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ABSTRACT 

An invest igat ion w a s  conducted t o  study the  e f f e c t  of var ia t ions  i n  

s i l i c o n  .and i ron  content i n  L-605 (E-25)  on room temperature d u c t i l i t y  and 

other mechanical propert ies  a f t e r  aging at 1600° F f o r  various times up t o  

1000 hours. The s i l i con  content of the a l loy  w a s  invest igated over t he  

range 0 . 1 2  t o  1.00 percent and the i ron content over the  range 0.16 t o  

3.24 percent.  

nomind composition l i m i t s  f o r  these elements. 

These ranges a re  generally within the  manufacturer's spec i f ied  

This invest igat ion showed 

t h a t  f o r  low s i l i con  contents (0.12 t o  0.23 percent) the room temperature 

d u c t i l i t y  of L-605 sheet aged f o r  1000 hours at 16W0 F w a s  improved over 

t h a t  of the high s i l i c o n  (0.49 t o  1:OO percent) heats  as measured by ten-  

s i l e  elongations. The former heats had elongations of 13 t o  16 percent; 

t h e  l a t t e r ,  2 t o  6 percent .  L i t t l e  apparent e f f e c t  on room-temperature 

d u c t i l i t y  a f t e r  aging was observed as a r e s u l t  of t he  va r i a t ion  of i r o n  

content from 0.16 t o  3.24 percent.  

Aging a t  1600° F reduced the  room temperature ul t imate  t e n s i l e  s t rength  

of L-605 fo r  all the  compositions investigated,  and no overa l l  r e l a t i o n  

between s i l i c o n  content and ultimate t e n s i l e  s t rength  a f t e r  aging was observed. 

Low-iron-content heats  generally had higher ul t imate  t e n s i l e  s t rengths  a f t e r  

aging 1000 hours than did t h e  high-iron-content hea ts .  Hardness generally 
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increased with aging time f o r  all heats ,  although t h i s  e f fec t  w a s  l e s s  pro- 

nounced f o r  t h e  low s i l i c o n  heats .  

Upon aging, p rec ip i t a t e  formed p re fe ren t i a l ly  a t  gra in  and twin bound- 

a r i e s  as w e l l  as randomly i n  the  matrix. The lower s i l i c o n  heats had a 

l e s s e r  amount of prec ip i ta te  a f t e r  aging than d id  the  high-silicon-content 

heats .  Variations i n  i ron  content appeared t o  have l i t t l e  e f f ec t  on micro- 
I 

st ructure  a f t e r  aging. 

INTRODUCTION 

The cobalt-base a l loy  L-605 (HS-25) has many elevated-temperature 

uses.  Its mechanical and physical propert ies  are  summarized i n  Refs. 1 and 2 .  

Because of i t s  elevated-temperature s t rength,  f ab r i cab i l i t y ,  and weldabi l i ty ,  

the  alloy i s  of i n t e r e s t  f o r  aerospace appl icat ions.  

i s  i t s  use i n  tubing and rad ia tor  components of advanced space power systems 

A po ten t ia l  appl icat ion 

t h a t  are required t o  operate f o r  mission times of thousands of hours. It has . 

been observed (Ref. 3 ) ,  however, t h a t  t h i s  a l loy  has a tendency t o  become 

b r i t t l e  a f t e r  long-time exposure t o  high temperatures. This property i s  

obviously undesirable i n  engineering appl icat ions involving long-time 

exposure, pa r t i cu la r ly  those.  subject t o  mechanical and thermal cycling. 

Jenkins (Ref. 3) a t t r i bu ted  the  embrittlement of L-605 t o  t h e  heavy 

precipi ta t ion of t he  in te rmeta l l ic  compound Co,W during high-temperature 

exposure. Wlodek (Ref. 4)  has suggested t h a t  t h e  compound C02W i s  a s tab le  

Laves phase i n  t h i s  a l loy .  

Co-W binary system (Ref. 5 ) ,  Wlodek has suggested t h a t  it i s  s t ab i l i zed  i n  

L-605 by the  s i l i c o n  present .  

Since CO,W i s  not an equilibrium phase i n  t h e  

He contended t h a t  reduction i n  Si l icon content 

would lessen Laves phase p rec ip i t a t ion  and, i n  tu rn ,  reduce embrittlement. 
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Some data  supporting t h i s  contention a r e  shown i n  Refs. 4 and 6. It w a s  

a l so  proposed i n  Ref. 4 t h a t  p rec ip i ta t ion  of carbides and the  possible fo r -  

mation of hcp cobalt contributed t o  the embrittlement i n  L-605 and t h a t  the  

formation of hcp cobalt can be prevented by increasing the  concentration of 

i ron .  I ron i s  believed t o  s t a b i l i z e  t h e  fcc  cobalt  s t ruc tu re .  

I n  view of t he  importance of re ta ining d u c t i l i t y  i n  L-605, a program 

w a s  undertaken a t  NASA Lewis Research Center t o  inves t iga te  t h e  e f f e c t  of 

wide var ia t ions  of s i l i c o n  and i ron  content, within the  manufacturer s 

specif icat ions,  on the  room-temperature mechanical propert ies  of L-605 a f t e r  

aging. The room-temperature t ens i l e  s t rength and d u c t i l i t y ,  as wel l  as the  

hardness of L-605 were determined a f t e r  aging f o r  various times up t o  1000 

hours at  1600' F.  

fu r the r  insight  i n t o  the  metallurgical mechanisms involved. 

INVESTIGATIVE PROCEDURES 

I n  addi t ion,  metallographic s tudies  were made t o  gain 

Material 

S ix  spec ia l  heats and two commercial heats,  based on manufacturer's 

standard prac t ice  pr ior  t o  1964 (see CONCLUDING REMARKS), were obtained from 

the  Union Carbide S t e l l i t e  Company fo r  use i n  t h i s  inves t iga t ion .  A s  wide a 

range of s i l i c o n  and i ron  contents (generally within the manufacturer ' s  nomi- 

n a l  composition spec i f ica t ions)  as was p rac t i ca l ly  f eas ib l e  w a s  obtained. 

Table I shows the  chemical compositions and gra in  s i zes  of the  heats i nves t i -  

gated.  Complete chemical analyses were made by the  suppl ier .  The i r o n  and 

s i l i c o n  contents were also determined by an independent laboratory f o r  all 

heats  except heat 5 .  S i l i con  contents ranged from 0.12  t o  1.00 weight per- 
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cent, and i ron  contents from 0.16 t o  3 . 2 4  weight percent as determined by 

the  independent laboratory.  These analyses were used i n  the  data  p lo t s  

presented i n  t h i s  paper. Average AS?M gra in  s ize  varied from 4 t o  6. 

A l l  mater ia l  was hot-rol led t o  approximately 0.050 inch sheet and m i l l -  

annealed (2250' F, rapid-air  cooled) by the  supplier.  

Tensile Tests 

A l l  t e s t s  were performed a t  room temperature. A standard "snap-on" 

type extensometer w a s  used t o  obtain the  load-s t ra in  curve t o  a s t r a i n  of 

about 0.5 in . / in .  S t r a in  r a t e  w a s  not d i r e c t l y  control lable  with t h i s  

machine. Minor var ia t ions  i n  s t r a i n  r a t e  t h a t  might have occurred would not 

be expected t o  g rea t ly  a f f ec t  the  t e n s i l e  propert ies  of t h i s  a l l o y  at  room 

temperature (Ref. 2 ) .  

used i n  t h i s  invest igat ion.  Machining w a s  performed p r io r  t o  aging. A one 

one-inch gage length w a s  used i n  measuring elongation. 

Figure 1 shows the  t e n s i l e  t e s t  specimen configuration 

Hardness Tests 

Hardness t e s t i n g  w a s  done on t e n s i l e  specimens near the shoulder of 

the  specimen outside of the  t e s t  length.  

the A scale (60 kg load-brale indentor) ,  w a s  employed. Pr ior  t o  t e s t i n g  

any t h i n  oxide f i l m  present was removed e i t h e r  by grinding or by using a 

low-pressure denta l  g r i t b l a s t i n g  uni t .  

A standard Rockwell machine, using 

Aging Procedure 

The specimens were aged a t  1600° F i n  air. This temperature w a s  se-  

lec ted  because the  grea tes t  r a t e  of embrittlement w a s  observed (Ref. 4) 

with m a t e r i a l  t h a t  had been aged a t  t h i s  temperature. 

heats were aged 50, 200, and 1000 hours and then  cooled i n  air t o  room tem- 

perature.  

posure a t  1600 F. 

Specimens from a l l  

Oxidation of the samples w a s  s l i g h t ,  even after 1000 hours ex- 

0 
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Metallographic Studies 

Longitudinal sections ( i n  the  ro l l i ng  d i rec t ion)  of t yp ica l  t e s t  speci-  

mens were taken f o r  metallographic examination i n  the  as-received (mill- 

annealed) condition and f o r  each aging condition invest igated.  

received specimens were e l ec t ro ly t i ca l ly  etched i n  am H C 1  - 0.1-percent-H202 

solut ion.  

H2SOg solut ion.  

s t a i n s  . 

The as- 

Aged specimens were e l ec t ro ly t i ca l ly  etched i n  a boric  acid-di lute  

After etching, specimens were swabbed with NH40H t o  remove 

MECHANICAL PROPERTIES 

Duct i l i ty  

The average room temperature d u c t i l i t i e s  before aging and a f t e r  aging 

at 1600' F f o r  50, 200, and 1000 hours are  shown i n  Figure 2 .  For purposes 

of comparison the  heats may roughly be divided i n t o  two groups, one of high 

(0.49 t o  1 .OO percent) and one of low (0.12 and 0.23 percent) s i l i c o n  content.  

A t  a31 aging times t h e t k  heats  with the  low s i l i c o n  content had substan- 

t i a l l y  grea te r  t e n s i l e  d u c t i l i t y  than the  f i v e  high-silicon-content heats .  

After  50 hours aging, the  low s i l icon  heats  had elongations t h a t  ranged from 

approximately 24 t o  34 percent, while the  elongations of t he  high s i l i c o n  

heats  ranged between about 8 percent and 1 4  percent.  

t h e  elongations of t he  low s i l i c o n  heats ranged from approximately 1 7  

t o  32 percent as compared with only 3 t o  7 percent f o r  t he  high s i l i c o n  

hea ts .  After 1000-hour aging, t h e  low s i l i con  heats  s t i l l  had a consid- 

e rab ly  greater  d u c t i l i t y ,  13 t o  1 6  percent as against  2 t o  6 percent for  

t h e  high s i l i c o n  heats .  

. 

After 200-hours aging 

Four of the f ive  high s i l i c o n  heats had elongations 

ranging between approximately 2 and 3 percent.  
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Within each of t he  two groupings, t h e  highest si l icon-content heat 

(heat  6 )  did not always show the  lowest d u c t i l i t y  nor did t h e  lowest s i l i con-  

content heats (hea ts  7 and 8)  always have the  grea tes t  d u c t i l i t y .  Some Cross- 

over of the curves occurs so  t h a t  t he  exact ranking of heats by d u c t i l i t y  i s  

not t he  same a t  each aging time. 

with lower s i l i c o n  content i s  unmistakable, and a pronounced increase i n  duc- 

t i l i t y  i s  c l ea r ly  obtainable by reducing t h e  s i l i con  content t o  between 0.12 

and 0.23 weight percent.  

which presents t he  r e l a t i o n  between d u c t i l i t y  and s i l i c o n  content f o r  all 

heats a f t e r  aging for 200 and 1000 hours, respect ively.  

content from 1 t o  0.49 percent does not appear t o  have a pronounced e f f ec t  

on duc t i l i t y ;  however, t h e  d u c t i l i t y  of t he  three  heats with a s i l i c o n  con- 

t e n t  of 0.23 percent or l e s s  w a s  appreciably higher than t h a t  of t he  heats  

containing 0.49 t o  1.00 percent s i l i con .  

obtaining a specif ied d u c t i l i t y  a f t e r  aging has not been determined; however, 

reducing s i l i con  content below 0.23 percent r e s u l t s  i n  subs tan t ia l  improve- 

ment s . 

However, t he  trend toward improved d u c t i l i t y  

This i s  i l l u s t r a t e d  more markedly i n  Figure 3, 

Varying t h e  s i l i c o n  

The maximum s i l i c o n  content f o r  

When heats within a narrow composition range of i ron  (0.16 t o  0.57 per- 

cent)  are  considered, d u c t i l i t y  after 200- and 1000-hours aging i s  s t i l l  seen 

t o  increase with decreasing s i l i c o n  content.  

within nmrow composition ranges of s i l i c o n  (0.12 t o  0.23 and 0.49 t o  0.60 

percent) are considered, no consistent t rend  of increasing d u c t i l i t y  with 

increasing i ron  content is observed. L i t t l e  apparent e f f e c t  on postaging 

d u c t i l i t y  was observed as a r e s u l t  of va r i a t ions  i n  i ron  content from 0.16 t o  

3.24 percent. 

On the  other hand, when heats  
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Tensile Strength 

The average ult imate t e n s i l e  strengths are  p lo t ted  i n  Figure 4 as 

functions of 1600° F aging time f o r  all heats invest igated.  

received (mill-annealed) condition all eight  heats invest igated had u l t i -  

mate t e n s i l e  s t rengths  greater  than the 130,000 p s i  minimum given by the  

Aerospace Materials Specif icat ion for L-605 (AMs 5537B, Ref. 7 ) .  

a l s o  in t e re s t ing  t o  note t h a t  all s i x  spec ia l  heats invest igated had ulti- 

mate t e n s i l e  s t rengths  i n  the  mill-annealed condition grea te r  than t h e  two 

commercial heats  (heats  4 and 5 ) .  This  indicates  t h a t  t he  t e n s i l e  s t rength 

of the mill-annealed sheet i s  not adversely affected by reductions i n  s i l i -  

con content.  Of course, some of the improvement i n  t e n s i l e  s t rength may 

be due t o  the somewhat smaller grain s i z e  of the  spec ia l  heats (see Table I ) .  

Room-temperature ult imate t ens i l e  s t rength generally decreased with 

aging t ime. The decrease was most pronounced a f t e r  the  first 50 hours. With 

aging time greater  than 50 hours, the decrease i n  ul t imate  t e n s i l e  s t rength 

continued, but  the  decrease w a s  generally l e s s  marked than a f t e r  t he  first 

50 hours. 

200 hours of aging, but a f t e r  1000 hours these two heats  again showed a decrease 

i n  ul t imate  t e n s i l e  s t rength.  

I n  the as- 

It i s  

Heaks 4 and 5 tended t o  regain par t  of t h e i r  o r ig ina l  s t rength  af'ter 

A s  a r e s u l t  of t he  general l o s s  i n  ul t imate  t e n s i l e  s t rength  with aging 

time, t h e  ult imate t e n s i l e  strengths of some heats f e l l  below the  AMs minimum 

of 130,000 p s i  f o r  L-605 a f t e r  1000-hours aging. For all of the  aging con- 

d i t i o n s  invest igated the t e n s i l e  strength of heat 4 was l e s s  than the  AMs 

minimum. 

There does not appear t o  be any clear-cut r e l a t i o n  between s i l i c o n  content 

and ul t imate  t e n s i l e  s t rength a f t e r  aging 1000 hours; however, the  



8 

low-iron-content heats generally had higher ult imate t e n s i l e  s t rengths  

a f t e r  aging f o r  1000 hours than did the  high iron-content hea ts .  

in te res t ing  tha t  a f t e r  aging 1000 hours the  t e n s i l e  s t rengths  of the  low 

s i l i c o n  heats invest igated were close t o  ( e i the r  s l i g h t l y  above or below) 

the  AMs specif icat ions and generally superior t o  the  two commercial hea ts .  

The 0 .2  percent of fse t  y ie ld  strengths a re  a l s o  p lo t ted  against  aging 

There i s  a general tendency for  the  high s i l i c o n  heats  t o  

It i s  

time i n  Fig. 4.  

have higher y ie ld  s t rengths  than those of t he  lower s i l i c o n  heats a f t e r  

aging. After 50-hour aging, there  i s  r e l a t i v e l y  l i t t l e  change i n  y i e ld  

s t rength with increased aging time fo r  any of t he  heats .  

silicon-content heat (heat  6 )  had t h e  highest  y i e ld  s t rength i n  t h e  m i l l -  

annealed condition. I t s  ult imate t e n s i l e  s t rength  (F ig .  4)  was s imi la r ly  

high compared with the  other heats .  

The highest-  

Hardness 

F ig .  5 shows room-temperature hardness as a function of aging time 

for a l l  heats invest igated.  

of f i v e  hardness readings. 

aging time f o r  all heats .  

increased prec ip i ta t ion .  

higher-silicon-content heats increased more than the  lower-silicon-content 

heats .  

content heats (heats  1, 7 ,  and 8) had t h e  lowest hardnesses. 

from met allogr aphi c s tudie  s t h a t  sub st a n t i  a l l y  l e  s s pre c i p i t  a t  ion occurs 

during aging i n  the  low s i l i con  than i n  t h e  high s i l i c o n  hea ts .  

A l l  da ta  points  indicated represent t h e  average 

There i s  a general increase i n  hardness with 

This increase i n  hardness i s  associated with 

I n  general, af'ter aging, t h e  hmdness of t h e  

After aging fo r  1000 hours, fo r  example, t he  th ree  lowest s i l i c o n  

It i s  evident 

This would 
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explain the  lower hardness of the low-silicon-content heats  and tend t o  sub- 

s t a n t i a t e  t he  contention t h a t  Laves phase prec ip i ta t ion  i s  reduced by lower- 

ing s i l i c o n  content. 

S t r e s s  Rupture 

Fig.  6 ( a )  shows the  s t ress-rupture  l i f e  at 1600° F and 17,500 ps i  s t r e s s  

f o r  all heats  invest igated,  except heat 5, as a function of s i l i c o n  content. 

There does not appear t o  be any clear-cut r e l a t ion  between s t ress-rupture  

l i f e  and s i l i c o n  content. However, the  r e l a t i v e l y  low stress-rupture  l i v e s  

obtained with the  two lowest -silicon-content heats suggest t h a t  the  s t r e s s -  

rupture l i f e  may possibly be adversely affected at  very low s i l i c o n  contents.  

Fig.  6 (b)  s imi la r ly  shows the  e f fec t  of i r o n  ;ontent on the  s t r e s s -  

rupture l i f e  f o r  t he  same t e s t  conditions. There appears t o  be a t rend  of 

decreasing s t ress-rupture  l i f e  w i t h  increasing i ron  content, although the  

t rend i s  not wel l  defined. 

MICROSTRUCTURAL CONSIDETM'IONS 

Effect  of Aging on Microstructure of Intermediate 

S i l icon  and Iron Content Heat 

Fig.  7 shows the  microstructure of a c m e r c i a l  heat of L-605 (heat 4)  

that w a s  made by €he manufacturer's standard prac t ice  for t h i s  a l loy  pr ior  

t o  1964. Fig. 7 ( a )  shows the as-received mill-annealed mater ia l .  

s t ruc tu re  consis ts  l a rge ly  of a sol id  solut ion of fcc  cobal t .  

evident i n  the  gra ins .  A few carbides t h a t  were not taken i n t o  solut ion . 

during the  annealing treatment a re  sca t te red  throughout the matrix. 

aging 50 hours a t  1600° F prec ip i ta t ion  of a second phase i s  evident 

(F ig .  7 ( b ) ) .  

The micro- 

Twinning is  

After 



10 

I n i t i a l  nucleation i s  pa r t i cu la r ly  pronounced along grain and twin boundaries, 

although some a l s o  occurs randomly within the  grains .  

t h e  amount of prec ip i ta te ,  both i n  the  grain boundaries and within grains ,  

was great ly  increased (Fig.  7 ( c ) ) .  

randomly located prec ip i ta te  p a r t i c l e s  a re  rodlike i n  shape and tend t o  be 

l i ned  up i n  preferred crystallographic d i rec t ions .  

hours, the prec ip i ta te  pa r t i c l e s  grew and possibly addi t ional  prec ip i ta tes  

were formed (Fig.  7 ( d ) ) .  

(Ref. 4 )  by Wlodek who iden t i f i ed  t h e  Laves phase, CozW, i n  aged heats  of 

s i m i l a r  s i l i con  content.  

only about 3.5 percent t e n s i l e  elongation having been measured at f rac ture  

with t ens i l e  specimens aged 1000 hours at 16000 F.  

After aging 200 hours, 

It should a l so  be noted t h a t  many of t h e  

After aging f o r  1000 

The microstructure i s  s i m i l a r  t o  t h a t  observed 

The s t ruc ture  shown i n  Fig.  7 ( d )  i s  qui te  b r i t t l e ,  

Effect of S i l icon  Content on Microstructure After Aging 

To observe the  e f fec ts  of si l icon, content on the  microstructure 

of L-605, photomicrographs a re  compared i n  Fig.  8 f o r  heats  of varying s i l i -  

con content (0.12 t o  0.73 percent) bu t  r e l a t i v e l y  constant i ron  content 

(0.16 t o  0.57 percent) a f t e r  aging 1000 hours. 

0.73 and 0.60 percent s i l i c o n  (Figs .  8 ( a )  and ( b ) ) ,  respect ively,  both show 

heavy precipi ta t ion;  however, with a reduction t o  0 . 2 3  percent s i l i c o n  (Fig.  

8 ( c ) )  a def in i te  decrease i n  t h e  amount of p rec ip i t a t e  i s  evident.  

shows t h e  microstructure of the  lowest s i l i c o n  heat ( 0 . 1 2  percent ) .  

of prec ip i ta te  i s  l e s s  than t h a t  i n  any of t he  other hea ts .  

parisons were also made with mater ia l  aged 50 and 200 hours with s i m i l a r  r e s u l t s  

It i s  evident from these metallographic s tud ies  t h a t  a reduction i n  s i l i c o n  

content great ly  reduces p rec ip i t a t ion  a f t e r  aging. 

The two highest s i l i c o n  heats  

Fig.  8 (d)  

The amount 

The preceding com- 

This reduction i n  t h e  
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amount of p rec ip i t a t e  i s  believed t o  be associated with increased d u c t i l i t y  

i n  L-605 a f t e r  aging. 

It should be noted that X-ray d i f f r ac t ion  analysis  of the 0 .23  and 

0.60 percent s i l i c o n  hea ts  (heats  1 and 2 )  conducted by Wlodek (Ref. 6)  

indicated only t r aces  of CozW (Laves phase) present i n  the  lower s i l i c o n  

heat and subs t an t i a l ly  grea te r  amounts i n  the  higher s i l i c o n  heat. A l -  

though p rec ip i t a t ion  of the  Laves phase has been g rea t ly  reduced i n  t h e  

lower si l icon-content heats ,  it i s  evident t h a t  appreciable quant i t ies  of 

p rec ip i t a t e  a r e  s t i l l  present a f t e r  aging. 

a r e  probably carbides of the  M6C type as iden t i f i ed  by Wlodek i n  the  0.23 s i l i c o n  

heat  (Ref. 6 ) .  The presence of such carbides pa r t i cu la r ly  along grain 

boundaries could contr ibute  t o  the  degree of embrittlement that s t i l l  exis ts ,  

even i n  the  low s i l i c o n  compositions. 

Many of these p rec ip i t a t e  p a r t i c l e s  

Ef fec t  of I ron  Content on Microstructure A f t e r  Aging 

Figure 9 shows the  microstructure of heat 7, which i s  low i n  i ron  (0.16 

percent ) ,  and heat 8, which i s  high i n  i r o n  (3.06 percent) ,  after aging for  

1000 hours. Both hea ts  have the  same s i l i c o n  content (0 .12 percent) .  The 

microstructures of both neats  appear i o  be  quite s i ~ i h r .  %is s h i l a r i t y  was 

a l s o  observed i n  samples of both these hea ts  a f t e r  aging f o r  50 and 200 hours. 

Thus, i ron  does not appear t o  have a pronounced e f f e c t  on the amount and 

nature of t he  p rec ip i t a t e ,  at l ea s t  a t  low s i l i c o n  contents. 

worthy t h a t  t he  d u c t i l i t y  of t he  low s i l i con ,  low i ron  composition (heat 7 )  

i s  subs t an t i a l ly  l e s s  a t  intermediate aging times than t h a t  of the  low s i l i -  

It i s  note- 

con, high i ron  composition (heat 8 ) .  The reason f o r  t h i s  difference was 
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not apparent from a comparison of the  microstructures.  

Fracture Modes 

Visual observation of t he  f rac ture  surfaces of specimens broken i n  

t e n s i l e  t e s t s  shows a d i f fe ren t  f rac ture  mechanism occurring i n  specimens 

t h a t  were aged as opposed t o  those i n  t h e  mill-annealed condition. 

shows a typical  example of t h i s  difference.  

shows the  f rac ture  surface of a t e n s i l e  specimen from heat 3 aged 1000 hours 

at  16000 F .  

f igure  shows the f rac ture  surface i n  a mill-annealed o r  unaged specimen 

from the  same heat .  The surface i s  f ibrous i n  nature,  and f rac ture  appears 

t o  be typical  of the  shear f a i l u r e s  encountered i n  duc t i l e  mater ia ls .  

f rac ture  surface i n  the  aged specimen was at 90° t o  t he  t e n s i l e  axis, while 

t h e  fracture  surface i n  the  mill-annealed specimen was a t  an angle of about 

60° t o  the t e n s i l e  ax i s .  Another aspect t o  be noted from the  f igure  i s  t h e  

Fig.  10 

The upper pa r t  of t h e  f igure  

A jagged f rac ture  surface i s  evident.  The lower par t  of t h e  

The 

difference i n  width of each sect ion.  A much grea te r  reduction i n  area oc- 

curred with the  more duc t i l e  mill-annealed specimen. 

shown i n  Fig. 10 are  generally typ ica l  of those encountered i n  a l l  heats  

i n  the  m i l l  annealed and aged conditions. 

The types of f r ac tu res  

It was observed a t  higher magnifications, however, t h a t  t he  amount of 

s i l i c o n  had some influence on the  f r ac tu re  mode of specimens a f t e r  aging. 

Figure l l ( a )  shows (at  X250) t h e  f r ac tu re  of a t e n s i l e  bar  of heat 3 aged 

1000 hours (same conditions as shown i n  Fig.  10, t o p ) .  

s i l i c o n  (0 .73  percent) heat t h a t  had an elongation of only 2.7 percent a f t e r  

1000 hours aging. Fracture w a s  almost e n t i r e l y  intergranulas ,  apparently 

due t o  heavy prec ip i ta t ion  pa r t i cu la r ly  along g ra in  boundaries. 

Heat 3 i s  a high 

Fig.  l l ( b )  
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shows a typ ica l  t e n s i l e  f rac ture  incurred i n  a specimen of heat 7,  a low 

s i l i c o n  (0.12 percent) heat that-had an average elongation of 12 .6  percent 

a f t e r  1000 hours aging. 

occurred, a subs tan t ia l  degree of transgranular f r ac tu re  took place as wel l .  

Grain boundaries can be t raced  across the  f rac ture  as indicated by t h e  arrows 

i n  Fig.  U ( b )  . Substant ia l ly  l e s s  prec ip i ta t ion  occurred i n  the  specimen 

from heat 7 .  The amount of prec ip i ta te  thus appears t o  have a noticeable 

e f f e c t  on the  nature of the  fracture  encountered. 

I n  t h i s  case, although some intergranular  f rac ture  

CONCLUDING R M K S  

Recently the  Union Carbide Corporation ( S t e l l i t e  Division) introduced 

a new melting prac t ice  i n  the  production of L-605 ,(HS-25); as a r e s u l t  the  

s i l i c o n  content has been subs tan t ia l ly  lowered. 

t u r e r  (Ref. 8)  fo r  heats  made by this prac t ice  a re  given i n  Table 11. 

da ta  show t h a t  low s i l i c o n  content r e s u l t s  i n  elongations of 6.4 t o  1 7  percent 

a f t e r  1000-hour aging at 1600° F, as compared with 3 t o  5 percent with sheet 

s imi l a r ly  aged and made by the  pract ice  employed p r io r  t o  1964. The t e n s i l e  

s t r e rg ths  reported i n  Ref. 8 f o r  the heats l i s t e d  i n  Table I1 are  somewhat 

lower than those obtained i n  the  present invest igat ion with low s i l i c o n  

hea ts  . 

Data obtained by the  manufac- 

These 

I n  summary, it appears t h a t  improved post-aging d u c t i l i t y  i n  L-605 

sheet  can also be obtained i n  commercial p rac t ice  by melting procedures t h a t  

provide a low s i l i c o n  content.  

SUMMARY OF FG3SULTS 

The following r e s u l t s  were obtained from an inves t iga t ion  t o  determine 

t h e  e f f e c t  of s i l i c o n  and i r o n  content on the  room-temperature d u c t i l i t y  
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and other mechanical propert ies  of L-605 a f t e r  aging at 16000 F for  various 

times up t o  1000 hours: 

1. Reductions i n  s i l i c o n  content increased d u c t i l i t y  f o r  all aging 

times (50, 200, and 1000 hours).  For example, a f t e r  aging 1000 hours at 

1600O F the t e n s i l e  elongations fo r  t he  low s i l i c o n  (0 .12  t o  0.23 percent) 

heats ranged from approximately 13 t o  16 percent compared with 2 t o  6 per- 

cent f o r  the high s i l i c o n  (0.49 t o  1.00 percent) hea ts .  

2 .  L i t t l e  apparent e f fec t  on post-aging d u c t i l i t y  w a s  observed as 

a r e s u l t  of var ia t ions  of i ron  content from 0.16 t o  3.24 percent.  

3.  The ultimate t e n s i l e  s t rength of all heats generally decreased 

with aging time. 

ult imate t ens i l e  s t rength a f t e r  aging. 

had higher ult imate t e n s i l e  s t rengths  after aging f o r  1000 hours than did 

the  high-iron-content heats .  

There was no overal l  r e l a t i o n  between s i l i c o n  content and 

The low-iron-content heats  general ly  

4 .  Hardness generally increased with aging time fo r  a l l  heats  i nves t i -  

gated. In  general, t he  hardness of the  high s i l i c o n  heats increased more 

than the  hardness of t h e  low s i l i con  hea ts .  For example, a f t e r  1000-hour 

aging at 16000 F the  low s i l i c o n  heats had hardnesses ranging from 62 t o  

66 Rockwell hardness (A s ca l e )  as against  68 t o  70 f o r  t he  high s i l i c o n  

heats . 
5 .  The f rac ture  surface i n  as-received mill-annealed specimens had a 

fibrous appearance typ ica l  of t h a t  observed i n  d u c t i l e  mater ia ls ;  whereas, 

t he  f racture  surface of aged specimens, regardless  of s i l i c o n  or i ron  con- 

t e n t ,  w a s  jagged i n  nature .  However, i n  t h e  aged condition, f r ac tu re  i n  

high s i l icon  heats  w a s  predominantly intergranular  whereas i n  low s i l i c o n  

heats there  w a s  a subs tan t ia l  degree of t ransgranular  f r ac tu re  as well. 
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resu l ted  i n  pronounced prec ip i ta t ion  both prefer-  

twin  boundaries and randomly throughout t he  matrix. 

The low-silicon-content heats had a l e s se r  mount of p rec ip i t a t e  a f t e r  aging 

than did the  high-silicon-content heats.  

t o  have l i t t l e  e f f ec t  on the  microstructure after aging. 

Variations i n  i ron  content appeared 
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Heat Compos it ion Tensile properties" 
number 

S i  c Fe Yield U l t i -  Elon- 
0.2 mate, gation, 

percent p s i  percent 
of f  set , 

p s i  

,64-590 0.02 0.10 1.86 67,000 123,000 16 

iL4-1677s -04 - 0 9  1.52 65,000 118,000 11 
64-627 .03 .04 1.98 67,000 121,000 17 

p4-16968 .10 .12 2.27 61,000 108,000 6.4 
I 
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TABLE 11- - PRELIMINARY DATA ON RECENT 

UNION CARBIDE PROCEDURE FOR PRODUCTION 

OF L-605 (HS-25) SHEET (W. 8) 
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Fig. 2. - Effect of aging time at 1W0 F on  average room tempera- 
tu re  ductility. 
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Fig. 3. - Effect of silicon content on average room-temperature due- 
tility after aging at 1600' F. 
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Fig. 4. - Effect of aging time at 1600' F on average room-temperature tensile strength. 
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Fig. 5. - Effect of aging t ime at 1600" F on average room-temperature 
hardness. 



0 m 
(3, 
N 

loo 

80-  

60- 

40- 

20-  

10 

. 

- 
- 

- 

- 

- 0  
0 

h 
h 

- 
- 

8 -  

6 -  

- 

n 
D 

0 

0 

8 n  
n 

A 

A 

.2 . 4  .6  .8 1.0 1.2 
Silicon content, weight percent 

(a) Effect of silicon, 

CIP?! 
number 

1 
2 
3 
4 
6 
7 
8 

0 

0 

Si!iCC!?, !%E, 
percent percent 
0.23 0.57 
.60 .49 
.73 .24 
.55 1.60 
1.00 3.24 
.12 .16 
.12 3.06 

A 

A 

h 
h 

I I 
.5  1.0 1.5 2.0 2.5 3.0 3.5 

I ron content, weight percent 

(bl Effect of iron. 

Fig. 6. - Stress-rupture life of mill-annealed L-605 sheet at 1600" F and 17,500 
psi as a function of silicon and iron content. 



(a) 0 hr. (b) M hr. 

(c) 200 hr. (d) loo0 hr.  

Figure 7. - Effect of aging time at 1600" F on microstructure of intermediate silicon and iron composition (0.55 si - 1.60 Fe, heat 41. X7W. 
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Fi.;u:e 8. - E!!& c! zi!!cc; COR!$;? CR micros!rijctiim of L-605 aged io00 hours at 1600" F; i ron  content for heats ranged from 0.16 to 0.57 percent. X75O. 
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(b) 3.06 Percent (heat 8). 
Figure 9. - Effect of i ron content on microstructure for two heats of L-605 aged lo00 hours at 1600" F; 

silicon content identical for both heats (0.12 percent). X750. 
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Figure 10. -Typical tensile fractures before and after aging (heat 3). X10. 
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(a) 0.73 Percent (heat 31. 

(b) 0.12 Percent (heat 7). 
Figure 11. - Effect of silicon content on tensile fracture of L-605 sheet aged 1000 hours at 1600" F. X250. 

(Arrows indicate some grain boundaries that can be traced across the fracture.) 
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