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I - SUMMARY 

This repor t  describes the t e s t  resu l ts  obtained i n  the 1 a r t  11 po r t i on  
o f  t h i s  program which involved four d i f fe ren t  types o f  evalu.qtions. These 
were as fol lows: 

1. Determination o f  Par t i t ioned Strzinrange versus L i f e  Relat ion- 
ships f o r  AMZIRC (% Hard) and NARloy Z a t  538Oc (R-2 and R-24) 

2. Determination of High-Cycle Fatigue Behavior o f  Zr-Cr-Mg Coppzr- 
Base A l l oy  a t  538'~ (R-9) 

3.  Tensile ant Low-Cycle Fa t~gue  Evaluation o f  an Experimental 
Copper-Base A l l oy  and a.fi Ex erimental Silver-Base A l l oy  a t  
Room Temperature and a.i 538 C (R-27 and R-28) 

4. An Evaluation o f  tk Ef fec t  o f  D i f f e ren t  Heat Treatments on 
the Tensile and Lcw-Cycle Fatigue Behavior o f  an Experimental 
S i l v e r  A1 l o y  a t  538OC (R-30, R-3: and R-32). 

i n  the determinztion o f  the pa r t i t i oned  strainrange versus l i f e  re la t i on -  
ships f o r  both the X-2 and R-24 compositions some d i f f i c u l t y  was encountered 
i n  the i d e n t i f i c a t i o n  o f  the pure dcpp component o f  s t ra in .  A t  the t e s t  
temperature and stress 1 eve1 s i nvol ved , very high creep rates were exh ib i ted  
by these materials and i t  was found t h a t  experimental l i m i t a t i o n s  on the 
w a i l a b l e  evtensometry made i t  impossible t o  employ h igh enough c y c l i c  rates 
t o  completely e l iminate a creep component o f  i n e l a s t i c  s t ra in .  This compli- 
cat ion, i n  turn, precluded a d i r e c t  ca lcu la t ion  o f  the AcCc component o f  
ine1a:tic s t r a i n  by the usual method o f  p a r t i t i o n i n g  a hysteresis loop t o  
sepsrate out the PP component. As a resu l t ,  i t  was found necessary t o  analyze 
tAe fa t igue l i f e  resu l t s  a t  various s t r a i n  rates and estimate the sa tura t ioq  
l i m i t s  i n  the low and high s t r a i n  r a t e  regimes. This analysis furnished Npp 
and Ncc values along w i th  corresponding Ocpp and AcCc information. Then, 
slow-fast and fast-slow cyc l ing  was performed a t  several strain-ranges t o  
provide the necessary information t o  a1 low the N c p - A ~ c p  and Npc-kpc re la -  
ti onshi ps t o  be determined. 

Tests o f  the R-9 a l l o y  were performed i n  argon a t  558Oc t o  extend the 
previously measured fa t i gue  curve fo r  t h i s  mater ia l  i c t o  the c y c l i c  regime 
beyond 100,000 cycles. A c y c l i c  frequency o f  30 cpin was employed and 
strain-ranges from 0.8% t o  C.3% were selected t o  enable the f s t i gue  behavior 
t o  be def ined out t o  approximately 400,000 cycles. These resu l t s  were found 
t o  y i e l d  a f a i r l y  smooth extension of the fa t igue curve established i n  
the previous tests i n  the higher s t r a i n  ranges. 

An experimental copper a l l n y  (Q-77) 3nd an experimental s i l v e r  a l l o y  
(R-28) were evaluated. Short-term t e ~ s i  1 e tes ts  were performed i n  dupl icate 
a t  room temperature i n  a i r  and a t  538 C i n  argon. Low-cycle fa t igue tes ts  
were performed a t  538'~ i n  argon t o  def ine the fa t igue l i f e  over the range 
from 3C0 t o  3000 cycles. Data f g r  both materials are compared w i th  prev iously  
reported resu l t s  f o r  electrofor,ned copper and pure s i l v e r .  

Three d i f f e r e n t  heat treztments were applied t o  the R-28 (experimental 
s i l v e r  a l l o y )  materid1 to  y i e l d  the R-30, R-31 and R-32 a l l o y  designations. 
A l i m i t e d  evaluat ion was made o f  the e f f e c t  o f  these heat treatments on the 
t e n s i l e  and fa t igue behavior a t  538OC i n  argon. 



Ii - INTRODUCTION 

gegenerstively-cooled, reusable-rocket nozzle l i n e r s  such as found i n  
the engines of the Space Shuttle, Orbi t - to -Orb i t  Shutt le,  Space Tug, etc., 
undergo a severe thermal s t r a i n  cyc le during each f i r i n g .  To withstand the 
severe cycles, the l i n e r  mater ia l  must have a proper combination o f  h igh 
thermal conduct iv i ty  and high low-cycle fat igue resistance. Copper-base 
a l l oys  possess these desirable q u a l i t i e s  and f o r  t h i s  reason a broad-based 
NASA-Lewi s/Mar-Test program was i n i t i a t e d  i n  1972 t o  evaluate several 
candidate a l loys  by generating the material  property data tha t  are requi red 
f o r  the design and l i f e  p red ic t ion  o f  rocket nozzle l i n e r s .  

This repor t  deals w i t h  a po r t i on  o f  the ove ra l l  program t h a t  focused 
on prov id ing a more de ta i led  evaluat ion o f  three copper-base a l loys  studied 
previously and a l i m i t e d  evaluat iqn o f  two new experimental a l loys .  The 
mater ia ls  invest igated i n  t h i s  po r t i on  o f  the program were as fol lows: 
AMZIRC ($ Hard), R-2; NARloy Z, R-24; Zr-Cr-Mg Copper, R-9; experimenta , 
copper a1 loy, R-27; and experimental s i  l v e r  a1 l o y  ,R-28. Specimen blank 
mater ia l  was supplied by NASA-Lewis Research Center and the responsi b i  1 i t y  
was assigned t o  Mar-Test Inc. f o r  having the desired number and type o f  t e s t  
specimens machined. 

The material  e v a l u ~ t i o n s  spec i f ied  f o r  t h i s  Task I 1  e f f o r t  were as 
I-u: 1 ows : 

1. Conduct strain-contgol led, low-cycle fa t i gue  tes ts  i n  high- 
p u r i t y  argon a t  538 C t o  determint +a r t i t i oned  strainrange 
versus l i f e  re la t ionsh ips  f o r  the R-2 and R-24 compositions. 

2. Determine the high-cycle fa t i gue  behavior o f  the R-9 a l l o y  
a t  538O~ i n  high-puri t y  argon using a frequency o f  30 cpm 
and s t r a i n  ranges o f  0.8% and lower t o  def ine the fa t igue 
l i f e  out t o  approximately 400,000 cycles. 

3. Study the t e n s i l e  and low-cycle fa t igue behavior o f  the R-27 
and the R-28 compositions; perform t e n s i l e  tes ts  i n  a i r  a t  
room tern erature and i n  argon a t  538OC using a s t r a i n  r a t e  
o f  2x10'5 sec-1; also, perform low-cycle f a t i  ue tes ts  a t  
538oC i n  argon a t  a s t r a i n  r a t e  o f  2x10'3 sec-9 t o  define the 
c y c l i c  l i f e  over the range from 300 t o  3000 cycles. 

4. Perform a l i m i t e d  evaluat ion o f  the t e n s i l e  and low-cycle 
fa t igue behavior of three d i f f e r e n t  heat treatments o f  the 
R-28 a l l oy ;  tes ts  t o  e performed a t  5380C i n  argon using 
a s t r a i n  r a t e  of 2x1 0-9 sec-1. 

A l l  the t e n s i l e  and fat igue tes ts  were performed using hourglass- 
shaped specimens. A servo-control led, hydrau l ica l l y  actuated fa t igue t e s t -  
i n g  machine (see NASA CR-134627 f o r  complete descr ip t ion)  was used i n  



a l l  these e!jaluations and the threaded t e s t  specimens were mounted i n  the  
ho ld ing  f i x t u r e s  of t h e  t e s t  machine us ing spec ia l  threaded adaptors. 
Elevated temperature t e s t s  were performed i n  t : igh-pur i ty  (guaranteed 99.999; 
p u r i t y )  argon gas w i t h  3000 ppm of hydrogen added t o  prov ide a s l i g h t l y  
reducing environment f o r  addi t ion11 p ro tec t i on  o f  the specimens. I n  
order  t o  perform these t e s t s  i n  t h i s  argon environment (oxygen content  
less  than 0.01 percent  by volume) a c y l i n d r i c a l  containment vessel made o f  
pyrex was pos i t i oned  between t he  ho ld ing f i x t u r e s  o f  the  f a t i g u e  machine 
and neoprene low-force bel lows a t  e i t h e r  end prov ided the  sedl  t o  enablc 
the  des i red gas p u r i t y  l e v e l s  t o  be maintained throughout t he  t e s t .  Side 
o u t l e t s  ( w i t h  appropr ia te  sea ls )  or, t h i s  c o n t a i ~ l w n t  vessel pi-ovitied 
entrance po r t s  t o  accommodate the extensometer arms and s i m i l a r  s ide  o u t l e t s  
prc;ided entrance go r t s  f o r  the  copper tub ing  ieads t o  the i nduc t i on  c o i l .  
I n  add i t i on ,  spec ia l  p o r t s  near the  bottom o f  t he  containment vessel 
enabled the therniocoupl~s,  used f o r  specimen t e~pe ra t c r re  measurement, t o  be 
routed ou t  t o  the  t.eaperdture ccn t ro l  s jstcm. Specimen t e s t  temperatures 
w r e  a t t a i ned  us ing i nduc t i on  heat ing and t h i s  was prov ided by p o s i t i o n i n g  
a spec ia l l y  Jesigned i nduc t i on  c o i l  around the  t e s t  specimen (see F igure 1 ) .  

A1 1 f o r ce  meazurements were made us ing a loaa ce! 1 mounted w i t h i n  
t he  load ing t r a i n  o f  t he  f a t i g u e  machine and specimen s t r a i n s  were measured 
by us ing a h i gh  temperature diametral  extensometer. A t e s t  procedure, 
developed p rev ious ly  (see NASA CR-134627) was used t o  a l l ow  t he  shor t - term 
t e ~ s i l e  t e s t s  t o  be performed a t  a constant s t r a i n  r a t e  which was maintdined 
thrcughout the  t e r t .  i c  the f a t i g u e  t e s t s  an analog s t r a i n  computer was 
emp:~2yed which al lowed the  d ismetra l  s t r d i n  s igna l  t n  be used i n  con junc t ion  
w i t h  the load  s ignd l  so as t o  p rov id2  an instantaneous value f o r  the  a x i a l  
s t r a i n  which was then t he  c o n t r o l l e d  va r i ab l e  (see NASA CR-134627 f o r  
conplete desc r i p t i on  o f  t e s t  procedure).  
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I 1 1  - MATERIAL AND SPECIMENS 

Specimen mater ia l  f o r  use i n  t h i s  por t ion  o f  the program was supplied 
by NASA-Lewis Research Center, Cleveland, Ohio. A b r i e f  descr ip t ion  o f  the 
f i v e  mater ia ls  evaluated w i t h i n  t h i s  e f f o r t  i s  given i n  Table 1. Using the 
specimen design shown i n  Figure 2 the fo l low ing specimens were machined: 

16 specimens ( includes 2 spares) 
18 specimens (includes 2 spares) 
12 specimens (includes 2 spar2s) 
12 specimens (includes 2 spares) 
8 specimens (includes 1 spare) 
3 specimens 
3 specimens 
3 specimens 

I n  t 'ion, several spare specimens n f  the R-24 a l l o y  t h a t  were machined 
i n  conj. . l c t i on  w i t h  a previous prograrr were on hand and were used i n  the 
present t e s t i n g  e f f o r t .  

A f t e r  being machined, a l l  specimens were wrapped i n  s o f t  t i ssue paper 
and placed i n  ind iv idua l  hard p l a s t i c  cy l inders (about 9 cm i n  length and 
2.2 sm ins ide  diameter). The ends o f  these cy l inders were then sealed w i t h  
masking tape and the specimen code number was w r i t t e n  on the external 
surface of the cy l inder .  These cy l inders were used fo r  storage before and 
a f t e r  tes t .  

I n  preparing f o r  a tes t ,  each specimen was subjected t o  the fol lowing: 

1) the specimen was washed w i t h  Freon t o  remove 
any surface o i l s  which might have remained 
a f t e r  machining; 

2 )  a small quant i ty  o f  d i l u t e  phosphoric ac id 
was appl ied by hand t o  the complete surface 
o f  the specimen; t h i s  removed any surface 
oxides and any machining c i l  not  removed by 
the cleaning w i th  Freon; t h i s  operat ion was 
completed w i t h i n  15 seconds; 

3)  the specimen was r insed i n  warm water and 
dr ied  using s o f t  absorbent t issue; 

4)  the specimen was then subjected t o  a f i n a l  
c leani ng w i t h  Freon. 



Table 1 - Descr ip t ion  o f  the  Mater ia ls  Evaluated i n  t h i s  E f f o r t  

Code No. -. Mater ia l  . Descr ip t ion  

R- 2 AMZIRC Copper, Ji Hard B i l l e t  s i z e  of 20.3 crn diameter by 63.5 cm (8" x 25") i n  length; 
ex t rus ion  temperature o f  960'~; extruded t o  2.7 cm (1 .G6") 
diameter rod  and water quenched a f t e r  ext rus ion;  drawn t o  50% 
hard i n  two passes t o  2.2 cm (0.87") and then 1.9 cm (0.75") 
diameter; s t ress  r e l i e f  by spr ing ing;  aged a t  420 '~  i n  cracked 
na tura l  gas atmosphere and then st ra ightened and c u t  t o  91 cm 
(36") lengths. 

NARloy Z 

Zr-Cr-Mg Copper 

Ex er imenta l  Copper 
AI coy 

A copper-base a l l o y  developed by North A ~ ~ e r i c a n  Rockwell and 
was fu rn ished i n  c e n t r i f u g a l l y  cas t  form and had been hot-  
r o l l e d ,  s o l u t i o n  annealed and aged. Mater ia l  was furn ished i n  
the form o f  a rectangular  bar, 23.2 crn long x 5.1 crn x 4.1 crn 
(9.12" x 2" x 1.6"). 

B i l l e t  s i z e  of 20.3 cm diameter by 63.5 cm (8"  x 25") i n  l ~ n g t h  
suppl ied t o  NASA by Uni ted States Metals Ref in ing  Co.; extruded 
t o  3.2 crn (1 .25" )  diameter; s o l u t i o n  heat t r ea ted  a t  1006°C 
(1850°F) i n  neu t ra l  (barium ch lo r i de )  s a l t  and quenched i n  water, 
co ld  drawn t o  2.12 cm (0.837") diameter, aged a t  48Z°C (900°F) 
f o r  2.5 hours and f i n i s h  drawn t o  1.9 cm (0.75") diameter. 

Electroformed copper c y l i n d e r  (copper s u l f a t e  s o l u t i o n )  ; 23.6 crn 
long x 17.3 cm OD x 13 crn I D  (9.3" x 6.8" x 5.1"). 

- cont inued - 



1-able 1 - Descript ior~ of t h r  M:~ te r i a l s  Evaluated ill t h i s  Ef for t  (ccsrbtinued) 

Code Nu. - .  
-. ~~ - Material - -- - . . . - - . . - - - . . - - ~ . .  . - .- .- -. - . - -. . - Description 

-~ 

K- 38 Experimental S i l v e r  0.5 w t .  % Zirconi i r r ~ i  (Reactor Gradc) alloyed with f i n e  s i l v e r ;  
A1 loy vacuul:~ melted and c a s t ;  cold reduced t o  2.86 cm (1.125") 

diatneter bar ;  annealed and then cold redtrced t o  2 . 2 2  cnr (0.875") 
diar~:ctc-r bars ;  f i n a l  reduction corresponds t o  a  371 cold 
reduction in  c ross -sec t iona l  a r ea ,  which can be considered a s  
t he  hard condit ion f o r  t h i s  a l l oy  

Heat- t r ea t ed  R-28 Aged R-28 a t  482% (900oF) f o r  two hours by canning the 
mater ial  in  s t a i n l e s s  s t e e l ,  sea l ing  the can, then heating ilr 
an a i r  furnace t o  des i red  temperztcrre; a i r  cooled 

Heat- t r e a  ted R-28 Solution annealed R-28, 899O~ (165O0l) f o r  orlc hour i n  s a l t  
batk,; water quenched 

Heat- t r ea t ed  R- 2 8  A g ~ d  Re-28 a t  5 9 3 O C  (llOO°F) f o r  two hours; canned as above 
f o r  R 30 
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- I V  - TEST RESULTS AND DISCUSSION OF RESULTS 

PART I - DETERMINATION OF PARTITIONED STPAINRANGE LIFE RELATIONSHIPS FOR 
R-2 AND R-24 ALLOYS 

Low-cycle fa t igue data f o r  these two a l l o y s  were repor ted p rev ious ly  
i n  NASA CR-121259,-121260,-121261 and -134627. I n  order  t o  extend t he  
range o f  the ava i l ab le  f a t i g u e  data f o r  these two compositions, some addi- 
t i o n a l  t es t s  were performed a t  538OC (1000~F)  i n  h i gh -pu r i t y  argon w i t h  the  
ob jec t i ve  o f  determining p a r t i t i o n e d  s t ra inrange versus 1 i f e  r e l a t i onsh ips .  

I n  i n i t i a t i n g  the evaluat ions o f  the R-2 and R-24 mater ia ls ,  two 
continuous c y c l i n g  f a t i g u e  t es t s  were per ormed us ing condi t ions ( i n  argon f a t  538OC and a s t r a i n  r a t e  o f  2x10'3 sec' ) i d e n t i c a l  t o  those used i n  some 
of the p rev ious ly  repor ted t es t s .  The r e s u l t s  o f  these t es t s  a re  summarized 
i n  Table 2 and {see below) served t o  es tab l i sh  t h a t  the f a t i g u e  charac- 
t e r i s t i c s  f o r  the mater ia ls  invo lved i n  the present program were comparable 
t o  those p rev ious ly  determined f o r  these same compositions a t  t he  same t e s t  
condi t ions.  It was impor tant  t o  es tab l i sh  t h i s  mater ia l  s i m i l a r i t y  s ince 
a l o t  o f  the  p rev ious ly  repor ted r e s u l t s  had t o  be used i n  i d e n t i f y i n g  t he  
p a r t i t i o n e d  strainranges i n  the cur ren t  program. 

A summary o f  the p rev ious ly  repor ted continuous c y c l i n g  f a t i g u e  r e s u l t s  
obtained a t  a  s t r a i n  r a t e  o f  2x10-3 sec-1 f o r  the  R-2 and R-24 a l l o y s  i s  
presented i n  terms o f  t o t a l  and i n e l a s t i c  s t ra inrange i n  Figures 3 through 
6.  Also shown i n  these p l o t s  a re  the two data po in t s  r e f e r r e d  t o  above. 
These comparisons are seen t o  i d e n t i f y  mate r ia l  behavior t h a t  i s  very s i n i l a r  
t o  t h a t  p rev ious ly  reported. I n  making these comparisons i t  was a lso  noted, 
based on a study o f  hysteres is  loops, t h a t  a  s i g n i f i c a n t  creep component 
was always present i n  the i n e l a s t i c  s t ra inrange o f  a1 1 the  continuous c y c l i n g  
tes ts .  

R-2 ALLOY 

I n  planning the f i r s t  few t e s t s  t o  evaluate p a r t i t i o n e d  strainranges, 
the CC type o f  cyc le  (References 1 and 2 )  was employed. As shown i n  Figure 7 ,  
t h i s  invo lves the r a p i d  app l i ca t i on  ( i n  load c o n t r o l )  o f  a  t e n s i l e  s t r sss  
along AB and a ho ld  a t  t h i s  s t ress  l eve l  u n t i l  a  preset  amount o f  i n e l a s t i c  
s t r a i n  i s  accumulated along BC. When the  des i red i n e l a s t i c  s t r a i n  l i m i t  i s  
reached, the d i r e c t i o n  o f  the  s t ress  i s  r a p i d l y  reversed along CD and a con- 
s tan t  compressive s t ress  l e v e l  i s  maintained u n t i  i a preset  i n e l a s t i c  s t r a i n  
l i m i t  i s  reached along DA. A t  p o i n t  A, the  t e n s i l e  s t ress  i s  r a p i d l y  reappl ied 
along AB t o  repeat the cycle.  

One o f  the experimental d i f f i c u l t i e s  associated w i t h  the use of the  CC 
type o f  cyc le  w i t h  the R-2 mater ia l  invo lved t he  extensive amount of c y c l i c  
softening t h a t  was exh ib i t ed  (see NASA CR-134908). I n  the f irit cycle,  f o r  
example, a  t e n s i l e  s t ress  l e v  was imposed t o  prov ide a r e a s ~ n a b l e  t ime 
per iod f o r  the accumulation o ,  the preset ine!ast ic  s t r a i n  l i m i t .  However, 
the  very extensive s t r a i n  so f ten ing  t h a t  occurred dur ing t h i s  p o r t i o n  o f  the  
cycle,  along w i t h  the Bauschinger e f f e c t ,  caused the mater ia l  t o  s t r a i n  very 
r a p i d l y  as the load was being reversed. As a mat ter  o f  f ac t ,  the s t r a i n  
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Nf, cycles t o  f a i l u r e  

Figure 6 - Low-cycle f a t i g u e  l i f e  as a  funct ion o f  i n e l a s t i c  
s t r a i n  range f o r  R-24 a l l o y  t 5 3 8 O ~  i n  argon 
and a  s t r a l n  r a t e  o f  2 x 10.8 sec-1 
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Figure 7 - Idealized CC Type Cycle (Ref. 1 ) 



rates involved were so high tha t  the extensometer readout always lagged the 
instantaneous s t r a i n  value and, as a resul t ,  the compressive s t r a i n  l i m i t  
would be exceeded even before the desii.ed stress level  was attained. Because 
o f  t h i s  problem, i t was decided t o  begin the t e s t  i n  s t r a i n  control and 
subject the material t o  something less than 100 completely reversed s t r a i n  
cycles (always less than 10% o f  the fat igue l i f e  corresponding t o  the 
strainrange employed). A strainrange was imposed tha t  was close t o  tha t  
corresponding t o  the actual i ne las t i c  strainrange t o  be employed i n  the CC 
type cycle and the number o f  s t r a i n  cycles applied was su f f i c i en t  t o  en- 
compass the i n i t i a l  period during which extensive cyc l i c  s t r a i n  softening 
was exhibited. This approach proved t o  be very e f fec t i ve  i n  tha t  the subse- 
quent material response was f a i r l y  stable and the CC type cycl ing i n  load 
control between f i xed  s t r a i n  l i m i t s  could be i n i t i a t e d  qu i te  eas i ly  and 
complete control o f  the i n i t i a l  loadings was achieved. 

A sumnary o f  the resu l ts  obtained i n  the CC type o f  tes t ing i s  presented 
i n  Table 3. These data are shown graphical ly i n  Figure 8 i n  a comparison 
w i th  the continuous cycl ing data reported previously f o r  t h i s  a l loy .  It i s  
seen tha t  i n  terms o f  i ne las t i c  strainrange the CC type o f  cycl ing gave 
essent ia l ly  the same behhvior as tha t  observed i n  stra in-control led fat igue 
tests. This supports the contention expressed above tha t  the ine las t i c  
strainrange data established i n  a previous program contain a substantial 
creep component. It i s  not possible, therefore, t o  employ the continuous 
cycl ing data i n  Figure 4 as PP type information. I n  view o f  t h i s  fact ,  
i t  i s  not possible t o  pa r t i t i on  the loops obtained i n  the tests o f  Table 3 
t o  y i e l d  the CC strainrange. 

I n  order t o  establ ish a PP strainrange versus l i f e  re lat ionship f o r  the 
R-2 material a study was made o f  a l l  previously reported s t r a i n  r a te  data 
f o r  t h i s  a l loy.  A summary o f  these data i s  presented i n  Figure 9 and some 
s l i g h t  tendency toward a saturat ion fat igue l i f e  i n  both the low and high 
s t r a i n  ra te  regimes i s  suggested i n  accordance w i th  previously reported 
observations (See Ref. 2 and 3). Some thought was given t o  the performance 
o f  some addit ional tests a t  these strainranges t o  provide a more accurate 
determination o f  these saturat ion l im i t s ,  but i t  was decided tha t  t h i s  was 
not  pract ical .  The response characterist ics o f  the exte somet r used i n  9 -7 these tests are such tha t  the highest s t r a i n  ra te  (5x10' sec ), used i n  
the generation o f  the data i n  Figure 9, i s  considered t o  be the upper l i m i t  
f o r  these types o f  st ra in-control led evaluations. Another problem was envi- 
sioned i n  t h i s  consideration t o  extend the range o f  data f o r  t h i s  a l loy .  I n  
the lower s t r a i n  ra te  regime the long t es t  durations involved lead t o  severe 
bar re l l i ng  o f  the specimen. These l imi ta t ions led t o  the conclusion that  a 
reasonable estimate o f  the two saturat ion l i m i t s  could best be obtained by 
using some judgement i n  extending the curve tha t  was defined by the ex is t ing 
data points. Such an extension i s  shown i n  Figure 9. Then, i n  accordance 
wi th  the strainrange par t i t i on ing  concept (1,2)*the saturat ion values f o r  
fat igue l i f e  i n  the low and high s t r a i n  ra te  regimes were considered t o  be 
N and N respectively. Corresponding values of and bcee were not 
d f rec t l y  ggtainable since, f o r  a given strainrange, the inelas IC s t ra in-  
range changed s l i g h t l y  i n  going from the low t o  the high s t r a i n  r a te  regime. 

"Numbers i n  parentheses apply t o  references i n  Section VE . 
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Figure 8 - Comparison of strain-controlled with CC-type 
results for R-2 alloy tested i n  argon a t  538OC 
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Rather then estimate these values o r  ~ i c k  some average value, i t  was decided 
t o  select the value o f  the t o t a l  strainrange f o r  the values o f  hccc and 
i n  preparing the strainrange par t i t i on ing  plots. These resu l ts  were then 
used t o  pos i t ion the PP and CC l i nes  f o r  the R-2 a l loy  as shown i n  Figure 10. 

Slow-fast and fast-slow s t r a i n  cycling, i n  accordance w i th  the s t r a i n  
pro f i les  shown i n  Figure 11, was employed t o  establ ish the CP and PC par t i -  
t ioned strainrange versus 1 i f e  relat ionships Dur ng the slow s t ra in ing 1 port ion o f  the cycle a s t  a i  n ra te  o f  4x10'4 sec' was employed while a 
s t r a i n  ra te  of 1 ~ 1 0 ' ~  was used during f a s t  straining. A summary o f  
the resul ts obtained i n  these tests i s  presented i n  Table 4 t o  indicate tha t  
the slow-fast cycl ing i s  much more detrimental than the fast-slow cycling. 
I n  addition, i t  can be noted that  a mean compressive stress develops during 
slow-fast cycl ing while a mean tens i le  stress i s  seen t o  ex i s t  i n  the fast-  
slow cycle. 

I n  order t o  p a r t i t i o n  the strainranges involved i n  the slow-fast and 
fast-slow cycling, the creep and p l as t i c  s t r a i n  components i n  each ha l f  cycle 
had t o  be determined. This was accomplished using Figure 9. For a given 
strainrange, the saturat ion values f o r  Nf were noted and used f o r  Npp and 
Ncc i n  the Interact ion Damage Rule (2): 

NPP Ncc f 

Then for each s t ra in  ra te  involved (4x10-4 sec-1 and 1x10'~ sec'l) the 
Nf value was obtained from Figure 9 and used t o  solve equation (2) f o r  the 
corresponding Fp and FCC fract ions f o r  the continuous cycl ing tests. These e fractions, f o r  t e indiv idual  s t ra in  rates, were then assumed t o  apply w i th in  
the appropriate half-cycle of the slow-fast and fas -slow tests. For example, 
a t  a strainrange o f  2.6% and a s t ra in  ra te  o f  l ~ l O - ~  sec-1 the Nf value from 
Figure 9 f o r  continuous cycl ing i s  1600. This, together wi th  Npp=6000 and 
N -250,y ie ldsF 88adFcc=0.12.  S i m i l a r v a l u e s f o r F p p a n d F c c a t a  
s$&in ra te  o f  4x ~ ~ ' y ' s e c - P  are 0.61 and 0.33. Applying these resul ts t o  
the t es t  o f  R-2-109 from Table 4, and dealing i n  terms o f  t o t a l  strainrange, 
since t h i s  was the basis f o r  Figures 9 and 10, gives: 





Fast-Slow 

Figure 1 1  - Strain profiles for slow- ast and f a  t slo 
cycling using 4 x 1 3 - ~  s e C f  and 1x1 0-' 



Table 4 - Low-Cycle Fatigue Test Results Obtained i n  Argon a t  538 '~  
Using Fast-Slob and Slow-Fast Cycl ing 

R-2 Series 
AMZIRC Copper, 
'5 Hard 

Axi a1 S t r a i n  Control 
A- ra t io  o f  i n f i n i t y  
E = 8.07 x 10 M N / ~ ~  

Spec. 

No. 

- 
R-2-111 

R-2-112 

R-2-109 

R-2-110 

* 

(1 )- t ime f o r  tension/compression going p o r t i o n  o f  cyc le  (2)- ( tens i  1 e st ress 'compressive s t ress)  
(3 ) -a t  650 cycles (4 ) - tes t  terminated; no f a i  1 ure 

Poiasonts 

Ratio 

0.333 

0.333 

0.333 

0.333 

Total 
Strain 
Range, 

P 

1 x 1 

2.6 

1.4 

4 x 1 

2.6 

1.4 

Time ( '1  
fo r  t / c  
h a l f o f  

cycle, 
sec. 

sec-1 

2.6/65 

1.4/35 

1-4 sec-1 

55/2.6 

35/1.4 

stress 
3ange 

a t  
Start,  
MN/m2 

Bf 9 

Cycles t o  
Failure 

(2) 

m /m2 
A"nel. 

% Remarks 

compression 

1 3 1 4 ( ~ )  
) 

3239 

conpression 

387 
) 

1006 

i n  

l 1 8 ( ~ )  
(63.2/54.E 

113 
(61.1151.5) 

i n  

133.4 
(56.9/76.E 

126.4 
56.9/69.9) 

at N f / 2  

% 
Softened; severe 
ba r re l  1 i ng caused 
i n s t a b i l i t y  a t  exten- 
someter contact po i  n. 
Softened; severe 
ba r re l  1 i ng 

Softened 

Softened 

~ - - - - - - - 

10-4 sec-1 

0 . 1 5 ( ~ :  

0.14 

lo-*  sec-1 

0.17 

0.16 
( 

i n  tensiqn and 4 I 

A 

369 

379 

i n  t e n s i ~ n  

~ . 4 5 ( ~ ]  

1.26 

and 1 

367 

374 

2.43 

1.24 



24. 

Slow cycl ing port ion o f  cycle: 

Fast cycl ing port ion o f  cycle: 

Then f o r  the overal l  port ion o f  the cycle: 

These data enable Fpp, FCC and Fcp t o  be calculated and using Nf-387 f o r  
t h i s  test, the Interact ion Damage Rule can be solved f o r  Ncp; thus: 

N~~ Ncc Ncp 387 

Simi1. , a lculat ions led  t o  the determination o f  the Wcp and Npc versus 
p a r t i  . ; ?d strainrange values as shown p lo t ted  i n  F i  ure 10. 

.duse o f  the dimensional s t a b i l i t y  (barrel 1 ing  7 problem encollntered 
w i th  tne R-2 material, i t  was decided t o  l i m i ,  the number o f  tests performed 
t o  define the part i t ioned strainrange versus l i f e  relat ionships over a 
broad range. For t h i s  reason, the l i f e  relat ionships shown i n  Figure 10 
are probably not as precisely defined as they might be. H~wever, they are 
considered reasonable and are capable t o  providing meaningful information. 
For exam?le, these part i t ioned strainranges were urcd t o  estimate the Nf 
values f o r  the hold-time tests ot' the R-2 material reported i n  NASA CR-121260. 
For hold periods i n  compression, the estimated Nf values were i n  good agree- 
ment wi th  the measured values. However, f o r  hold periods i n  tension the 
estimated resu l is  were approximately twice the measured values. 

An in terest ing comparison o f  a l l  the R-2 data generated t o  date i s  
presented i n  Figure 12. The load control tests between s t r a i n  1 imits, the 
fast-slow s t r a i n  cycl ing and the compression hold-time resu l ts  a1 1 y i e l d  





values that are close t o  the continuous cycling results. However, the 
detrimental effect of hold periods i n  tension i s  def ini te ly noticeable, as 
i s  the eben mre detrimental e f fect  o f  the slow-fast s t ra in  cyc l i  
connection wi th  the slaw-fast tests i t  i s  t o  be noted (see Table 4 "7. that In 
the tension-going times are 35 and 65 seconds f o r  the 1.4% and 2.61 strain- 
ranges respectively. I n  other words, laore damage i s  encountered i n  the 
slow-fast tests even though the tension-going times are much less than the 
hold-period durations i n  the tension hold-time tests. A h i  t ted ly  , the 
difference i n  fatigue l i f e  i s  not large and some of i t  i s  probably due t o  
a hold-time saturation effect i n  the hold-time evaluations. An interesting 
point here relates t o  whether o r  not a simi lar saturation effect exists as 
the tension-going st ra in  rate i s  decreased i n  the slaw-fast s t ra in  cycling 
tests . 

An evaluation of t h i s  a1 loy was i n i t i a ted  by performing a study o f  
s t ra in  rate effects. Strain rates o f  4 x 1 ~ 5  sec-1 , 4 x 1 ~ 4  sec-1 and 1x10-2 
sec-1 were employed t o  y i e l d  the results summarized i n  Table 5. These data 
are presented graphically i n  t e r m  o f  t o ta l  strainrange and ice las t ic  
strainrange i n  Figures 13 and 14 t o  indicate a very i n  erest'ng effect. As 
the strainrange i s  increased a t  a s t ra in  rate o f  1 ~ 1 0 ' ~  sec-I the fatigue 
1 i f e  radw l y  canes closer and closer t o  that obsewed a t  s s t ra in  rate of 1 1  4x10- sec' . A t  a strainrange near 3.0% the fatigue l i f e  a t  a s t ra in  rate 
o f  1x10'~ sec-l i s  essential ly identical tc that observed a t  t h i s  same strain- 
range a t  the lower s t ra in  rate. This behavior pattern suggests that more and 
more o f  a creep ef fect  i s  introduced a t  the higher s t ra in  rate as the strain- 
range i s  increased. This e f fec t  i s  supported by the fact  that the stress 
range i s  increasing noticeably as the higher strainranges are imposed. For 
example, a t  the 3.0% strainrange the stress range (at  ha l f - l i f e )  i s  325 ~ 1 1 2  
compared t o  241 NN/d a t  th is  same strainrange a t  the loner s t ra in  rate. So 
that even thouqh the cycle time i s  much shorter a t  a s t ra in  rate of 1 x l 0 - ~  
sec-l , the stress level attained i s  high enough t o  introduce substantial 
creep damge. 

A s imi lar evaluation o f  s t ra in  rate effects was reported i n  NASA CR-134627 
fo r  the R-24 al loy and these results are reproduced i n  Figure 15 f o r  com- 
parison. It i s  t o  be noted that t h i s  behavior pattern i s  somewhat different 
from that discussed above since the duplicate tests i n  Figure 15 appeared to 
warrant def in i te  separations o f  the three st ra in  rate curves and hence no 
tendency toward a saturation ef fect  i n  the higher strainrange regime was 
identif ied. This difference i s  emphasized here fo r  i t  indicates some lack of 
s imi lar i ty  i n  the s t ra in  rate response f o r  the R-24 material tested i n  the 
two evaluations. Actually, though, i t  might be that i n  Figure 15 too much 
emphasis was given t o  the reproducible results observed i n  the duplicate 
tests. For example, i f  these previous data are viewed along with the current 
results (see Figure 16) a single trend behavior can be established within a 
reasonable scatter o f  the data. There i s  good reason fo r  accepting the inter-  
;retation i n  Figure 16 i n  view o f  the fact  that the test  points a t  0.70% and 
3.0% a t  1 x 1 ~ ~  sec'l were obtained using specimens that remained from the pre- 
vious program. 
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The next port ion of t h i s  evaluation o f  the R-24 a l l oy  was devoted t o  
the ident i f ica t ion of part i t ioned strainrange versus l i f e  relat ionships f o r  
t h i s  material a t  538O~. I n i t i a l l y ,  an evaluation was made o f  the continuous 
cycl ing resul ts i n  order t o  i den t i f y  the Npp and Ncc values along w i th  the 
corresponding strainrange componen s I was concluded tha t  the t e s t  resu l ts  
obtained a t  a s t r a i n  ra te  of 2x10-8 ;ec-i contained a substantial  creep com- 
ponent so tha t  these data could not be used i n  the i den t i f i ca t i on  o f  Npp. 
Tests a t  higher s t r a i n  rates were performed but, as pointed out  above, some 
creep component was f e l t  t o  be involved i n  most o f  these tests. Since the 
response characterist ics o f  the extensometer were such tha t  tes t ing a t  higher 
frequencies was not  possible, an i rldi rec t  determination o f  N was adopted. 
Using data from the previous program (see NASA CR-134627) agPwell as the t es t  
resu l ts  from the current program a  lot was made o f  the cycles t o  fa i lu re ,  
a t  a given strainrange, versus s t r a i n  ra te  and i s  shown i n  Figure 17. At 
each strainrange an evaluation o f  the data trend was made t o  ident i fy  the 
saturat ion fat igue l i f e  i n  the high s t r a i n  ra te  regimes. A value was selected 
as the maximum fat igue l i f e  f o r  a given strainrange as a value o f  Nf tha t  
would not be increased by any fur ther  increases i n  s t r a i n  rate. This value 
was adopted as Npp and was associated w i th  the t o t a l  strainrange involved 
(see descript ion of R-2 a l loy)  which was taken t o  be Aa . A s im i la r  con- 
s t ruc t ion i n  the lower s t r a i n  ra te  r e g i ~ r  led  t o  Ncc aniP~Ecc values. A p l o t  
o f  these resul ts i s  presented i n  Figure 17 f o r  these strainrange components 
and, admittedly, invo lv  s some judgement i n  iden t i f y ing  the saturat ion l i m i  t s  
(a s t r a i n  ra te  o f  l ~ l O - ~  sec-1 was chosen t o  define the extrapolat ion l i m i t  
t o  obtain the Ncc values). However, some ve r i f i ca t i on  was obtained by referr ing 
these estimates and the subsequent CP and PC l i nes  t o  an estimation of the 
previously reported (NASA CR-134627) hol d-time resu l ts  . Since the agreement 
between measured and predicted fat igue l i f e  was found t o  be excel lent (see 
below), the approach out l ined i n  Figure 17 appears t o  have y ie lded meaningful 
resul t s  . 

I n  order t o  i den t i f y  the Ncp data, tests were performed tha t  
involved slow-fast and tast-slow c$i :!'of the type described above for  
R-2 a te r i  a1 . Data obtained using s t r a i n  rates o f  4x10'4 set" and 1 x10' Ihe 
seceT i n  the same cycle (see Figure 11 ) are sumari  zed i n  Table 6 and were 
used t o  establ ish the Nc 

and Nic-AEpc 
relationships using the approach 

described previously. ~ & s e  r e l a t i o  s are shown i n  Figure 18 t o  describe the 
various strainrange versus 1 i f e  relat ionships a t  5380C f o r  t h i s  material. 

I n  ome a d i t i ona l  slow-fast tes t ing o f  the R-24 al loy,  the s t r a i n  ra te  
o f  1 x10-$ sec-' was maintained f o r  the f a s t  port ion o f  the cycle while rates 
o f  4x10-5 sec-1 and 7x10'6 sec-1 were employed i n  the tension-going slow 
stra in ing port ion o f  the cycle. These evaluations led t o  the resu l ts  sumarized 
i n  Table 6 and presented graphical ly i n  Figures 19 and 20. These in terest ing 
comparisons high1 i gh t  several important considerations. One i s  the fac t  tha t  
slow-fast cycl ing o f  t h i s  material a t  the conditions employed i s  much more 
detrimental than fast-slow cycl ing. Another i s  the f ac t  that  the fast-slow 
exposure leads t o  a fat igue l i f e  tha t  i s  not s ign i f i can t l y  d i f f e  ent f om S F tha t  observed i n  the continuous cycl ing tests a t  the fast  (1x10' sec' ) 
s t r a i n  rate. I n  other words, the i r~ t roduct ion o f  a s t r a i n  r a te  o f  4x10-4 sec'l 





( 1  )- t ime fo r  tension/compression going p o r t i o n  o f  cyc le  (2)- ( tens i  l e  stress/compressive s t ress)  

r 

Table 6 - Low-Cycle Fatigue Test Results Obtained i n  Argon 
a t  538'~ Using Fast-Slow and Slow-Fast Cycl ing 

- 
R-24 Series Ax ia l  S t r a i n  Control  
NARloy Z A l l o y  A - r a t i o  o f  i n f i n i t y  
(cent.  cast, ho t - ro l l ed ,  
s o l u t i o n  annealed and aged) E = 98.6 x l o 3  M N / ~ *  - 

Spec. 

No. 

R-21-108 

R-24-110 

R-24- 107 

R- 24- 109 

R-24-111 

R-24-113 

Remarks 

S1 i g h t  hardening 

S l i g h t  hardening 

S1 i g h t  hardening 

S l i g h t  hardening 

S l i g h t  hardening 

S l  i g h t  so f ten ing  

Stress  
Ran~l,e 

a t  
S t a r t ,  
MN/m2 

--..-- i n  tens i (  

262 

2 72 

i n  tt nsi!,n - --- 
2 59 

283 

303 

258 

Poisson~s 

Ratio 

0.35 

0.35 

0.35 

0.35 

0.35 

0.35 

Nf 
C y c l e s t o  
Failure 

conpression - - 

209 1 

451 

cor~pression 

238 

66 

35 

11 56 
1 

AEi ne? . 
% 

n - and 4 r 

0.72 

1.71 

and 1 1:  

0.73 

1.70 

2.68 

0.27 

Total 
Strain 
Range, 

k 

1 x 1 

1.0 

2.0 

4 x - 
1 .O 

2.0 

3.0 

0.5 

~ i m ( ' )  
fo r  t / c  
h a l f o f  

cycle, 
set. 

1-2 -- sec-l  

1/25 

2/ 50 

l y4  sec" 

25/1 

50/ 2 

75/3 

12.5/0.5 

# 

a t  Nf/2 

*ce 

% 

l o m 4  - - sec--l 

0.28 

0.29 

-- 

0.27 

0.30 

0.32 

0.23 

(2)" 
A" 

MN /m2 

i n  -- 

276 
(148/128: 

283 
(166/117: 

%:!-in 

2 62 
(121/141~ 

296 
(133/163, 

31 2 
(1 391 173 

223 
(105/118 
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i n t o  the compression going port ion of the cycle l ed  t o  a small but not sig- 
n i f i can t  reduction i n  the fat igue l i f e .  The t h i r d  observation made i n  
connection wi th  Figures 19 and 20 relates t o  the continual reduction i n  
fatigue l i f e  as the tension-going s t r a i n  ra te  i s  decreased. Based on a 
s t r a i  range o f  0.50%, the introduction o f  a tensicn-going s t r a i n  ra te  o f  e 7x10' sec-1 leads t o  a fat igue l i f e  reduction o f  rno tha two orders o f  
magnitude based on the m e  o f  a s t r a i n  ra te  o f  lxlO-Tsec'P throughout the 
cycle. 

A fur ther  assessment of the data presented i n  Figures 19 and 20 involved 
the appl icat ion o f  the strainrange par t i t i on ing  l i nes  o f  Figure 18 t o  a 
predict ion o f  the slow-fast and fast-slow results. A sumnary o f  t h i s  study 
i s  presented i n  Table 7 t o  indicate a very inpressive agreement. These re- 
su l t s  along w i th  a simi;ar comparison (see Table 8) based on p r ~ v i o u s l y  
reported ( M A  CR-134627) hold-time resul ts establ ish the v a l i d i t y  of the 
strainrange par t i t i on ing  l i nes  o f  Figure 18 and the approach used i n  tho 
posit ioning of these lines. 

I n  a d i f fe ren t  type cif analysis o f  the s lw - fas t  and fast-slow tes t  
results, the correlat ion shown i n  Figure 21 was derived. This logarittunic 
p l o t  reveals a f a i r l y  well-defined l i n e a r i t y  between c t  (measured a t  Nf/2) 
and the t o t a l  tension-going time encountered throughout the test.  It IS 
pa r t i cu la r l y  impressive that  the fast-slow resul ts also f a l l  a l m g  the l i n e  
established by the slow-fast results. This l i n e a r i t y  i s  represented by the 
following: 

where m i s  about 0.16. 
The l i n e  established i n  Figure 21 has been positioned i n  Figure 22 t o  

s i i w  anoiirer i , i t i . i s ~ t i ~ s  cs'_rl t .  continu us cy l i n g  fat igue data 
involving s t ra in  rates from 4 x l ~ ~ ~ : ~ c ~ ~ t o  1x10-9 sec-f also appear t o  
correlate well  w i th  the l i n e  e'tablished i n  the slow-fast and fast-slow 
analysis. I t  i s  also t o  be note4 that  the conpression-hold fat igue re%! t s  
(see NASA CR-134627) are also i n  excel lent agreement wi th t h i s  method of data 
presentation. However, when the tension-hold fat igue resul ts are considered, 
some decision must be made as t o  t h e  appropriate value t o  use for c t .  If 
the tens i le  stress a t  the beginning o f  the hold period i s  employed the cq i r t s  
w i l l  fa1 1 much above the l i n e  i n  Figure 22 while the reverse i r  t rue t f :he 
tens i le  stress a t  the end o f  the hold period i s  employed. I f  an average ~t 
i s  used the resul ts shown i r i  Figure 22 are obtained t o  indicate f a i r l y  $.?od 
agreement . 

It seems reasonable t o  conclude, therefore, that  the fat igue characier- 
i s t i c s  o f  the R-24 a l loy  a t  538O~ are a1 1 sumnarized i n  the 1 inear re la t ion  
i n  Figure 21. And once a given exposure i; considered arid the value of a t  
i s  established f o r  t h i s  exposure, a f a i r l y  r e l i ab le  value f o r  the fatigue 
l i f e  can be obtained f rom Figure 21. 



Table 7 - A Comparison of  Measured and Predicted Fatigue L i fe  
Values for  Slaw-Fast and Fast-Slow Tests of R-24 Alloy 
a t  538'~ 

N f 
Predicted by 

kt Strainrange 
Type of Test - X Partitioning Measured 

'k 

*sot a measured value; estimated from l ine  i n  Figure 19. 



Table 8 - A Comparison of  Measured and Predicted 
Fatigue L i fe  Values for the Hold- 
Time Tests of the R-24 Alloy a t  5380C 

lb ld  
Period, 
seconds 

f 
Predicted by 
Strainrange 
Partitioning 



Figure 21 - Tensi le  stress component 
versus t o t a l  tension going 
time f o r  R-24 a i l o y  tested 
i n  argon a t  538 C 
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Another impressive resu l t  involves the comparison o f  the dataoin 
Figure 22 w i th  the stress-rupture resul ts f o r  R-24 material a t  538 C 
(AFRPL-TR-73-10, Volume 1 ). A dashed l i n e  has been positioned i n  Figure 
22 t o  indicate essent ia l ly  the same stress dependency f o r  the two types 
o f  data. Since the a t  value f o r  the fatigue data does nit ex i s t  for  the 
en t i re  cycle the use o f  some average stress value f o r  the cycle could 
br ing these data i n t o  closer coincidence w i  t h  the stress-rupture data. 
Some addit ional study o f  the type o f  correlat ion shown i n  Figure 21 
appears t o  be warranted. 

PART I1  - DETERMINATION OF HIGH-CYCLE FATIGUE BEHAVIOR OF R-9 ALLOY 

Seven s t r a i n  control l ed  fat igue tests o f  the R-9 a1 loy were performed 
a t  538% ( 1 0 0 0 ~ ~ )  i n  high-purity argon using a t es t  frequency o f  0.5 Hz 
(30 cpm). Total axia l  s t r a i n  ranges between 0.30% and 0.80% were employed 
t o  extend the fatigue curve, established i n  previous tests (see NASA 
CR-121259), i n t o  the high-cycle regime. The resu l ts  obtained i n  these tests 
are sumnarized i n  Table 9 and are presented graphical ly i n  Figure 23 i n  
comparison wi th the previously reported data f o r  t h i s  a1 loy. It i s  noted 
tha t  a f a i r l y  smooth extension o f  the previously reported fat igue curve 
i s  obtained t o  define the fat igue characterist ics over the range from about 
300 t o  400,000 cycl es . There i s  , however, some tendency o r  the fat igue f curve t o  bend downward i n  the cycl i z l i f e  range beyond 10 cycles t o  suggest 
a gradual trend toward a reduced fat igue resistance compared t o  tha t  expected 
by thg usual extension o f  the curve defined by the t es t  data i n  the regime 
 ti^ 10 cycles. This change i n  the curvature i s  an interest ing resu l t  and 
i s  associated i t h  a notable s h i f t  i n  stress-strain characterist ics. I n  the !! region near 10 cycles a noticeable compressive stress bias develops and 
becomes more pronounced as the s t r a i n  range decreases. A t  a s t r a i n  range 
o f  0.30%, f o r  example, the h a l f - l i f e  compressive stress i s  almosk twice 
the tens i le  stress. Also, o f  interest ,  i s  the f ac t  tha t  near 10 cycles a 
de f in i te  change of  slope i s  indicated i n  the e las t i c  s t r a i n  range p l o t  (see 
Figure 24). A corresponding change i n  the p l as t i c  s t r a i n  range behavior i s  
also observable. While there i s  no clear explanation f o r  t h i s  behavior 
pattern displayed by the R-9 material i t  i s  possibly re lated t o  some time- 
dependent metal lurgical change taking place a t  the long exposure times or  
t o  some loca l iza t ion o f  p l as t i c  s t r a i n  developing i n  the low s t r a i n  range 
regime. 
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PART I 1 1  - TENSILE AND LOW-CYCLE FATIGUE EVALUATION OF R-27 AND R-28 ALLOYS 

Short-term t e n s i l e  t es t s  o f  these two a l l oys  were performed i n  dupl icate 
a t  room temperature and a t  538O~ using a s t r a i n  r a t e  o f  2x10'3 sec-1. The 
tes ts  a t  room temperature were performed i n  a i r  wh i le  those a t  5380C were 
performed i n  high-puri t y  argon. A summary o f  the data generated i n  these 
tes ts  i s  presented i n  Tables 10 and 11. 

At  room temperature the 9-27 composition i s  se n t o  e x h i b i t  a much lower 

B 5 5 y i e l d  s:r ngth (about 60 MN/m ompared t o  110 MN/m ) and a s l i g h t l y  lower 
(190 MN/m compared t o  230 MN/m ) u l t imate  st rength than the R-10 a l l o y  
reported i n  NASA CR-121259. A t  538O~ the R-27 a l l o y  exh ib i ted  abodt the same 
u l t imate  strength as the R-10 a t e r i a l  although the y i e l d  s t rength o f  R-27 1 was s t i l l  lower (about 22 MN/m compared t o  35 MN;~Z) than t h a t  o f  the R-10 
a l loy .  Some s l i g h t  o v a l i t y  was noted i n  the f rac tu re  surfaces f o r  a l l  the 
R-27 t e n s i l e  tests. 

I n  the case of the R-28 a l l o y  the y i e l d  and u l t imate  s t r  ngths a t  room I temperature were j u s t  s l i g h t l y  higher (about 300 and 400 MN/m compared t o  
280 and 290 M N / ~ ~ )  than those o f  the R-8 mater ia l  (pure s i l v e r )  reported i n  
NASA CR-121259. However, a t  538OC a pronounced d i f fe rence i n  s t rength was 
exhibi ted. For the R-28 mat r i a l  the y i e l d  and u l t imate  strengths were 

Z 5 about 1 5 M N / ~ ~  and 145 MN/m respect ive ly  and these compare t o  16 M N I ~ ~  and 
35 MNIm f o r  the R-8 mater ia l .  An impressive increase i n  s t rength i s  seen 
t o  r e s u l t  from the add i t ion  o f  the 0.5% zirconium i n  the R-28 a l l oy .  

Tensi le data generated by NASA-Lewis a t  room temperature and a t  
l i q u i d  n i t rogen temperature are included i n  Table 11 f o r  comparison. 

Low-cycle fa t igue tes ts  o f  t h  R-27 a l l o y  were performed i n  argon a t  
538'~ using a s t r a i n  r a t e  O F  Z X I O - ~  sec-1 and s t r a i n  ranges selected t o  
def ine the fa t i gue  l i f e  over the range from 300 t o  3000 cycles. A sumnary 
o f  the resu l t s  o f  these tes ts  i s  presented i n  Table 12. I n  addi t ion,  a 
graphical presentat ion o f  the fa t igue l i f e  i n  terms o: Nf and N5 (see Dart V I I )  
i s  snown i n  Figure 25. These resu l t s  are a lso compared i n  Figure 25 w i t h  
the N5 data f o r  the R-10 a l l o y  reported previously.  S l i g h t l y  longer fa t i gue  
l i f e  i s  seen t o  be exh ib i ted  f o r  the R-27 a1 loy. 

I t  was noted i n  the R-27 tes ts  tha t  cracks developed very ear ly  i n  the 
tes t .  For t h i s  reasoii the usual h a l f - l i f e  in format ion i n  Table 12 has been 
1,eplaced w i t h  data a t  10% o f  the fa t igue l i f e .  

Low-cycle fa t igue tes ts  of t h  R-28 a l l o y  were performed i n  argon a t  
53a°C using a s t r a i n  r a t e  o f  2 ~ 1 0 - ~  sec-1 and s t r a i n  ranges selected t o  define 
the fa t igue l i f e  over the range from 300 t o  3000 cycles. A summary of the 
resu l t s  o f  these tes ts  i s  presented i n  Table 13. These resu l t s  are presented 
graphical ly  i n  Figure 26. Considerable data sca t te r  i s  exh ib i ted  when the 
resu l t s  are p l o t t e d  i n  terms o f  NF due t o  the la rge  va r ia t i on  exhib i ted i n  
the crack propagation period.   ow ever, a smoother curve i s  obtained by 
p l o t t i n g  the resu l t s  i n  terms of the l i f e  value, N*, defined i n  NASA CR-121259. 
The load versus time traces were studied and f a i l u r e  was chosen as tha t  po in t  
a t  which the length of the cusp i n  the ccmpression po r t i on  o f  the load t race  
was 10 percertt o f  the ?ength o f  the compressive load trace. 

The fat igue resu l t s  f o r  the R-28 a1 l oy  are j u s t  s l i g h t l y  lower than 
those obtained previously (NASA CR-121259) f o r  pure s i  l v e r  (R-8 Serie: ) . 







(1 ) Tensi le load was below 100 pounds dur ing the l a s t  3100 cycles of the  t e s t .  
( 2 )  Tensi le  load was below 100 pounds dur ing the  l a s t  2200 cycles of the tes t .  
(3 )  Tensi le l ~ a d  was below 100 pounds dur ing the l a s t  3700 cycles o f  the t e s t .  

Table 12 - Low-Cycle Fatigue Test Results Obtained i n  Argon a t  538'~ 
Using a S t r a i n  Rate o f  2 x 13-3 sec-1 

* - 
R-27 Axia l  S t r a i n  Control  
Experimental Coppr ;  A - r a t i o  o f  i n f i n i t y  

e l  ect roformed E=6.895 x l o 4  ~ ~ / r n ~  

Remarks 

I n i t i a l  hardening; 
cracks developed 
in] specimens a f t e r  
a few loading 
cyc i es 

- 

ls ' 
cycles to 

Failure 

6107 

36 1 

1834 

608 

1904 

577 

5155 (2) 

61 92 (3)  

- 

Spec. 
No. 

R- 27- 1 

R-27-2 

R- 27- 3 

R-27-4 

R-27-5 

R-27-6 

R- 27- 7 

R- 27- 3 

AEi ne l  

% 

0.90 

3.74 

1.09 

2.68 

1.39 

1.88 

1.10 

1.91 

Freq. 

6 

1.5 

5 

2.14 

4 

3 

5 

3 

Poisson's 
Ratio 

0.333 

0.333 

n- 333 

0.333 

0.333 

0.333 

0.333 

0.333 

Stress 
Range 

a t  
Start,  
MN/m2 

49.1 

87.0 

47.7 

67.4 

64.6 

64.6 

63.2 

64.6 

i 

a t  Nf/ 10 

Ace 

5 

0.10 

0.12 

0.11 

0.12 

0.11 

0.12 

0.10 

0.09 

Total 
Strain 
Range, 

% 

1 .O 

3.86 

1.2 

2.8 

1.5 

2.0 

1.2 

2.0 

MN /m2 

67.4 

80.0 

75.8 

83.0 

75.8 

85.0 

67.4 

63.2 









PART I V  - SHORT-TERM TENSILE AND LW-CYCLE FATIGUE BEHAVIOR OF R-30, R-31 
AND R-32 ALLOYS 

Three di f ferent  heat treatments of the R-28 a:loy (see Table 1)  were 
evaluated t o  a l im i ted  extent i n  short-term tensi le and law-cycle fat igue 
tests a t  538OC i n  argon. A sunrnary o f  the short-term tens i le  resu l ts  i s  
presented i n  Table 14 t o  indicate s l i g h t l y  reduced y i e l d  and ul t imate 
strengths f o r  the R-30 and R-31 al loys compared t o  R-28. I n  the case of 
R-32 a s ign i f i can t  reduction i n  strength was observed conpared t o  the R-28 
al loy. I n  terms o f  d u c t i l i t y  (reduction i n  area) R-32 was comparable t o  
R-28, R-31 exhibited about one-half the value f o r  R-28, while the R-31 a l loy  
exhibited a s ign i f i can t  reduction below the R-28 value. 

Tensile data generated by ;&%A-Lewis a t  room temperature and a t  l i q u i d  
n i t r o g ~ n  temperature are included i n  Tclrle 14 for comparison. 

A sumMry o f  the low-cycle fat igue res~ : t c  f o r  the R-30, R-31 and R-32 
al loys i s  ?resented i n  Table 15. These data are ccx~ared i n  Figure 27 t o  
indicate comparable behavior f o r  the R-28, R-30 and R-32 zlloys. I n  the 
case o f  the R-31 alloy, a noticeably lower fat igue l i f e  i s  exnibited 
compared t o  the other alloys. This appears t o  be consistent wi th  the much 
lower d u c t i l i t y  exhibited by the material (see Table 14). 
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PART V - PLOTS OF LOAD RANGE VERSUS CYCLES FOR LOU-CYCLE FATIGUE TESTS 

For each test,  the continuous load records were analyzed t o  y i e l d  p lo ts  
o f  load range as a function o f  the ninnber o f  cycles throughout the test .  I n  
general, the f i r s t  and second cycle information was read from the x-y 
traces (stress-strain hysteresis loops) and these points were plotted. 
Then t h i s  p l o t t i ng  was continued f o r  subsequent cycles using load range 
information as read from the str ip-chart  recordings. A su f f i c i en t  number 
o f  data points was selected throughout the fat igue l i f e  t o  define a f a i r l y  
smooth pattern f o r  the p l o t  o f  load range versus cycles. Such p lo ts  are 
presented i n  t h i s  section f o r  the following: 

Material No. of Tests 
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PART V I  - TYPICAL HYSTERESIS LOOPS FOR LOW-CYCLE FATIGUE TESTS 

A typical hysteresis loop for each test i s  presented i n  th is  section. 
It was the in tent  here t o  show the cyc l ic  stress-strain behavior near hal f-  
l i f e  but i n  many cases no hysteresis loops were recorded i n  the inmediate 
v i c in i t y  o f  Nf12. I n  these instances the hysteresis loop selected f o r  
reporting was the one closest t o  h a l f - l i f e  and usually i n  the region pr io r  
t o  Nf/2. The part icular cycle used i n  such plots i s  recorded i n  the f igure 
along with the temperature, s t ra in  range and cycles t o  fai lure.  The sequence 
o f  presentation i s  the same as that observed i n  Part V o f  t h i s  report. 
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PART V I I  - VALUES OF N5 AND Nf FOR LOW-CYCLE FATIGUE TESTS OF SECTION I V  
( a l l  tes ts  i n  argon a t  538'~) 

For each test ,  values o f  Ng, the cycles t o  a f i v e  percent load range 
drop, and Nf, cycles t o  complete specimen separation, are compared. Some 
in te rp re ta t i on  o f  N5 had t o  be made i n  those instances where c y c l i c  softening 
was exhibi ted. I n  these s i tua t ions  the p l o t  o f  load range versus cycles on 
semi-logari thmi c coordinates indicated a gradual decrease i n  the load range 
as cyc l ing  progressed and i t  was not possible t o  i d e n t i f y  a s t a b i l i z e d  load 
range f o r  ca lcu la t ing  a f i v e  percent reduction. The special i n te rp re ta t i on  
adopted f o r  these cases involved the  se lec t ion  o f  t h a t  po in t  on the load 
range p l o t  where a change i n  curvature f i r s t  began t o  appear as the load 
range began t o  decrease rap id l y  as f a i l u r e  approached. A f i v e  percent drop 
from t h i s  load range value wa; then used t o  establ ish the value f o r  Ng. I n  
a few cases no value o f  :.5 i eported due e i the r  t o  the f a c t  t h a t  the  speci- 
men f a i l e d  before a f i v e  per -,.!~t load range reduct ion was reached or,because 
o f  the o r ien ta t i on  o f  the crack w i th  respect t o  the extensometer t i ps ,  the 
load range ac tua l l y  increased s l i g h t l y  near the f a i  1 ure point .  



Values o f  N5 and Nf f o r  a l l  Ter ts  

(N5 i s  the number of cyc les t o  a f i v e  percent load  
range drop and Nf i s  t he  number o f  cyc les t o  
complete separat ion o f  t h e  specimen) 

Specimen 
Number 

Tota l  
S t r a i n  
Ranre, 

h 

S t r a i n  
Rate, 

AMZIRC Copper, $ Hard 

2x1 0-3 
2x10'3 

1 XI 0-214x10-4 
1 XI 0-214x10-4 
4x10-411x10-2 
4x1 0-411 XI 0-2 

NARloy Z 

2x1 0-3 
2x1 0-3 
1 XI 0-2 
1 XI 0-2 
1x10-2 
1x10-2 
4x1 0-4 
4x10-4 
4x1 0-4 
4x1 0-5 
4x10-5 

1 x1 oe2/4x1 0-4 
1 x10-~/4x10-4 
4x1 0-~/1x10-2 
4x1 0-411 x10-2 
4x1 0-411 XI 0-2 
4x10-4/1 x10-2 
4x1 0-51 1 XI 0-2 
4x10-511x10-2 
7x1 fY6/ 1 x? o ' ~  

Zr-Cr-Mg Copper 

30 cpm 
30 cpm 
30 cpm 
?3 cprn 
30 cpm 
30 cpm 
30 cpm 

N5 

cyc 1 es 

f 

cyc 1 es 



Values o f  N5 and Nf f o r  a l l  Tests - continued 

Total S t ra in  
St ra in  Rate, 

Sp~cimen Range, 
N5 

Number % sec'l cyc 1 es 

Experimental Copper A1 loy - 

Experimental Si l v e r  Alloy 

f 

cycles 



. , 

Lac-cycle fatigue tests of 4 M r d  i4HZIY Copper and W l o y  Z wen 
performed i n  argon a t  638% t o  generate tRe type o f  data required i n  the 
d@t@min&tion o f  partitform! stminmnge VCIMUS l i f e  mla t ionsk ip~.  It 
was found that  both of these m t e r i a l s  exhibited very high weep rates a t  
the, conditions imposed so that It was not ~ o s s i b l e  to employ s t ra in  rates 
high enough t o  completely eliminate the creep cofflponatllt i n  the type oQ s t ra ln  
cycling anplo@. For a i s  r e a m  an ind i rect  approach to the ident i f icat ion 
of the PP and CC~.e tmpmEg of 'inelastic s t ra in  was edogted. Fa.tigu9 11 fe 
data a t  varlous s t m f n  rates were a ~ l y z 6 4  and an evaluation o f  the saturatfon 
fatigue l i f e  i n  BotR the high and low s t ra in  rate regimes .led to  the desired 
PB and CC information. Thts evaluation enabled tb PP end CC l ines to be 
positioned and then special fatigue tests invdlvtng slow-fast and fast-s lw 
cycling were employed t o  y i e l d  CP and PC In fo rmt ion  to enable these par t i -  
tioned strainrange l ines t o  be defined. 

Dimensional i ns tab i l i t y  ( b a w l l i n g )  was observed i n  the tests o f  the 
R-2 a1 loy and f o r  th is  reason the part i t ioned strainrange versus l i f e  relation- 
shlpo f o r  th is  material should be viewed as tentative and sow s l i gh t  mposi- 
t ioning might be necessary as more data become available. These plots are, 
however, of immediate use i n  approximating fatigue results. For example, 
estimates o f  ho ld - t im behavior have been obtained that are i n  reasonable 
agreement with experi t a l  bserv tions. -T" 9 -f Slow-fast (4x10 / lx lOl  sec ) cycling o f  the R-24 lnaterfal a t  5380C 
was found t c  be much more detrimental than fast-slow cycling. It was also 
noted that continued reduction i n  the fatigue l i f e  was obta ned a the slow 
st ra in rate i n  the slow-fast c c l ing  was reduced from 4x10-4 sec-f t o  
4x10-5 sec-1 and then to 7x10- see-1. Partit ioned strainrange ver. a l i f e  
relationships fo r  the R-24 a1 loy were shown t o  give excellent estimates o f  
the slow-fast cycling fatigue l i f e .  

An interesting correlation was jdent i f ied f o r  the R-24 data obtain& 
i n  the slow-fast and fast-slow tests. A l inear  r e l a t f ~ n s h i p  was obtained 
i n  a logarithmic p l o t  o f  the tensi le st ress Component versus the total ' 

tension-going tima (#f AE/ft).  The 1 ine defined by the fast-slow and slow- 
f a s t  -data was also shown t o  provide an excellent representation o f  ~ o n f  tnuo~~s 
cycl -9 fatigue data fo r  s t ra in  rates fronl 1x10-2 see-1 to 4 x 1 0 ~ 5  see',. I* 
addi t, .n, the previously reported hold-time data were i n  accard wi,th th is  

. 

reTation when the average tensi le stress was used fo r  the hold p e ~ f o d .  
Stroin control led fatigue' data for  Tr-Cr-,Mg C0ppe.r a1 lay (R-9')'kere 

' obtained in argon a t  5380C using a frequency of 30 cpm and straSn rarlges 
fro111 0.80% to ,  0.30%: ' These wstrl ts provide a smooth extension o f  the ,fatigue 
c,urve reported previously fo r  th is  msterfal i n  the st ra in range regime ,frm 
0.9 !, to 3.0%. This study has extended the fatigue curve fo r  t h i s  material 
t o  about 400,003 cycles., 

An experimental copper al loy (electroforned copperj, R-27, and an experi- 
.mental sslver alloy (pure s i l ver  containing 0.5% zit-conlum#, R r 2 8 9  were 
evaluate< I n  short-term tensi 1 e and low-cycle fatigue test$. Thdse studies 
,,+hawed that a t  638% .the y ie ld  and ultimate strengths of the R-21 a1 lay were 
CqnparabJe t o  those o f  a prevlous ly reported electroformed copper (R-10) but 
ye d u c t f  1 ( t y  o f  the R-27 37 loy was much h'lgher than that o f  t h e  R-YO composf - 
kl,i$n., Fatigue values f o r  the two allo$s (R-27 and R-10) uere --arabl,e 

; , ,;:- ;-. . ! f.. . - 
&,!:p , , L  

+ : ., 



with s l igh t ly  higher fatigue resistance being exhibited by the R-27 material. 
For the R-28 al loy the high temperature y ie ld  and ultimate strengths were 
signi f icant ly higher than those reported previously fo r  pure s i l ve r  (R-8 
alloy). The d u c t i l i t y  o f  the R-28 conposition a t  538% was about one-half 
o f  that exhibited by pure s i l ver  and the fatigue l i f e  f o r  R-28 was jus t  
s l igh t ly  k l w  that previously reported fo r  R-8. 

The effect o f  three d i f ferent  heat treahents on the tensi le and fatigue 
properties o f  R-28 was investigated. A 1-hour solution anneal o f  R-28 a t  
899% fo!lcwd by a water quench led t o  a sizeable reduction i n  d u c t i l i t y  
without havicg a signif icant e f f ~ c t  on the y ie ld  and ultimate strengths. 
The f a t i g ~ e  l i f e  was noticeabl r e d ~ e d  below the R-28 values. A 2-hour 
aging treabrent o f  R-28 a t  59 a C led t o  a substantial reduction i n  the y i e l d  
and ultimate strengths a t  5380C, an increase i~ high t-erature d u c t i l i t y  
but essentially no change i n  the fatigue l i f e .  
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