  w i t h  the data generated 

by Grumman. 

Comparison o f  the sumnary p l o t s  on F igures3 l a n d  43 shows t ha t  a t  a g iven K 

value, a crack i n  a SENT specimen grows a t  a f a s t e r  crack growth r a t e  than 

does a crack i n  a SF specimen. (Note the s h i f t  i n  the abscissa between F ig -  

ures 31 and 43.) Th is  d i f f e rence  was a l s o  seen i n  Reference 6 and i s  a t t r i b -  

u ted t o  the d i f f e r e n t  propagat ion d i r ec t i ons ,  TL f o r  the SENT t e s t s  and TS 

f o r  the SF tes ts .  

An attempt was made t o  f i t  the equat ion o f  Forman, e t  a l  ( ~ e f e r e n c e  16) t o  

the SENT crack growth r a t e  data generated on t h i s  program. KcN values used 

were determined from the SENT s t a t i c  f r a c t u r e  t e s t  r e s u l t s .  Figures 50 and 

51 show Forman's equat ion f i t t e d  t o  2219-T851 crack growth r a t e  data gen- 

erated a t  room temperature and 450K ( 3 5 0 * ~ ) ,  respec t i ve ly .  F igure 50 shows 

a very  good f i t  f o r  the 2219-~851 room temperature crack data generated a t  

R = 0. I n  F igure 51, Forman's equat ion was f i t t e d  t o  the body o f  2219-T851 

SENT crack growth data generated a t  450K ( 3 5 0 " ~ )  and R = 0.5. An R va lue o f  

zero was subs t i t u t ed  i n t o  the r e s u l t i n g  equat ion and the locus o f  c rack growth 

r a tes  f o r  t h i s  cond i t i on  i s  a l s o  p l o t t e d .  Data from specimen 851-C12, tes ted  

a t  450K ( 3 5 0 " ~ )  and R = 0 a re  a l s o  p l o t t e d  on F igure 51. Both sets  o f  data;  

a t  R = 0.5 and R = 0, f i t  Forman's equat ion very w e l l .  Figures 52 and 53 show 

Formants equat ion f i t t e d  t o  room temperature and 450K ( 3 5 0 " ~ )  2219-T87 crack 

growth data.  The room temperature 2219-T87 data generated a t  R = 0 a l s o  show 

a good f i t  t o  Forman's equat ion as shown I n  F igure 52. An R value o f  0.5 was 



a l s o  subs t i t u t ed  i n t o  the equat ion f o r  the room temperature -T87 data and 

i t  i s  p l o t t e d  i n  F igure 52 a long w i t h  data from specimen 87-C12 which was 

tested a t  R = 0.5. The data from specimen 8 7 - ~ 1 2  match the f i t t e d  curve o f  

c rack growth ra tes  w i t h l n  a fac to r  o f  two. The e levated temperature -187 

data matched the equat ion q u i t e  w e l l  as shown i n  F igure 53. 

4.4 THERMAL PROFILE TESTS 

Surface f law and s i n g l e  edge notch tens ion specimens were subjected t o  a com- 

b i n a t i o n  o f  changing loads and temperatures. The bas ic  spectrum u t i l i z e d  f o r  

most t e s t s  i s  shown i n  F igure 1. Minor changes were made i n  t h i s  bas ic  spec- 

trum t e s t  f o r  some o f  the t es t s .  The r e s u l t s  and discussions of  a l l  o f  the 

thermal p ro f  i l e  t es t s  a re  presented below. 

4.4.1 Surface Flaw Spec imens 

A l l  SF specimens were subjected t o  the basic spectrum shown i n  F igure . . 1. As 

described i n  Sect ion 3.3.4, loads were chosen so t ha t  the r a t i o  
a 

KRT 

Y s 
@ RT = 

KET 
a @ ET was u t i l i z e d  on each specimen. 

Y s 

Crack growth r a t e  data from the 2219-T851 sur face f l a w  t es t s  a re  p l o t t e d  i n  

F igure 54 and l i s t e d  i n  Table 17. F igure 54 shows the data presented i n  

terms o f  the crack growth r a te ,  da/d F l l g h t ,  vs. the maximum app l ied  s t r ess  

i n t e n s i t y  a t  the room temperature p a r t  o f  the f l i g h t ,  Klmax @ RT. 

A p red ic ted  growth r a t e  band i s  a l s o  shown i n  F igure 54. The p r e d i c t i o n  i s  

based upon a l i n e a r  cumulat ive damage approach, u t i l : . : i ng  the base l i n e  data 

shown p rev ious ly  i n  F igure 31. Each ' l i g h t  contained 100 cyc les a t  RT, 100 

cyc les a t  ET, a shor t  pe r iod  a t  zero load and cryogenic temperature and one 

sustained load cyc l e  a t  ET o f  aoproximately two minutes dura t ion .  I n  the pre- 

d i c t i o n ,  c y c l i c  growth r a tes  were taken a t  the appropr ia te  K values and the I 
sustained load growth r a t e  was taken t o  be 10 times the e levated teperature 

c y c l i c  crack growth r a t e  a t  the appropr ia te  K value. The t o t a l  r e l a t i v e  damage 

which occurred was about 1-3% due t o  the e levated temperature sustained loading; 

about 10-25% due t o  the e levated temperature c y c l i c  load; and the remainder 

due t o  the room temperature c y c l i c  load. I t  was assumed t h a t  no damage 



occurred dur ing  the cryogenic p a r t  o f  each f l i g h t .  The growth ra tes  were 

added t o  produce the sca t t e r  band i n  F igure 54. I t can be seen t ha t  the 

experimental thermal p r o f i l e  crack growth r a t e  data f a l l s  w i t h ' -  t h i s  band. 

S i m i  l a r  r e s u l t s  were observed i n  the SF t es t s  on the -T87 temper. F igure 55 

shows a p l o t  o f  da/dFl i gh t  vs. Klmax @ RT f o r  both thicknesses (6.35 mm (0.250 

i n . )  and 3.18 mm (0.125 i n . ) )  o f  the -T87 temper. A s ca t t e r  band o f  expected 

crack growth ra tes  was constructed from base l i n e  dzta i n  F igure 31 i n  the 

same manner as @as done from the -T851 base l i n e  data.  The -T87 crack growth 

data i n  F igure 55 general l y  fa1 I s  w i t h i n  t h i s  boundary. The -T87 crack growth 

data are l i s t e d  i n  Table 18. 

Net sect i on  stresses fo r  the -T851 and -T87 specimens were on the order o f  53% 

t o  97% of  y i e l d  s t reng th .  

4.4.2 S ing le  Edge Notch Tens ion Spec imens 

Crack growth r a t e  data from the 2219-T851 s i ng le  edge notch tens ion t es t s  a re  

p l o t t e d  i n  F igure 56 i n  terms of d a / d f i i o k -  vs. K @ RT. A s ca t t e r  band o f  
ma x 

expected crack growth ra tes was constructed from base l i n e  da/dN ra tes  found 

i n  F igure 43 i n  the same manner as described i n  Sect ion 4.4.1. This sca t t e r  

band i s  p l o t t e d  i n  F igure 56 along w i t h  the data from the thermal p r o f i l e  t es t s .  

Two o f  the three -T851 specimens were tested under the basic thermal p r o f i l e  

spectrum o f  F igure 1 .  The t h i r d  specimen 851-CIO, was subjected t o  thermal 

p r o f i l e  f l i g h t s  which d i f f e r e d  i n  t h a t  the 100 cyc les a t  e levated temperature 

o~ each f l i g h t  were app l ied  w i t h  a s t ress  r a t i o  o f  zero instead o f  0.5. 

Examie;tion o f  F igure 56 shows tha t  a l l  three of  the specimens demonstrated 

some re ta rda t i on  i n  crack growth ra tes .  

Specimen 851-C10 demonstrates retarded crack growth ra tes  even though the 

h igh temperature cyc les were appl ied a t  a lower s t ress  r a t i o  than t ha t  f o r  

which the sca t t e r  band was ca lcu la ted .  The highest amount o f  r e t a rda t i on  

occurred i n  Specimen 8 5 1 - C l l .  This specimen was wider than the o ther  two 

specimens (305 mn (12 i n . )  vs. 76 mm (3 i n . ) ) ,  and i t  was subjected t o  lower 

net sect  ion stresses than the other  two specimens. (9net/0ys = 0.29 t o  

0.31 vs. 7 / = 0.44 t o  0.84 as shown i n  Table 19. 
net Y S  





elevated temperature and the maximum stress a t  elevated temperature was 

l a r e d  so that u l o  = 0.5 a Q ET/uys @ RT. ET RT Y S 

Figure 58 shows that a l l  of the specimens tested exhibited a t  least some 

retardation i n  crack grouth rates. There appears t o  be no thicknet5 ef fect  

on growth rates. However, as i n  the -1851 tests, there does appear t o  be a 

specimen width and/or a net section stress effect.  Specimens 87-C9, 87-C10 

and 8'-C21 were 76 nn (3 in.) wide and shaued less retardation i n  the i r  crack 

g r ~ i h  rates than d id  specimens 87-cI I, 87-C23 and 87-C24 which were 305 m 

(12 in.) wide. The 76 mn (3 in.) wide specimens m r e  subjected t o  net section 

stresses on the order of 42% t o  80% o f  the y i e l d  stress and the 305 nm (12 in.) 

wide specimns m r e  subjected t o  net section stresses on the order o f  27% t o  

31% of yield. Lowering the tes t  temperature a t  the elevated temperature 

port ion o f  the spectrum f rora 450K (350.F) t o  39bK (250'~) d id  not appear to 

have any substantial impact on the crack growth rates. Furthermore, removing 

the su;tained port ion of the spectrum a t  elevated temperature and lowering 

the maximum stress a t  elevated temperature d id  not appear t o  remove retarda- 

t i on  effects. Lowering the stress level a t  elevated temperature would also 

s l  i gh t l y  lower the crack growth rate, da/dF l ight, homver, not t o  the extent that 

was experienced by spec imen 87-~26. 

Ir. order t o  further investigate the observations o f  retardation, addit ional 

test ing was performed on several - ~ 8 7  SENT specimens. Specimen 87-Cl l was 

cycled a t  RT under constant amp1 i tude a t  R = 0 a f ter  having been subjected to  

58 thermal p r o f i l e  f l i gh ts .  The maxinum stress level used i n  the RT tes t  

&as the same as that applied during the RT port ion o f  each thermal p r o f i l e  

f 1 ight. The resul tan? crack growth data are shown on a da/dN vs. Kmx p l o t  

aiong wi th  base 1 ine data i n  Figure 59. These crack growth data (shown as 

square points on the p lo t )  demonstrate behavior s imi lar  t o  that shown by 

specimen 851-Cl l discussed ear l  ier .  Retardat ion i n  the cycl fc crack growth 

rate was very apparant a t  the beginning of the test,  however, as the crack 

grew from a length of  82.6 mm (3.25 in.) t o  a length o f  97.8 nm (3.85 in.) 

the growth rates eventually matched those o f  the bas* l i n e  tests. A fur ther 

i l l u s t r a t i o n  of t h i s  retardation i n  crack grjwth rates i s  shown i n  Figure 60. 

This f igure shows the crack length o f  specimen 87-Cll p lot ted as a function 

o f  numbers of cycles. Data from base l ine specimen 87-C3 are also shown fo r  

compar l son. 
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Figure 59 a l so  contains crack grouth r a t e  dat po in ts  from specimen 87-~22.  - 
This specimen was susta in loaded a t  4 5 0 ~  (350.~) t o  a s t ress leve l  comparable 

f 
P 2 

t o  that  used for  many of  the thermal p r o f i l e  tests.  The specimen was then - 
cycled a t  RT and constant amplitude w i t h  R = 0. The maximum st ress leve l  fo r  i 

3 .+ 
a RT u 

the RT c y c l i c  t es t  was chosen so that,  y= " , RT ,,. as i n  the thermal pro- - 
G 

f i l e  spectrum tests.  This specimen (87-€32) a% u h i  b i  ted subsequent re- - f' 0 
tardat ion i n  crack growth rates. Test parameters fo r  specimen 87-C22 are  -- 
tabulated i n  Table 22. 

For most o f  the thermal p r o f i l e  tests, the elevated temperature po r t i on  o f  -=. 

each f l i g h t  caused re tardat ion  o f  crack growth during the room t c  y r a t u r e  . ,  
por t i on  o f  the subsequent f l i g h t s ,  ( i - e . ,  crack growth rates indicated tha t  - .. 
most of the c y c l i c  crack growth occurrea a t  elevated temperature dur ing each 2 

-.. 

f l i g h t ) .  As a fu r ther  check on t h i s  observation, one specimen (87-C23) was 

c y c l t d  a t  450K (350"~)  and constant amp1 i ' .~de w i t h  R = 0.5, a f t e r  having 

been subjected t o  46 thermal p r o f i l e  f1l;nts. The rnaxi9un st ress l eve l  used 

was the same as tha t  appl ied during the ET por t ion  of each thermal p r o f i l e  

f l i g h t .  The data are shown on a da/dN vs. Kmx p l o t  along w i t h  ET b i s t  lint 

data i n  Figure 61. These data f a l l  w i t h i n  the scat ter  b a ~ d  generated from 

the base l i n e  tests.  

4.4.3 Metal I u rg i ca l  Analysis 

The f rac ture  faces o f  the base 1 ine cyc l  i c  and thermal prof  i l e  specimens were 

examined a f t e r  t es t i ng  and the fo l lowing observations were nated. Base l i n e  

SF specimens general ly exhib i  t t d  f l a t t e r  f racture faces than d i d  the SENT 

specimen over the area where cyr.1 i c  growth oc-cgrrtd. R m ,  temperature and 

elevated temperature SF specimens were s im i l a r  i n  apearance although the 

f rac ture  faces o f  the ET spec i~ens were s l i ~ h t ' y  ::lie- i n  appearance. SENT 
., - 

specimens tested a t  RT and ET a lso  exhib i ted di f ferences i~ f r ac tu re  face 

brightness w i t h  most of the ET SENT specimen f rac ture  faces being somewhat darker 

than the RT SENT specimen f racture facts.  This Garknesq i n  the ET tes ts  was 

probably due to  rubbing and f r e t t i n g  on the frzctur-e face. I t  was a l so  

noted tha t  t h i s  apparent f r e t t i n g  on the RT SENT FRACTURE faces becam 

v i s i b l e  a t  K levels  around 27.5 f l ~ / r n ~ / ~  (25 k 5 i . T )  and adabove. A very subt le  

di f ference between RT and ET SENT f racture face texture was a l so  noted. SENT 



specimens tested a t  ET exhib i ted more facr ts  i n  t h e i r  f rac ture  faces than 

d i d  those tested a t  RT. 

Examination of the f racture faces o f  thermal p r o f i l e  specimens showed that  

the SF specimns exhib i ted f l a t t e r  f rac ture  faces than the SENT specimens. 

Add i t iona l ly  the SENT specimen f racture faces were not as b r i gh t  as those 

o f  the SF specimens. 

Two o f  the thermal p r o f i l e  specimens were a l so  subjected :o a c loser  exanina- 

t i o n  under an e lec t ron  microscope. One SENT specimen (87-cl1) and one SF 

specimen (87-SF-~6) were examined. Figures 62 and 63 show the req ions from 

where rep l icas  were taken on thse t w o  svecimens t o  produce the fractographs 

shown i n  the fo l lowing f igures. 

Figure 64 shows an e lect ron fractograph frai the precrack region o f  SENT 

specimen 87411.  This region displayed t yp i ca l  fa t igue s t r i a t i o n s .  

Figures 65, 66 and 67 show e lec t ron  f ractographs from the thermal p ro f  i l e  

region o f  specimen 87-Cll. I n  t h i s  region " t i r e  tracks," typica! i n  fa t igue 

fractures, were frequently observed ( ~ i ~ u r e  65). F re t t i ng  was suspected i n  

t h i s  area o f  having rubbed out most of  the fa t igue s t r i a t i o n s .  However, a 

couple o f  very small areas containing s t r i a t i o n s  were noted ( ~ i ~ u r e  66). 

Isolated areas o f  elongated d i m ~ l e s  we;-e a lso observed ( f igure  67). 

As described e a r l i e r ,  specimen 87-Cll was subjected t o  constant amplitude 

cycles a t  RT a f t e r  having been subjected t o  58 thermal p r o f i l e  f l i g h t s .  I t  

was noted e a r l i e r  i n  Section 4.4.2 that  the constant amplitude gr.2wth rates 

demonstrated crack growth delay due t o  the previous thermal p r o f i l e  f l i g h t s .  

Figures 68, 69 and 70 are from the constznt temperature, iocs tan t  amp1 i tude 

region where crack growth delay was apparent. Close t o  the in te r face  between 

the thermal p r o f i l ~  and constant amplitude regions fat igue s t r i a t i o n s  were 

observed (Figure 68). Farther out from t h i s  in ter face (-0.64 mm !O.O25 i n . )  

from Figure 68) s t r i a t i o n s  were s t i l l  observed, but the s t r i a t i o n  spacing 

was much smaller (Figure 69). S t i l l  far ther  from the in ter face (-0.94 m 

(0.037 in . )  from Figure 68) what might be extremely small s t r i a t i o n s  were 

observed. Much of  the res t  of  the constant temperature, constant amplitude 

region o f  specimen 87 -C l l  was covered w i t h  f l a t ,  featureless areas where no 

I-. 

- 8 :  
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s t r i a t i o n s  were seen (Figure 70). This topography i s  cha rac te r i s t i c  o f  very 

low AK fa t igue cyc l i ng  i n  aluminum a l l o y s  where s t r i a t i o n  spacing i s  too small 

t o  be resolved. Figure 71 i s  a fractograph typ ica l  o f  the area fa r the r  along 

the constant temperature, constant amp1 i tude region o f  specimen 87-tll , where 

crack growth re tardat  ion was diminishing. 

The preceeding descript iotr  o f  "normally" spaced s t r iaz ions  a t  the beginning 

of  the post thermal p r o f i l e  delay region, fo l loked a t  some small distdnce by 

f i n e r  and f i n e r  s t r i a t i ons ,  and f i n a l l y  by larger  and larger s t r i a t i o n s  i s  

typ ica l  o f  f ractographic observations o f  delay regions fo l low ing peak over- 

loads i n  f a t i gue  spectra observed by others on through-the-thickness tes ts  

(e.9.. References 20 and 21).  Uhi l e  there was no ptak over load i n  t h i s  case 

the l a s t  100 cyclec a t  450K ( 3 5 0 " ~ )  p r i o r  t o  AT cyc l  ing has had a delay e f fec t  

s im i l a r  to  that  o f  a peak overload. I t  should be noted that the "normal" 

f law g r m t h  rates a t  the beginning o f  the delay region could not be detected 

by actual surface mtasuremtnts c r  by COD measurements during the test .  

Figures 72 and 73 show fracrographs from the therma! p r o f i l e  region of  the 

surface f law spec inwn, 8 7 - ~ ~ - C 6 .  (See Figure 63 f o r  locat ion.) Exarninat ion 

o f  the rep l i ca  from t h i s  specimen revealed three principa: di f ferences between 

i t  and the rep1 ica from the thermal p r o f i l e  region o f  the SENT specimen, 87 -C l l .  

1. Fatigue s t r i a t i o n s  were v i s i b l e  throughout much o f  the thermal 

region on the surface f l ~ w  specimen ( f igure 72) .  I n  the SENT 

specimen v i s i b l e  fa t igue s t r i a t i o n s  were extremely rare. 

2. Areas o f  u r in te r rup ted  s t r i a t i o n s  where than 100 s t r i a t i o n s  

could be counted were observeo. S e ~ a r a t i n g  these groups 

was a large growth increment (Figure 72) which probably occurred 

dur ing the s ingle load app l ica t ion  and hold where temperature 

increased from 144K (-200°F) to  450K (350°F). (See spectrum i n  

Figure 1 ) .  The fractograph I n  F i g u r e  72 indicates that  the growth 

increment For t h i s  s ingle load appl ic i j t ioc and hoid was about 10 

times as large as for each c y c l e  of  the other load appl icat ions 

appl ied a t  1 Hz (60 cpm) . I n  contrast .  crack g r o w h  i n  the SENT 

specimen during the  RT por t ion  of the thermal spectrum was 

apparently very minimal (based on macroscopic measurement only) .  



3. There was an abundance o f  an acicular material i n  the thermal 

p ro f i l e  region of  the surface flaw speclmn ( ~ i g u r e  73).  
These part icles were not observed in  the thermal p ro f i l e  

region of  the SENT specimen. 



5.0 CONCLUS l OMS 

The f o l l ow ing  conclusions a re  based on  t e s t  r e s u l t s  o f  surface flawed and 

s i n g l e  edge notch tens ion t e s t s  on 2219 aluminum a l l o y  i n  T851 and T87 

tempers. 

S t a t i c  Fracture Behavior 

1. A l l  surface f law specimens tested exh ib i t ed  f a i l u r e  stresses 

a t  o r  above the y i e l d  s t rengths o f  the mater ia ls .  

2. For s i n g l e  edge notch tension specimens, the s t ress  i n t e n s i t y  

values a t  f a i l u r e ,  Kcr and K remain cons ta r t  as the tempera- 
CN 

t u re  i s  increased from 1 4 4 ~  (-200'~) t o  room temperature. As 

the temperature i s  increased f u r t h c r  up t o  450K (350°F), K 
C r 

and KC,, values increase subs tan t ia l  1 y. 

Constant Temperature, Constant Amplitude Cyc l i c  Flaw Growth Behavior 

1 .  A t  room temperature, 2219-T851 and 2219-~87 aluminum a1 loys 

e x h i b i t  the same c y c l i c  crack growth ra tes  a t  a g iven  maximum 

c y c l i c  s t ress  i n t e n s i t y  value fo r  both surface f l aw  and s i ng le  

edge notch tension specimens. 

2. A t  450K (350°F), 2219-T851 a luminumal loy  has a slower c y c l i c  

crack growth r a t e  a t  a g iven maximum c y c l i c  s t ress  i n t e n s i t y  

value than does 2219-T87 aluminum a l l o y  f o r  both sur face f l aw  

and s i n g l e  edge notch tension specimens. 

3. Surface f l aw  2213-T851 and -T87 specimens ( tested i n  the TS 

propagation d i r e c t i o n )  have slower c y c l i c  crack growth ra tes  

than s i n g l e  edge notch tension specimens ( tes ted  i n  TL pro- 

pagat ion d i r e c t i o n ) .  

4. Cyc l i c  crack growth ra tes  o f  2219-T851 and -T87 sur face f l aw  

and s i n g l e  edge notch specimens, tested under the stresses and 

w i t h  the con f igura t ions  used i n  t h i s  program are not  a f fec ted  

by the maximum c y c l i c  s t ress  l e v e l .  ( i  .e., They are K dependent.) 

5. Cyc l ic  crack growth ra tes  o f  s i n g l e  edge notch tens ion specimens 

a re  not  a f fec ted  by specimen s i ze  i n  the con f igura t ions  tested 

i n  t h i s  program. 



6. For a l l  three temper/thickness combinat ions tes ted  i n  the SENT 

con f igu ra t ions  a t  room temperature, the crack growth r a t e  a t  

R = 0 i s  about 2 t o  4 times the growth r a t e  a t  R = 0.5. 

7. For the -T851 temper, tes ted i n  the SENT con f i gu ra t i on  a t  

450K ( 3 5 0 " ~ ) .  the c rack  growth r a t e  a t  R = 0 i s  on the order  

o f  3 t o  10 times the crack growth r a t e  a t  R = 0.5. 

8. For the -T851 temper tes ted i n  the SENT con f i gu ra t i on  a t  R = 0, 

vary ing  the temperature from RT t o  450K (350 '~ )  has the fo l low-  

ing  e f f e c t  on c y c l i c  c rack  growth rate;. 

9. For the -T87 temper tes ted i n  the SENT con f i gu ra t i on  a t  R + 0.5, 

va ry ing  the temperature f r an  RT t o  450K (350°F)  has the f o l  lowing 

e f f ec t  on c y c l i c  crack growth ra tes .  

r 1 

EFFECT ON 
Kmx GROWTH RATES s 

'33 t I ~ / r n ~ ' ~  (30 k s i  G) t o  44 M ~ / r n ~ / ~  (40 k s i  4G) 

Greater than 44 f l ~ / m ~ / ~  (40 ks i a) 

10. For bo th  the -T851 and -T87 temoers tes ted a t  450K (350°F) and 

R = 0.5, ho ld ing  the maximum st ress fo r  2 minutes on eacb 

cyc l e  produces growth ra tes  on the order c f  10 t o  15 times 

those produced by 1.0 Hz (60 cpm) s inuso ida l  loading. 

2 t o  3 times RT r a t e s  

same as t o  2 times RT ra tes  

same as RT ra tes  

K 
MX 

2 5  ~ t J l r n ~ ' ~  (23 k s i  6) t o  33 n ~ l m ~ ' ~  (30 k s i  vG) , 
23 ~ ~ / r n ~ ' ~  (30 ks i&) t o  44 f l ~ / m ~ ' ~  (40 k s i G )  

Grea te r  than 44 M N / ~ ~ ' ~  (40 ksi  .G) 

Thermal P r o f i l e  Flaw Growth Behavior 

I. The f law growth behavior of surface f!aw specimens can be success fu l l y  

p red ic ted  by a cumulat ive damage appraach. 

EFFECT ON 
GROWTH RATES 

1-1 12 t o  3 times RT ra tes  
d 

same as t o  2 times RT ra tes  

same as  RT ra tes  

2. The f law growth ra tes  o f  s i ng l e  edge notch tension specimens 

were usua l l y  much slower than those which bgould b t  p red ic ted  

by a cumulat ive damage approach. Crack growth r e t a r d a t i o n  was 



most pronounced for El levels  o f  4 5 0 ~  (350 '~ )  but was s t  i 11 

apparent f o r  ET level  s of 394K (250'~)  . 
The f law growth behavior o f  s i ng le  edge notch tension specimens 

appears t o  be af fected by specimen s ize  and/or net sect ion stress, 

w i t h  wider specimens subjected t o  net  sect ion stresses on the 

order of 27% t o  31% o f  a d isp lay ing  more re tardat ion  i n  f law 
Y s  

growth behavior than smaller specimens subjected t o  net sect ion 

stresses on the order of  62% t o  84% o f  o . Note that  these 
YS 

tes t  var iables d i d  not a f f e c t  constant temperature, constant 

ampl i tude cyc l  i c  f law growth ra te r .  
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r 1 b r RADIUS 

147 (5*80) 1 I SECTION A-A 

NOTE: DIMENSIONS GIVEN 

SLOT DETAIL 

IN mm (INCH) 

FIGURE 4: 450K (+350F) SENT FRACTURE SPECIMENS 
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(18 PLACES) J 

SECTION A-A I I  - 

SLOT DETAIL 

NOTE: DIMEYSIONS GIVEN IN mm (INCH) 

FIGURE 5: ROOM TEMPERATURE SENT FRACTURE SPECIMENS 

45 

, 

b 

CONFIG, 
C 

A 

B 
> 

'1 

6.35 
(0.2501 

+ 
t 2 

6.35 
02 

' 1 . 
(0.125) 



- RADIUS 
r 6a35 (0*25) r TEST SECTION 

5 SYM 

5 -13 (.CrOS) 

b 

3 o 38.1 (1.50) 
0 

$SYM o 
-. - -0- - -  0 - -  - 

OF HOES 
+ - -25 (.01) O 

38.1 (1.50) 

NOTE: DIMENSIONS GIVEN IN rnm (INCHES) 

SECTION A-A 

SLOT LENGTH 

+ - 2.5 (0.10) 

I 
1 

1.2 - 5.1 (0.20) 
(0,051 

SLOT DETAIL 

FIGURE 6: 144K (-2WF) SENT FRACTURE SPECIMENS AND 450'~ (350'~) 
AND RT CYCL:C SPECIMENS 

r 
! SLOT TEST SECTION 

THICKNESS 
I 

0,250 

0.125 

CONFIGURATION , GNGTH 
I 

A Static 86.3 (3.40) 

B Cyclic 1 72.3 (2.95) 

c c y c l i c  /15.2/0.60? 
- 

D Static I 86.3 (3.40) 

E Cycl:c i 72.4 i'2.35) 

F Cyclic i 15.2 i0.60) 
i 
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FIGURE 16: LOAD VS. PRESSURE, SPECIMEN 851-SF -3 
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TABLE 3: CHEMICAL COMPOSKION OF ALUMINUM ALL0"S 
f36 BY WEIGHT) AS DRERMINED BY BOEING 

AEROSPACE COWANY TESTS 

CLEANLINESS RATING OF BOTH HEATS - CLASSIFICATION 

"A" PER ASlM E-45-63, AS DETERMINED BY BCZING 

AEROSPACE CO MPANY TESTS. 

\ 

ELEMNT 

COPPER 

MANGANESE 

VANADIUM 

SILICON 

IRON 

MAGNESIUM 

ZINC 

TITANIUM 

ZIRCONIUM 

ALUMINUM 

2219-1851 k 
6.35 mm (0.25 INCH) 
ALCO4 HEAT 21m1 

6.40 

0.30 

0.09 

0.10 

3.21 

0.016 

0.03 

0.04 

0.18 

BALANCE 

2219-187 
6-35 mm (025 INCH) 
ALCOA HEAT 215091 

6-33 

0.30 

0.06 

0.12 

0.19 

0.018 

0.03 

0.04 

0.16 

BALANCE 



T A U  4 MECHANICAL PROPERTIES OF 6.35 rnrn (0.25 Inch) 
2219-7851 AWMINUM ALLOY 

U 
W 

& Q 

, ,, - . ,. ,. .., - -  .,. 

I. 

851-~-1 144 502 388 - 
(0.24971 (-2CNI) (72.8) (56.3) 

502 388 
IO. 7502) (72.8) (56.3) 

Avg . 502 388 
(72.8) (56.3) 

351 -1-1 6.32 507 377 
(0.24ilf (73.5) ( 5 4 3  

- T r 508 379 
(0.24921 (n. 7) (55.0) 

Avg . 507 378 
(73.6) (54.8) 

6.33 291 452 348 
(65) (65.6) (50.4) 

6.33 454 348 
(65.8) (50.5) 

(65.71 (50.4) 
456 336 
(66.1) (48.8) 
456 339 

0.2483) , (C4.21 (49.2) 

Avg . 33 7 
(66-11 (49.01 

6.32 450 328 1281 
-L-5 

16 

17 

16 

17 

16 

16 

i 7 

18 

(0.2490' (350) 

(0.2494' 

(47.5) (40.7) 
326 1277 
i47,al : r40.2) 

11 35 - - 

Avg . 
6.32 -'-' 

(0.2488) 
6.33 

(0.24921 

Avg . 

11 

11 

12 

11 

11 

- 
64.8 
(9.4) 

327 279 1 25 (47.4) l(40.4) 17 

325 / 270 
29 56 

58 

57 

34 

34 

26- 

25 
I 

25 

34 

28 - 
17 

17 

- 

D,232 

- 
12 

12 

(47' 1)  (39.1) 

0.286 

- 

0.297 

12 1 3 4  

I 11 

26 

27 

325 
(47.2) 
325 
(47.1) 

74.5 
i10.8) 

- 
81.4 

111.8) 

12 

- - 

15 

18 

18 

273 
(39.6) 
271 
(39.3i 

35 
0.303 

82.7 
(12.0) 

- 
67.6 
(9.8) 

11  

I 
I 

28 b.317 

75.8 
(11.0) 

27 l i 7  
23 1 ' 8  

2 8 

58 

59 

- 

0.331 



TABLE 5: MECHANICAL PROPERTIES C F 6.35 mm (0.25 Inch) 
2219-T87 ALUMINUM ALLOY 

b - 
m 

W 3 

U 
IU 
Q m 

I I 

87-1-1 6*25 L 144 525 b?5 15 11 27 - - 
9.244091 (-200) (76.1) (61.7) 

-2 

Axmg. 

87-T-1 

-2 

Avg . 

87-LJ 

I '  
291 
(65) 

b 

6.28 
0.2471) 

6.30 
(0.248 1 ) 

, 6.26 
,o. 2465) 

6.28 
i0.2474) 

6.27 

L 

T 

525 
176.1) 

525 
i76.l i 

536 
(77.7) 
541 

(78.5) 
538 

(78 11 

468 
(67.9)  
469 

Avg . 

87-T-3 

Avg . 

87-L-5 

Avg . 

07-T -5 

Avg . 

425 
i61.6) 

425 
i61.61 

430 
(62.3) 
427 

(61.3) 

428 
i62.1) 

381 
(55.3) 
380 

(0.2467) 

:0.2476) 
6.32 

{O. 2488) 

6.30 
(0.2482) 

6.3 1 
:O. 2486) 

6.29 
'0.2477) 

6.28 
:O. 2473) 

12 

13 

14 

13 

13 

,9 

,6 
t68.0) 
468 

467.9) 

476 
l69.0) 
478 

69-3 )  

477 

(55.1) 
380 

(55.2) 

381 
(55.3) 
381 

(55.31 

381 

11 1 3 1  
I 

11 

.. - 
0 . 2 9 0 ' - ' - ~  

I( i1.3) 

! - j -  

'75.8 
0-289 i , l l .~ )  

,7 

12 

14 

29 

- 

r 

L 

- 

('69.1) (55 3) 
13 

450 327 

29 1 20 
(47.4) (42.2) 

334 294 
23 (48.51 (42.6) 

330 296 27 
(47.9) (43.0) 

25 

10 18 

9 1 3  

I 

9 / 15 

0.311 173.1 

10 

14 

14 

14 

15 

17 

16 

1!10.6) 

0.316 
I 

13 

12 

2 1 

5 1 

52 

52 

48 

52 

50 

12 

10 

11  

i 

35 

33 

34 

20 

22 

! 
I 
i - i -  
i 
i 66.2 

0.316 
I 

, 9 6 ,  

i 

i 
1 - - ,  

3.332 64.8 
I 9.4) 



T A U  6: MECHANICAL PROPERTIES Of 3.18 mm (0.125 INCH) 

2219-T87 ALUMINUM ALLOY 

b 
x h 

f 

z ul 
t - 0 , 3  
Z r 

z 

V 
W 
0 
an 

87-L-7 

-8 

AVG . 

87-7-7 

-8 

AVG . 
I 

87-L-9 

-10 

AVG . 

87-T-9 

-10 

AVG . 

87-L-ll 

-12 

AVG . 

87-T-l l 
-12 

AVG . 
i 

3-17 
(0.1248) 
3.22 
(0.1267) 

- 

3.23 
(0.1273) 
3.08 
(0.1212) 

- 

3.18 
(0.1251) 
3.24 
(0.1274) 

r 

7 

r 

3-10 
(0.1220) 
3.23 
(0.1270) 

- 
3.23 
(0.1272) 
3.24 
(0.1275) 

- 
3.22 
(0.1269) 

' 3-10 
(0.1222) 

- 

L 

L 

- 

1 

T 
I 

- 

L 

L 
I 

- 

T 

T 

- 

L 

L 

- 

T 

T 

- 

3 

144 5 16 
(-200) (74.8) 

42 1 
(61 -0) 
424 
(61.5) 

422 
(61.2) 

427 
(62.G) 
426 
(61 -8) 

426 
(61.9) 

380 
(55.1) 
382 
(55.4) 

38 1 
(55.2) 

382 
(55.4) 
38 1 
(55.3) 

I 
13 

15 

14 

14 

lo 

12 

16 

IS 

i5 

1 1  

12 

1 

2 5 
(76.1) 

520 
(75.4) 

536 
(77.8) 
533 
(77.3) 

534 
(77.5) 

29 1 
(65) 

450 
(350) 

I 

#? 

9 

1 1  

10 

10 

8 

9 

t l  

12 

1 1  

9 

8 

467 
(67.8) 
472 
(68.4) 

469 
(68.1) 

470 
(68.2) 
475 
(68.9) - 
472 
168.5) 

3 28 
(47.5) 
328 
(47.5) 

328 
(47.5) 

332 
(46.2) 
329 

l o  

(47.7) 

(:3.9) 

38 1 
(55.3) 

293 
(42.5) 
285 
(41.3) 

289 

8 

1 2  

i 1 3  

1 1  

'8 

20 

33. 

34 
I 

33 

23 

20 

21 

38 

36 

37d 

23 

25 
J 

24 

55 

53 . 
(41.9) 

299 
, (43.4) 

297 
(43.1) 
2 8 
14;.2) 

- 
0.300 

- 
0.318 

- 
0.323 

- 
0.316 

- 
0.340 

> 
1 

- 
75.1 
(10.9) 

- 
77-2 
(11.2) 

J 

C 

73 .8 
(10.7) 

I 

- 
71 .O 
(10.3) 

- 
65.5 
(9.5) 

- 1 - 
0.330 

54 

46 

40 

43 

19 

18 

13 

15 

62.7 
(9-1) 

12 

14 

9 

1 1  
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