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EVALUATION OF THE EFFECT OF COLD WORK ON 
DISPERSION-STRENGTHENED NICKEL-BASE ALLOYS, 

R. C. Nelson and R. Widmer 

An evaluation of the effect of cold work on nickel-base alloys con- 

taining thorium dioxide was undertaken. 

Drawing and swaging techniques were used to introduce the cold work 

to these 80% nickel/20% chromium-base alloys. 

lo%, 15% and 20% reductions of area per cycle. Intermediate anneals at 

1600'F and 2000'F were used to complete the working cycle. 

was obtained after extensive amounts of working. 

Swaging was performed with 

Sound material 

Elevated temperature tensile strengths were generally improved by 

introducing cold work. 
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FOREWORD 

This  r e p o r t  covers t h e  work performed under NASA Contract NAS 3-7265 

during t h e  per iod  from 13 June 1966 t o  13  December 1966. 

This con t r ac t  w a s  i n i t i a t e d  between t h e  NASA Lewis  Research Center,  

Cleveland, Ohio and t h e  New England Materials Laboratory,  Inc. ,  (now Teledyne 

Materials Research Co.) f o r  t h e  "Evaluation of t h e  E f f e c t  of Cold Work on 

Dispersion-Strengthened Nickel-Base Alloys.' ' 

by the  P r o j e c t  Manager, M r .  F. H. Harf of t h e  L e w i s  Research Center,  Airbreathing 

Engines Divis ion,  D r .  T .  P. Herbe l l  of t h e  Materials and S t r u c t u r e s  Divis ion 

w a s  t h e  NASA Research Advisor. 

Technical  d i r e a t i o n  was  suppl ied  

M r ,  Richard 6 .  Nelson of t h e  New England Materials Laboratory (now 

D r .  Robert Teledyne Materials Research Co.) w a s  P r o j e c t  Engineer i n  charge. 

Widmer w a s  t h e  Program Manager. Technical  advice and a s s i s t a n c e  w a s  provided 

by D r s .  N. J. Grant and Allan S. Bufferd.  Messrs. Allan R. Runge, David 

Kushinsky and M i s s  Ursula Jahnigen a s s i s t e d  i n  t h e  execut ion of t h e  experi-  

mental work. 
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EVALUATION OF THE EFFECT OF COLD WORK ON 

DISPERSION-STRENGTHENED NICKEL-BASE ALLOYS. 

by 

R. C. Nelson and R. Widmer 

TELEDYNE MATERIALS RESEARCH CO. 

SUMMARY 

Stud ies  of t h e  80% n i c k e l  - 20% chromium - thorium dioxide  system t o  

determine t h e  e f f e c t  of cold  work on mechanical p r o p e r t i e s  were undertaken. Two 

a l l o y s  con ta in ing  2.5 v /o  thorium dioxide  and one conta ining 5.0 v /o  of t h e  same 

oxide w e r e  evaluated.  

Swaging w a s  t h e  most s u c c e s s f u l  method of in t roduc ing  coLd work. Tens i l e  

s t r e n g t h  a t  1800°F f o r  a 2.5 v/o t h o r i a  a l l o y  w a s  increased from 6,060 p s i  t o  

12,900 p s i  by swaging 4 t i m e s  wi th  10% reduc t ion  s t e p s .  The a l l o y  conta ining 

5.0 v /o  t h o r i a  had a maximum t e n s i l e  s t r e n g t h  of 10,600 psi a t  1800OF a f t e r  e i g h t  

passes  of 20% reduc t ion  s t e p s  versus  7,190 p s i  i n  t h e  as extruded condi t ion.  

Yield  s t r e n g t h  and d u c t i l i t y  were g e n e r a l l y  adversely  a f f e c t e d  by cold  work. 

There w a s  no c o r r e l a t i o n  between mechanical p r o p e r t i e s  and t h e  reduc t ion  of 

The mechanical p r o p e r t i e s  of t h e  a l l o y s  area p e r  c y c l e  i n  t h e  swaging operat ions .  

n o t  a f f e c t e d  by varying t h e  anneal ing temperature 1600°F o r  2000'F between 

swagings . 
Improvements i n  stress rup ture  p r o p e r t i e s  were marginal. 

Hardness measurements of t h e  swaged a l l o y s  a f t e r  exposure a t  1500°F, 1800°F 

and 2200'F i n d i c a t e d  t h a t  t h e  a l l o y s  were s t a b l e  under t h e s e  condi t ions  s i n c e  

no apprec iab le  hardness drop occurred.  

Oxidation r e s i s t a n c e  a t  1800°F, 2000°F, 2200°F and 2400'F of t h e  a l l o y s  i n  

t h e  as extruded cond i t ion  w a s  determined and compared wi th  Nichrome. The 

a l l o y s  are s i g n i f i c a n t l y  more o x i d a t i o n- r e s i s t a n t  than commercial Nichrome a t  a l l  

temperatures.  > 
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I. INTRODUCTION 

The mechanical p r o p e r t i e s  of several m e t a l - m e t a l  oxide systems 

have been evaluated a f t e r  t h e  i n t r o d u c t i o n  of co ld  work t o  extruded 

s t r u c t u r e s  1 y 2 y 3 ’ 4 ’ 5  

t h e  above- referenced i n v e s t i g a t i o n s .  

va r ious  working cycles .  

anneal. 

l i z a t i o n  temperature of t h e  mat r ix  b u t  less than t h e  r e c r y s t a l l i z a t i o n  

temperature of t h e  m e t a l - m e t a l  oxide a l l o y .  The p r o p e r t i e s  of t h e  a l l o y s  are 

dependent on t h e  number of working cyc les ,  t h e  amount of cold work p e r  cycle ,  

and t h e  anneal ing temperature. 

An improvement i n  p r o p e r t i e s  was  observed by most of 

The improvement wag achieved by 

A cyc le  is def ined as a reduc t ion  followed by an 

The annealing temperature is  genera l ly  h igher  than t h e  r e c r y s t a l-  

The e f f e c t  of cold  work on e leva ted  tensile p r o p e r t i e s  hqs been shown 

by Frase r  e t  a1 of S h e r r i t t  Gordon Mines Limited.4 

3 volume percen t  thorium dioxide.  A f t e r  20 cyc les  of 10% cold  work p e r  cyc le  

wi th  in te rmedia te  anneals  a t  2200”F, t h e  1600’F t e n s i l e  s t r e n g t h  increased 

from 17,000 p s i  i n  t h e  as- extruded cond i t ion  t o  27,000 p s i .  

The material w a s  n icke l-  

However, i t  should be  pointed out  t h a t  Inman, M. C ,  et a9  r e p o r t  only  

marginal  changes i n  p r o p e r t i e s  through cold  work. 

The p r e s e n t  eva lua t ion  w a s  c a r r i e d  ou t  w i t h  t h r e e  89% nickel-20% 

chromium (Nichrome) a l l o y s  conta ining thorium d iox ide  as a d i sperso id .  These 

a l l o y s  w e r e  prepared under a previous  program a t  New England Materials 

Laboratory (now Teledyne Materials Research Co.) and are i d e n t i f i e d  as 86, #6A 

and f 7 .  

con ta ins  5 / o  thorium dioxide.  

t h e  thermal decomposition of thorium n i t r a t e  onto 1-micron Nichrome powder. 

V Alloy #6 and #6A con ta in  2.5 / o  thorium dioxide  whi le  Alloy #7 

The oxide  w a s  in t roduced i n t o  t h e s e  a l l o y s  by V 
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Alloys #6 and 87 were t r e a t e d  wi th  carbon t o  reduce t h e  matrix oxygen con ten t ,  

Alloy #6A w a s  consol idated wi thout  any t rea tment  t o  remove oxygen. 

d a t a  of t h e  a l l o y s  i n  t h e  as-extruded cond i t ions  are recorded i n  Table I. 

P e r t i n e n t  

I1 s EXPERIMENTAL WORK 

Cold Drawing 

It w a s  f i r s t  at tempted t o  in t roduce  co ld  work i n t o  t h e  a l l o y s  by 

drawing. Only Alloy #7 w a s  used i n  t h e s e  experiments. 

The rods were drawn a t  a speed of one inch  p e r  minute through a 

series of tungsten ca rb ide  d i e s  t h a t  permit ted  20% reduct ions  between success ive  

s t e p s .  Molybdenum d i s u l f i d e ,  both i n  a e r o s o l  and f l a k e  form, w a s  used as a 

l u b r i c a n t .  The d i s u l f i d e s  w e r e  obta ined from Bemol, Inc .  of Newton, Massachusetts. 

Following each drawing t h e  rod w a s  annealed a t  1600'F f o r  one hour. 

I n  the two a t tempts  t o  draw Alloy f 7 ,  t h e  rods  broke during t h e  

second 20% reduc t ion  cyc le .  Apparently t h i s  r educ t ion  w a s  too  severe. Therefore 

f u r t h e r  drawing was  abandoned. 

It w a s  thought t h a t  10% reduc t ions  would y i e l d  s w n d  material. 

But d i e s  of t h e  appropr ia te  s i z e s  were n o t  a v a i l a b l e  and would have requ i red  

several months f o r  d e l i v e r y .  

Cold Swagingl 

20% reduc t ion  

Swaging w a s  used as a second method of in t roducing cold  work i n t o  

Alloy #7 w a s  t h e  f i r s t  a l l o y  of t h e  t h r e e  t o  be sub jec ted  t o  co ld  

The a l l o y  w a s  reduced 20% p e r  pass  and was annealed 1 /2  hour 

t h e  a l l o y s .  

work by swaging. 

a t  1600'F between swagings. 

i n  sound material. The core  diameter w a s  reduced from 0.39  t o  0.076 inches .  

Eleven swaging s t e p s  were performed and r e s u l t e d  
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Nuclear Metals, Inc. ,  a d i v i s i o n  of Whittaker Corp., Concord, Mass. performed 

t h i s  swaging. Rockwell A hardness va lues  are recorded i n  Table 111 and 

shown i n  Figure  1. 

each anneal ing cyc le  t o  g ive  an i n d i c a t i o n  of the s t a b i l i t y  of t h e  a l l o y  

The measurements w e r e  made a f t e r  each swaging and a f t e r  

fo l lowing t h e  cold  work. 

15% reduct ions  

Alloy #7 w a s  a l s o  sub jec ted  t o  cold  work by swaging i n  which t h e  

cross- sect ion area w a s  reduced 15% p e r  pass .  

temperature w a s  s tud ied .  

The e f f e c t  of in te rmedia te  anneal  

P a r t  of t h e  a l l o y  w a s  sub jec ted  t o  anneals  a t  1600°F; 

another  p o r t i o n  a t  2000°F. Swaging of t h e  a l l o y s  i n  15% reduct ion s t e p s  w a s  

performed by Metalonics,  Inc . ,  a d i v i s i o n  of Kawecki Chemical Co., South Boston, 

Massachusetts. The hardness values  are l i s t e d  i n  Table I11 and shown i n  

Figure  2. The material w a s  cracked a f t e r  seven swagings, r e g a r d l e s s  of annealing 

temperature. 

Alloy i16 w a s  sub jec ted  t o  swaging wi th  15% reduct ions  p e r  cycle .  

A p o r t i o n  w a s  annealed a t  1600°F, whi le  another  w a s  annealed a t  2000°F. The 

hardness va lues  obta ined i n  t h e  course  of t h e s e  experiments are repor ted  i n  

Table I V  and Figure  3. This a l l o y  cracked a f t e r  seven swagings, under bo th  

sets of annealing condi t ions .  

10% reduct ions  

A t  Nuclear Metals swaging of t h e  a l l o y s  i n  10% reduc t ions  p e r  

cyc le  w a s  accomplished on a l l o y s  116, #6A and #7. 

w a s  used. 

p o s s i b l e  w i t h  a l l o y s  #6 and #6A. 

Hardness va lues  are recorded i n  Tables V and V I .  

A 1 /2  hour anneal  a t  1600°F 

S ix teen  swagings were performed on a l l o y  117, whi le  only  f o u r  w e r e  

A t  t h i s  p o i n t  a l l o y s  116 and #6A cracked. 

4 



111. EVALUATION OF PROPERTIES 

A. Microstructure,  

The mic ros t ruc tu re  of t h e  a l l o y s  i n  t h e  as-extruded cond i t ion  was  

examined a t  l O O X ,  lOOOX and 20,OOOX by o p t i c a l  and e l e c t r o n  microscopy 

techniques.  

shown a t  l O O X  and l O O O X  i n  Figure  4 .  The s a m e  a l l o y  a t  20,OOOX is shown i n  

The mic ros t ruc tu res  of l o n g i t u d i n a l  s e c t i o n s  of a l l o y  i16 are 

Figure 5, whi le  t r a n s v e r s e  s e c t i o n s  a t  lOOX,  lOOOX,  and 20,OOOX are shown i n  

Figure  6 and 7 .  The s t r u c t u r e s  of a l l o y s  #6A and /I7 are shown i n  Figures  8-15 

wi th  t h e  same magnif ica t ions .  

The s i z e  of t h e  oxide p a r t i c l e s  v a r i e s  between s e v e r a l  t e n t h s  of a micron and 

1 micron. 

Alloy #6A appears t o  have a f i n e r  oxide d i spers ion .  

carbon reduced, and some of t h e  oxide p a r t i c l e s  p r e s e n t  are probably chromium 

oxide. 

A l l  a l l o y s  have a r a t h e r  non-uniform s t r u c t u r e .  

The i n t e r p a r t i c l e  spacing i s  w i t h i n  t h e  range of 1-5 microns. 

This a l l o y  w a s  n o t  vacuum- 

B. Oxidation Resis tance  

Oxidation r e s i s t a n c e  of t h e  a l l o y s  as w e l l  as of Nichrome w a s  

determined by exposing samples i n  a i r  a t  va r ious  temperatures.  Weight changes 

a f t e r  1, 10 and 100 hours a t  1800"F, 2000"F, 2200°F and 2400°F w e r e  determined. 

Specimens w e r e  p laced i n  plat inum b o a t s ,  exposed a t  t h e  temperatures f o r  1 hour , .  

cooled, and weighed. 

of 10 hours a t  t h e  same temperatures and subsequently f o r  100 hours.  

The same specimens w e r e  then s i m i l a r l y  t r e a t e d  f o r  a t o t a l  

A d i f f e r e n t  

specimen of each a l l o y  w a s  used f o r  each temperature. 

The depth of p e n e t r a t i o n  w a s  measured by mounting i n  b a k e l i t e  t h e  

above specimens a f t e r  t h e  100-hour exposures. The specimens were pol ished 
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and a measyring eye p i e c e  w a s  used t o  determine t h e  depth of oxide pene t ra t ion .  

The changes i n  weight are recorded i n  Table VI1 whi le  t h e  

p e n e t r a t i o n s  of oxide  are repor ted  i n  Table V I 1 1  and represented i n  Figures  16-20. 

The ox ida t ion  resistance of t h e  a l l o y s  compares favorably  wi th  that 

of Nichrome. 

s u s c e p t i b l e  t o  ox ida t ion  a t  a l l  cond i t ions  of t e s t i n g .  The Nichrome used i n  

The d a t a  i n d i c a t e  t h a t  commercial Nichrome w a s  genera l ly  more 

t h e s e  experiments w a s  obta ined from Driver-Harris Corp., Harrison,  New J e r s e y  

and i t  had t h e  fol lowing composition: 

Chromium 19.5 % 

S i l i c o n  1.45% 

Carbon 0.03% 

Nickel  b a lance  

C .  S t a b i l i t y  T e s t s  

Hardness measurements of t h e  swaged a l l o y s  were made a f t e r  va r ious  

amounts of cold work and subsequently a f t e r  exposure of t h e  a l l o y s  f o r  1 hour 

and 5 hours a t  1500°F, 1800°F and 2200°F i n  a i r .  These measurements, recorded 

i n  Table I X ,  i n d i c a t e  t h a t  t h e  a l l o y s  w e r e  s t a b l e  under t h e  condi t ions  t e s t e d ,  

as no apprec iab le  hardness drop occurred.  

D.  Tens i l e  Tests 

The t e n s i l e  p r o p e r t i e s  of t h e  swaged a l l o y s  w e r e  evaluated a t  

room temperature,  1800" and 2000'F and are recorded i n  Table X. 

The b e n e f i c i a l  e f f e c t  of cold  work on t h e  e leva ted  temperature 

t e n s i l e  p r o p e r t i e s  of t h e s e  a l l o y s  is  shown i f  one examines, f o r  example, the 

1800°F d a t a  on a l l o y  86A. The t e n s i l e  s t r e n g t h  has  inc reased  from 6,000 t o  

6 



13,000 p s i  as a r e s u l t  of 4 swaging cyc les  of 10% reduc t ion  s t e p s  wi th  1600'F 

in te rmedia te  anneals .  

A similar, bu t  less dramatic,  improvement i n  t e n s i l e  p r o p e r t i e s  

a t  room temperature and a t  1800°F w a s  observed wi th  a l l o y  f 7  when 20% 

reduct ion s t e p s  w e r e  used. However, as t h e  number of cyc les  increased  beyond 

e i g h t ,  t h e  t e n s i l e  s t r e n g t h  decreased, and a f t e r  e leven  swagings i t  w a s  

e s s e n t i a l l y  t h a t  of t h e  as- extruded a l loy .  

E .  Stress Rupture Tests 

Stress rup tu re  p r o p e r t i e s  of t h e  a l l o y s  a f t e r  varying amounts of 

cold work w e r e  determined and are presented i n  Table X I .  

The d a t a  i n d i c a t e  less improvements i n  stress rupture  s t r e n g t h  

than i n  t e n s i l e  s t r eng th .  
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IV CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  i l l u s t r a t e  t h a t  a dispersion- strengthened s t r u c t u r e  such 

as a l l o y s  #6, #6A and f 7  cannot, o r  a t  least n o t  e a s i l y ,  be  brought t o  a 

h igh  creep s t r e n g t h  level through thermomechanical treatment. A material 

w i t h  b e t t e r  s t r u c t u r a l  parameters i n  t h e  as extruded cond i t ion  responds very  

much b e t t e r  t o  t h e  same type of swaging and anneal ing cycles .  (This w a s  

demonstrated w i t h  some a l l o y s  prepared on an in-house budget. See Appendix.) 

For t h e s e  reasons i t  would be inappropr ia te  t o  make genera l i zed  conclusions 

on the  b a s i s  of t h e  r e s u l t s  on t h e  t h r e e  a l l o y s  discussed i n  t h i s  r e p o r t .  

However, t h e  fo l lowing recommendations can be  made f o r  f u t u r e  work: 

1. Severa l  a l l o y s  (among t h e  ones l i s t e d  below) should b e  s e l e c t e d .  

Enough material should be  prepared by t h e  process  b r i e f l y  descr ibed 

i n  t h e  appendix o f  t h i s  r e p o r t  (Halide d i f f u s i o n  process)  and a 

thorough eva lua t ion  of t h e  in f luence  of t h e  thermomechanical 

t rea tments  on t h e  mechanical p r o p e r t i e s  of t h e  materials should 

b e  made. Answers t o  t h e  following ques t ions  should b e  obtained:  

a. I f  swaging i s  used, what r educ t ion  s t e p s  are most e f f i c i e n t ?  

b. What i s  t h e  number of swaging cyc les  f o r  optimum p r o p e r t i e s ?  

c. Should anneal ing be app l ied  a f t e r  each co ld  work cyc le  and 
a t  what temperature and what t i m e ?  

working through forging,  warm swaging o r  ext rus ion? It i s ,  
of course,  of p a r t i c u l a r  i n t e r e s t  t o  decrease  t h e  number 
of cyc les  now used i n  thermomechanical t rea tments  of 
d ispers ion- strengthened a l l o y s .  

d. Can cold  swaging, p l u s  annealing,  be  replaced by warm 
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2. Matrices t o  be  considered f o r  t h i s  type  of an  e f f o r t  are f o r  

instance: 

60Ni 

74Ni 

57Co 

59Ni 

62Ni 

5 8 N i  

65Co 

8 0 N i .  

20Cr 20W 

20Cr 4Mo 2Nb 

1 8 C r  1 5 W  l O N i  

16Cr l6M0 5Fe 4W 

1 5 C r  l8c0 5MO 

20Cr 14Mo 8 W  

20Cr 15W 

20Cr 

3.  A b e t t e r  c o r r e l a t i o n  should be e s t a b l i s h e d  between s t r u c t u r a l  

parameters,  mechanical p r o p e r t i e s  and process ing v a r i a b l e s .  

Transmission e l e c t r o n  microscopy w i l l  be  requ i red  f o r  t h i s  e f f o r t .  

4. Attempts should b e  made t o  o b t a i n  high d e n s i t y  powder compacts wi th  

a l a r g e  diameter,  which would al low more reduc t ion  via  cold  and/or  

w a r m  work. It i s  proposed t h a t  a s tudy i n  i s o s t a t i c  h o t  p ress ing  be 

done wi th  t h i s  g o a l  i n  mind. The in f luence  of t h e  p e r t i n e n t  v a r i a b l e s  

- temperature,  p ressure ,  dimensions - on t h e  s t r u c t u r a l  parameters 

has  t o  be  s t u d i e d .  
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Length, 
Inches 

29 

12 

08 

TABLE I - 
DATA OF ALLOYS I N  THE AS EXTRUDED CONDITION 

Core 
Diameter, 
Inches 

0.39 

0.36 

0 . 3 4  

a %O* 

0.53 

1.00 

0.94 

1800'F Tensile D a t a  % C  

a Vacuum fusion technique 
Oxygen i n  2 .5  v/o thorium oxide is 0.367.% 

0.2ZY.S.,ksi e,% R.A.% 
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TABLE I1 

HARDNESS OF ALLOY #7 AFTER DRAWING 

Condition 

As extruded 

20% reduction 

Anneal 1 hr. @ '  1600'F 

20% reduction 

Anneal 1 hr. @ 1600'F 

Hardness, Rockwell Aa 

Bar 1 

63 

68 

61 

66 

60 

Bar 2 

63 

68 

60 

67 

59 

a Average of at least nine determinations 
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TABLE 111 - 
HARDNESS OF ALLOY #7 AFTER SWAGING 

(20% and 15% reduct ions  p e r  cyc le)  

Condition 

A s  extruded 

F i r s t  swage 
Anneal 1/2 hour 

Second swage 
Anneal 1/2 hour 

Third swage 
Anneal 1 / 2  hour 

Fourth swage 
Anneal 1 / 2  hour 

F i f t h  swage 
Anneal 1 / 2  hour 

S i x t h  swage 
Anneal 1 /2  hour 

Seventh swage 
Anneal 1 / 2  hour 

Eighth swage 
Anneal 1 /2  hour 

Ninth Swage 
Anneal 1 /2  hour 

Tenth swage 
Anneal 1 / 2  hour 

Eleventh swage 

! '  

Hardness, Rockwell A a 
/ .  

20% Reduction 
1600°F Anneal 

63.0 

68.3 
60.9 

67.0 
59.7 

66.7 
61.0 

66.4 
60.4 

65.9 
61.1 

66.6 
61.6 

67.6 
62.2 

67.2 
61.1 

65.3 
61.6 

67.4 
60.4 

68.3 

15% Reducfion 
1600OF Anneal 

63 .O 

64.8 
63.9 

67.9 
60.1 

67.4 
60 .O 

66.5 
65.0 

67.9 
60.0 

68.1 
61.2 

67.7 
61.0 

- 
i 

- 
- 
- 
- 

15% Reduction 
2000°F Anneal 

63.0 

64.5 
62.9 

67.7 
60.2 

67.7 
60.0 

66.6 
60.0 

67.4 
59.9 

67.7 
60.6 

68.6 
58.7 

- 
- 
- 
- 
- 
- 

a Average a t  least t h r e e  determinat ions 
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TABLE IV 

HARDNESS OF ALLOY #6 AFTER SWAGING 
(15% reduction per cycle) 

Condition 

As extruded 

First swage 
Anneal 1 / 2  hour 

Second swage 
Anneal 1/2 hour 

Third swage 
Anneal 1/2 hour 

Fourth swage 
Anneal 1 / 2  hour 

Fifth swage 
Anneal 1 / 2  hour 

Sixth swage 
Anneal 1 / 2  hour 

Seventh swage 
Anneal 1 / 2  hour 

Hardness, Rockwell A a 

1600'F Anneal 

62.0 

67.1 
58. I 

66.6 
57.1 

65.5 
60.0 

65.8 
62.7 

66.2 
57.6 

66.3 
58.7 

66.1 
59.1 

2000°F Anneal 

62.0 

66.1 
59 .o 

66.6 
56.8 

65.6 
57.7 

64.8 
58.6 

66.0 
56.8 

67.1 
59.3 

66.0 
57.4 

a Average at least three determinations 
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HARDNESS OF ALLOY #7 AFTER SWAGING 
(10% reduct ion  p e r  cycle) 

-~ 

Condition 

A s  extruded 

F i r s t  swage 
Anneal 1 /2  hour 

Second swage 
Anneal 1 / 2  hour 

Th i rd  swage 
Anneal 1 / 2  hour 

Fourth swage 
Anneal 1 / 2  hour 

F i f t h  swage 
Anneal 1 / 2  hour 

S ix th  swage 
Anneal 1 / 2  hour 

Seventh swage 
Anneal 112 hour 

Eighth swage 
Anneal 1 / 2  hour 

Ninth swage 
Anneal 1/2  hour 

Tenth swage 
Anneal 1/2 hour 

Eleventh swage 
Anneal 1 / 2  hour 

Twelfth swage 
Anneal 1 / 2  hour 

Th i r t een th  swage 
Anneal 1 / 2  hour 

Fourteenth swage 
Anneal 1 / 2  hour 

F i f t e e n t h  swage 
Anneal 1 / 2  hour 

S ix teen th  swage 
Anneal 1 / 2  hour 

Hardness, Rockwell A' 
1600°F Anneal 

63.0 
62.9 
64.1 

67.8 
63.7 

65.4 
62.5 

67.4 
58.9 

65.9 
63.2 

64.3 
63.2 

65.3 
62.0 

64.6 
63.2 

66.0 
61.0 

66.2 
63.1 

68.1 
60.6 

64.7 
63.1 

65.5 
62.9 

65.3 
60.4 

66.1 
60.0 

64.6 

I 

- 

a Average of a t  least t h r e e  determinat ions 
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TABLE VI 

HARDNESS OF ALLOY 86 AFTER SWAGING 
(10% reduction per cycle) 

Condition 

As extruded 

First swage 
Anneal 1/2 hour 

Second swage 
Anneal 1/2 hour 

Anneal 1/2 hour 

Fovrth swage 

Hardness, Rockwell A" 
1600'F Anneal 

64.8 

- 
65.3 

66.9 
64.3 

63.2 
64.9 

65.6 

a Average of at least three determinations 
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TABLE VI11 
_)I 

OXID8 PENETRATIOF AFTER EXPOSURE IN AIR a 

a Speqimens were maunted in bakelite, polished and the 
oxide penetration determined with a measuring eye piece. 
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TABLE X I  

STRESS RUPTURE PROPERTIES AT 2000'F OF ALLOYS #6, #6A, 

AND #7 AFTER COLD WORKING THE ALLOYS BY SWAGING 

Mat e r i a l  

Alloy #6 

15% reduc t ions  

A f t e r  8 cyc les  

Alloy #6A 

10% reduc t ions  

A f t e r  4 cyc les  

Alloy #7 
10% reduc t ions  

A f t e r  6 cyc les  

A f t e r  11 cyc les  

A f t e r  16 cyc les  

A f t e r  16 cyc les  

S t r e s s  
p s i  

2 , 000 

4 000 

3,000 

5 000 

4 000 

3,000 

2,000 

Rupture L i f e ,  
hours 

0.3 

1.0 

8.0 

0.05 

0.03 

0.1  

0.6 

e, % 

4 

9 

5 

R.A. % 

7 

0 

0 

4 
0 

0 

0 
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Figure 1: Effect of Cold Work (Swaging by 20% Reductimper cycle) 
qn Alloy 1 7 ,  aa measured by hardness changes. 
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Figure 2: Effect of Cold Work (Swaging by 15% Reduction per cycle) 
on Alloy #7, as measured by hardness changes. 
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l O O X  

looox 

Figure 4 :  Microstructure of longitudinal section of 
Alloy 116 (80 nickel-20 chromium + 2.5 v/o 
Tho2), as extruded. 
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20, ooox 

Figure  5: Elect ron micrograph of a l o n g i t u d i n a l  s e c t i o n  of Alloy 86, 
(80 nickel-20 chromium + 2.5 v/o Tho 1, as extruded. 2 
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l O O X  

looox 

Figure 6: Microstructure of transverse section of 
Alloy 86 (80 nickel-20 chromium + 2.5 v/o 
Tho >, as extruded. 2 
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20, ooox 

Figure  7: E lec t ron  micrograph of a t r a n s v e r s e  s e c t i o n  of Alloy 86, 
(80 nickel- 20 chromium + 2.5 v/o Tho2), as extruded. 
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lOOX 

lOOOX 

Figure 8: Microstructure of longitudinal section of 
Alloy #6A (80 nickel-20 chromium + 2.5 v/o 
Tho ), as extruded. 2 
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20, ooox 

Figure 9: Electron micrograph of a longitudinal section of A l l o y  #6A, 
(80 nickel-20 chromium + 2.5 v/o ThO ), as extruded. 2 
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lOOX 

looox 

Figure 10: Microstructure of transverse section.of 
Alloy 116A (80 nickel-20 chromium + 2.5 v/o 
Tho ) , as extruded. 2 
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20, ooox 

Figure 11: Electron micrograph of a transverse section of Alloy f6A, 
(80 nickel-20 chromium + 2.5 v/o Tho2), as extruded. 
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lOOX 

looox 

Figure 12: Microstructure of longitudinal section of 
Alloy 8 7  (80 nickel-20 chromium + 5 v/o 
Tho2), as extruded. 
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20, ooox 

Figure 13: Electron micrograph of a longitudina1,section of Alloy #7, 
(80 nickel-20 chromium + 5 v/o Tho2), as extruded. 

35 



lOOX 

looox 

Figure 14: Microst ructure  of t ransverse  s e c t i o n  of 
Alloy 87 (80 nickel-20 chromium + 5 v/o 
Tho2), as extruded. 
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20, ooox 

Figure 15: Electron micrograph of 
(80 nickel-20 chromium 

a transverse section of Alloy #7, 
+ 5 v/o Tho2), as extruded. 
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Figure 162 Oxidation Characteristics of Various Nickel-Base Alloys 
After Exposure in Air for Various Times at 1800'F 
(as measured by weight change) 
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Figure 17: Oxidation Characteristics of Various Nickel-Base Alloys 
After Exposure in Air for Various Times at 2000'F. 
(as measured by weight change) 
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Figure  18: Oxidation C h a r a c t e r i s t i c s  of Various Nickel-Base Alloys 
A f t e r  Exposure i n  A i r  f o r  Various T i m e s  a t  2200'F 
(as measured by weight change) 
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Figure 19: Oxidation C h a r a c t e r i s t i c s  of Various Nickel-Base Alloys 
Afte r  Exposure i n  A i r  f o r  Various T i m e s  a t  2400'F 
(as measured by weight change) 
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Figure 20: Oxidatign Characteristics of Various Nickel-Baee Alloys 
After 100 Hours Exposure in Air, at Various Temperatures. 
(as measured by depth of oxide penetration) 
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APPENDIX: Experiments w i t h  Dispersion-Strengthened 

Nickel/Chromium-Base Alloys 

Experiments w i t h  dispersion- strengthened nickel/chromium-base matrices 

were conducted i n  cooperat ion w i t h  a French group using know-how of both  

companies. 

s t r eng then ing  of almost any s o l i d  s o l u t i o n  matrix conta ining elements such as 

i ron ,  n i c k e l ,  chromium, coba l t ,  molybdenum, tungsten,  manganese, p la t inum 

metals, and niobium. Excluded are t h e  more r e a c t i v e . m e t a l s .  The process  is  

p a r t i c u l a r l y  a t t rac t ive  as i t  lends  i t s e l f  t o  t h e  design of "tailor-made" 

a l l o y s  because of the a p p l i c a b i l i t y  t o  va r ious  s o l i d  s o l u t i o n s  conta ining 

chromium. The process ing v a r i a b l e s  used i n  prepar ing these  a l l o y s  are shown 

schemat ical ly  i n  Figure  A 1. 

The process ing techniques used can b e  app l ied  t o  t h e  d i s p e r s i o n  

Samples t h a t  were prepared had a very uniform and f i n e  d i s p e r s i o n  i n  

t h e  extruded condi t ion,  an oxide p a r t i c l e  s i z e  of around 0 . 1  micron and an 

i n t e r p a r t i c l e  spacing below 1 micron. . 

The t e n s i l e  and stress rup ture  p r o p e r t i e s  of some of t h e  a l l o y s  w e r e  

evaluated i n  t h e  as- extruded and t h e  extruded and swaged condi t ion.  The 

r e s u l t s  f o r  t h e  2000'F tests are l i s t e d  i n  Table A 1. I n  t h e  extruded 

cond i t ion  the material had moderate t o  low s t r e n g t h  coupled wi th  good 

d u c t i l i t y .  A f t e r  va r ious  swaging and anneal ing t rea tments  t h e  high temp- 

e r a t u r e  stress r u p t u r e  s t r e n g t h  w a s  increased w i t h  b e s t  r e s u l t s  around 

6,000 p s i  f o r  100 hours '  r u p t u r e  l i f e .  

These pre l iminary r e s u l t s  i n d i c a t e  t h a t  t h e  process  chosen h e r e  can 

indeed be  app l ied  t o  t h e  d i s p e r s i o n  s t reng then ing  of a wide v a r i e t y  of 
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supera l loy  compositions. S t a b l e  s t r u c t u r e s  can be obtained.  The f i r s t  

a t t e m p t s  t o  improve t h e  s t r e n g t h  p r o p e r t i e s  of extruded a l l o y s  by swaging 

w e r e  s u c c e s s f u l ,  a l though t h e  stress rup tu re  d a t a  are s t i l l  f a r  from being 

optimized. 
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TABLE A 1 

MECHANICAL PROPERTIES OF DISPERSION-STRENGTHENED NICHROME ALLOYS 

Tensile Properties 

80%Ni 20%Cr + 

80%Ni 20XCr + 

‘a. 
45 



FIGURE A 1 

SCHEMATIC FLOW DIAGRAM OF PROCESSING VARIABLES USED 
IN PREPARING DISPERSION-STRENGTHENED S W E R  ALLOYS 

COMMINUTE METAL 
OR OXIDES TO DESIRED 

MIX IN DRY BOX 
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