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DEVELOPMENT AND EVALUATION 

OF HIGH-TEM PERATURE TUNGSTEN ALLOYS

ABSTRACT

T u n g s ten - r ich  alloys,  deve loped for use  at t e m p e r a t u r e s  up 

to 2000F, exhibit duct i l i ty ,  fab r icab ih ty  and joinabili ty not found in 

co m m erc ia l ly -av a i la b le  m a te r ia l s .  An envelope type of m ic ro s t ru c tu r e  
was produced in com posi t ions  containing a t  leas t  90 wt% tungsten  by liquid- 

phase  entering of c o ld -p r e s s e d  pow ders  in hydrogen. At ro o m  te m p e ra tu r e  

the a l loys could be ro l led  extensively, and tensile  elongations up to 25% 

w ere  noted. Strength p ro p e r t ie s  of a W -N i-F c  base  w ere  im proved  by 

sm al l  qua ternary  addit ions.  The u l t im a te  tens i le  s t r en g th  of a 90W-4. 8Ni- 

3. 2 F e -2 R u  alloy was 4b, 700 psi at  2000F, compared  to  30, 000 - 35, 000 p s i  

for unalloyed tungsten o r  W-Ni-Fe; the 100-hour s t r e s s - r u p t u r e  s trength  a t  

1600F was 15,000 psi .  Excellent jo in ts  w e re  produced by spot  welding and 

loca l ized  induction heating .  The oxidation re s is tan ce  of unpro tec ted  90 wt% 

tungsten  composit ions was not significantly  affected by alloying.
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DEVELOPMENT AND EVALUATION 
O F HIGH-TEMPERATURE TUNGSTEN ALLOYS

I. INTRODUCTION

This  r e p o r t  su m m a r iz e s  the work p e r f o rm e d  during the in te rv a l  

October  1, 1958 to  September 30, 1959 under C o n t rac t  No. AT(33-3)-4 ,
Task  I, ent i t led "Development and Evaluation of h ig h -T e m p e ra tu re  Tungsten  

A l lo y s ."  The s tud ies  repo r ted  h e re in  a re  a continuation of invest iga t ions  

init ial ly conducted under Contrac t  A F 33(616)-5218-Task No. 72023, for 

Wright Air Development Center ,  f r o m  May, 1957, through September ,

1958 .(1)

The p r im a r y  objectives of this p ro g ra m  a r e  concerned with 

the  development of high-tungsten a l loys  which a r e  r e a d i ly  f a b n c a b le  and 
a r e  capable of opera t ing  at t e m p e r a tu r e s  ap to 2000F. Oxidation p ro tec t io n  
has  been co n s id e red  to be of secondary  importance because  of other  c u r r e n t  

r e s e a r c h  efforts  in this field. Unalloyed tungsten p o s s e s s e s  adequate 

e l ev a ted - tem p e ra tu re  strength but is  not readi ly  fab r ica ted  into m ass iv e  

and complex shapes .  C om m erc ia l  "Heavy Metal"  al loys of the W*Ni-Cu 

type a re  not r e a d i ly  workable and exhibit  a rapid  lo ss  of s trength  a t  t e m p e r a 

tu r e s  below 2000F. These m a te r ia l s  cons is t  of s l ightly  al loyed tungsten 

g ra ins  su r rounded  by a coppe r-n icke l  m a tr ix  which contains  some d is so lv ed  

tungsten. The powder  metal lurgy  techniques used in the  fabr ica t ion  of 

th e se  h igh- tungsten  alloys a r e  adaptable  to the product ion  of la rge  p a r t s  

util izing c o m m e rc ia l ly  available equipment.  Consequently,  in i t ia l  tungs ten  

al loy development work  was concerned  with powder m e ta l lu rg y  methods,  

and the low-melt ing  copper-n icke l  m a t r ix  of W-Ni-Cu al loys was r e p la c e d  

with nickel- iron and other  h ig h e r -m e l t in g  m a tr ix  p h ases .
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R e su lts  of p re lim in a ry  stud ies of the  W -N i-F e  sy stem  show ed 

th a t com positions containing up to  97 wt% tungsten  w ere  ductile  a t ro o m - 

te m p e ra tu re . A lloys a t the 95wt7o tungsten  level cou ld  be c o ld -ro lle d  to  
red u ctio n s of 60 p e r  cen t in th ic k n e ss  without edge c rack in g . T en sile  
s tre n g th  v alues a t  2000F for W -N i-F e  m a te r ia ls  ran g ed  fro m  2*4,000 p s i at 

90 wt% tu ngsten  to  34,000 p si a t 97 wt% tungsten. S tre s s - ru p h ire  te s ts ,  
how ever, showed a  100-hour life  a t a  s t r e s s  level of only 2500 p si a t 2000F. 
S light im p ro v em en ts  in elevated  te m p e ra tu re  s tren g th  p ro p e rtie s  w ere  
p rod u ced  by s m a ll  q u a te rn a ry  add itions of C r, Mo, Mb and Ta.

D uring  the c u rre n t re p o r tin g  in te rv a l, e ffo rts  w ere m ade to  

im prove the h ig h - te m p e ra tu re  p ro p e r t ie s  by fu rth e r alloying  in the W -N i-F e  
sy s te m , and by th e  u se  of o ther h ig h -tu n g sten  alloy sy s te m s . The fa c to rs  

w hich co n trib u ted  to  the excellen t d u c tility  in W -N i-F e m a te r ia ls  w ere  
a s s e s s e d  and ap p lied  to  o ther te rn a ry  and q u a te rn ary  tu n g sten -b ase  com po
s itio n s . C o n sid era tio n  was given to  v a rio u s  pow der m e ta llu rg y  fa b r ic a tio n  
tech n iq u es which could be adapted to  the production of la rg e  and com plex  

sh a p es . Jo in ing  m ethods w ere in v e s tig a ted , and lim ite d  e ffo rts  w ere 

devoted  to oxidation  p ro tec tion . T h e rm a l s tab ility  of th e  alloys under 
developm ent was an im portan t co n s id e ra tio n . All m a te r ia ls  w ere s in te re d  
in  reducing  a tm o sp h e re s  a t te m p e ra tu re s  slightly  above the m elting  poin t 

of the  m a trix  p h ase . C om m erc ia l, h ig h -p u rity  m e ta l pow ders w ere u sed , 
and  fab rica tio n  p ro c e d u re s  u tilized  conventional p ro c e s s in g  equipm ent. 
C om positions w ere  evaluated  a t ro o m  te m p e ra tu re  and a t  te m p e ra tu re s  up 
to  2000F by tr a n s v e r s e - ru p tu r e  and sh o r t- tim e  te n s ile  te s ts .  The m o re  
p ro m is in g  alloys w e re  evaluated  on th e  b as is  of e le v a te d - te m p e ra tu re , 

s t r e s s - r u p tu r e  life , oxidation r e s is ta n c e , and th e rm a l s tab ility . O ver one 
hun d red  com positions w ere studied; the data  rep o rted  h e re in  w ere obtained 
fro m  te s t  sam ples w hich w ere c o ld -p re s s e d  and h y d ro g en -s in te red . L im it

ed d a ta  fro m  p rev io u s  w ork have been  included for co m p ariso n  with c u r re n t  
m a te r ia ls .  T e s t r e s u l t s  for the m o re  p ro m isin g  com positions a re  d isc u sse d  
u n d e r sec tio n s co v e rin g  the v ario u s a llo y  sy s tem s. C om plete p ro p e rty  d a ta  
fo r  a l l  m a te r ia ls  in v es tig a ted  a re  p re s e n te d  in the A ppendix of th is re p o r t.

i
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A. M a te ria ls

M ost of the a lloys in v estig a ted  u n d e r th is  p ro g ram  con ta ined  at 

le a s t 90 wt% tungsten . H ig h -p u rity  co m m erc ia l g ra d e  tungsten  p o w d ers  

having av e ra g e  p a r tic le  s iz e s  ran g in g  fro m  1 m ic ro n  to  over 4 m ic ro n s  w ere 

used. T h ese  h y d ro g en -red u ced  pow ders had the  follow ing range of im 

p u ritie s  (wt%).

F e , 0 .001 to 0 .007 
Mo, 0-002 to 0 .013 

O, 0 .0 3  to 0. 10

Nonvolatile m a te r ia ls ,  0 .01 m axim um .

A lloying additions to  tungsten  w ere m ade with h ig h -p u rity  co m 

m e rc ia l g rad e  m e ta l pow ders. A dditions of Co, C r , F e , Mo, Ni, P d , Ru, 

and Th w ere m ade in the fo rm  of e lem en ta l p o w d ers , m inus 325 m e sh , 

having p u r it ie s  in  the range of 99. 8 to 99. 98 wt%. Some of the m o re  r e 

ac tive  e lem en ts  w ere  added in the  fo rm  of p re -a llo y e d  pow ders in  o rd e r  to 

reduce ox idation  during s in te r in g  and to  prov ide low er m elting p o in ts . The 

elem ents C r , T i, and Zr w ere  added as co m m erc ia lly  availab le , m inus 

325 m esh  N i-C r , N i-T i, and N i-Z r  pow ders p re p a re d  by m e ta l h y d rid e  

p ro c e s se s . A lum inum  and vanad ium  w ere added as non -consum ab le- 

e lec tro d e  a rc -m e lte d  m a s te r  a llo y s  which w ere  com m inuted  th ro u g h  325 

m esh . C arbon  additions w ere  m ad e  in  the fo rm  of lam pblack  o r a s  tu n g sten  

ca rb id e  pow ders of about 5 m ic ro n s  average p a r t ic le  size .

B. P re p a ra tio n  of Alloys

T he m a te r ia ls  p ro d u ced  under th is  p ro g ra m  w ere p re p a re d  by 

powder m e ta llu rg y  techniques. C om m erc ia l, h ig h -p u rity  m e ta l pow ders 

w ere d ry -b len d ed  by ro lling  in  g la s s  ja r s ;  no lu b r ic a n ts  w ere u sed . T e s t 

specim ens fro m  which p ro p e rty  d a ta  w ere ob ta ined  w ere  com pacted  in  s te e l 

d ies a t p r e s s u r e s  in the range of 10 to 30 ts i .  S in te rin g  was c a r r ie d  out in 

a m olybdenum -w ound, alundum -tube furnace u sin g  a  pu rified  hydrogen  

a tm o sp h ere . The sam ples w ere  packed in g ra n u la r  alum inum  oxide w ithin 

a m olybdenum  s in te r in g  boat; an  op tica l p y ro m e te r  w as used  to  m e a s u re  

the te m p e ra tu re  of m olybdenum  ta rg e ts  p laced  in  th e  s in te rin g  boat.

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y
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S in terin g  te m p e ra tu re s  ran g ed  fro m  2640 F  to 2910F for 30 m inu tes to  2 

h o u rs; h ea tin g  and cooling r a te s  of about 180F p e r  hour w ere u se d  a t te m p e ra 

tu re s  above 2140F.

Som e com positions contained e lem en ts  whose oxides a r e  not 

red u ced  by hydrogen; th e se  inc luded  Al, Th, T i, V, and Z r. A lthough the 

hydrogen  s in te r in g  a tm o sp h ere  w as p assed  th ro u g h  a ca ta ly tic  co n v e rte r  

and an a c tiv a te d  alum ina d ry e r ,  sm all quan titie s  of oxygen w ere  p re s e n t  in 

the fu rnace . The sm all p a r t ic le  s ize  of the re a c t iv e  m a te r ia ls  a ls o  con

tr ib u te d  to  ox idation  during s in te r in g  of m a te r ia ls  containing the above e le 

m en ts . S in te rin g  in  vacuum  o r in  an in e r t  a tm o sp h e re  may have re s u lte d  

in  im proved  p ro p e r tie s  of th e se  a llo y s. H ow ever, the  tim e  av a ilab le  fo r 

such h e a t- tre a tm e n ts  was lim ite d , and a g rea t m a jo rity  of the a llo y s  studied 

w ere  s in te re d  sa tis fa c to rily  in  hydrogen.

S e v e ra l p ro cess in g  techn iques o ther th an  c o ld -p re ss in g  followed 

by hydrogen  s in te r in g  w ere u sed . T hese m ethods included h o t-p re s s in g  in 

g rap h ite  d ie s  and  the s in te rin g  of loosely  com pacted  and s l ip -c a s t  pow ders. 

M ore d e ta iled  d esc rip tio n s  of th e s e  techniques a r e  included  in subsequen t 

sec tions of th is  re p o r t.

C. M eta llo g rap h ic  Techniques

Specim ens fo r m e ta llo g rap h ic  exam ination  w ere cu t fro m  

s in te re d  co m p ac ts  and m ounted in phenolic (B akelite) re s in . Rough grinding 

w as acco m p lish ed  on silicon  c a rb id e  p ap e rs  fro m  120 to 600 g r it . The f i r s t  

polish ing  o p e ra tio n  used  a 9 m ic ro n  diam ond a b ra s iv e  in k ero sen e  on an  

A. B uehler "M etc lo th" w heel. A second po lish ing  o p era tio n  u tilize d  1 

m ic ro n  d iam ond  p a s te  on a  "M icro c lo th "  wheel. F in a l polishing was a c 

com plished  on a  M icroclo th  w heel u sing  Linde B a b ra s iv e  (0. 3 to  0. 8 

m ic ro n  a lum ina).

U netched  sam ples w e re  found to be s a tis fa c to ry  for d e te rm in in g  

. g ra in  s iz e , p o ro s ity , and vo lum e and d is trib u tio n  of the  m a trix  p h ase . The 

tu n g s te n -r ic h  g ra in s  w ere e tched  with a solution co n s is tin g  of equal volum es 

of am m onium  h ydrox ide , 3% h y d ro g en  perox ide , and w ater; etching w as 

accom plished  by im m ers io n  or sw abbing at ro o m  te m p e ra tu re . The m a trix  

p h ase , g en e ra lly  containing su b s ta n tia l quan tities of n ickel, was e tch ed  with

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y

-  4  - A RF 2158-12 
S um m ary  R eport



O ffic ia l U se Only

equal p a r ts  of n itr ic  ac id , h y d ro fluo ric  a c id , and w ater. A nother etchant 

em ployed  fo r som e m a tr ix  phase  s tru c tu re s  w as com posed of 20 p a r ts  HNO^ 

20 p a r ts  H F, and 60 p a r ts  of g lycerine . Both m a tr ix -p h a se  e tch an ts  w ere 

used  a t ro o m  te m p e ra tu re .

D. T e s t  P ro c ed u re s

ru p tu re  te s t  at room  te m p e ra tu re . S pecim ens m easu rin g  ap p ro x im ate ly  

1/8 x 3 /1 6  x 1 3/4 in. w e re  supported  on p a r a l le l  cy lin d rica l p ins having a 

span of 1 1/4 in. A load w as cen tra lly  ap p lied  and t r a n s v e r s e - ru p tu r e  

s tre n g th  v a lu es w ere ca lcu la te d  accord ing  to  the  s tan d ard  fo rm u la  for 

re c ta n g u la r  beam  sp ec im en s:

T hese t e s t s  w ere  conducted on a H ounsfield "T en so m ete r"  and the  s t r e s s -  

s tra in  c u rv e s  obtained w e re  a lso  u sed  for y ie ld -p o in t d e te rm in a tio n s ; the 

above fo rm u la  was used . Som e m a te r ia ls  exh ib ited  la rg e  deflec tio n s under 

a load, and t r a n s v e rs e - ru p tu r e  s treng th  v a lu es  fo r th ese  d u c tile  m a te r ia ls  

a re  only approx im ate . R o o m -te m p e ra tu re  te n s ile  te s ts  w ere  conducted on 

the m o re  p ro m isin g  a llo y s; the te s t spec im ens m easu red  ap p ro x im ate ly

1/8 in . x 3 /16  in. with a  1 inch  gage length . Good c o rre la tio n  w as obtained 

betw een tr a n s v e r s e - ru p tu r e  s treng th  v alues and  u ltim ate  te n s ile  s tren g th  

re s u lts  fo r  the  sam e m a te r ia ls ;  the te n s ile  s tren g th  values w e re  about one 

half of th e  t r a n s v e rs e - ru p tu r e  s tren g th  v a lu e s .

O ther ro o m -te m p e ra tu re  p ro p e r tie s  inv estig a ted  inc luded  

h a rd n e s s , bend ductility , and w orkability . V ick e rs  10kg h a rd n e s s  m e a s u re 
m ents w e re  m ade on p o lish ed  m eta llo g rap h ic  specim ens. M ic ro h a rd n ess  

re ad in g s , u s in g  25 to 100 g ra m  loads, w ere  tak en  on ind iv idual tu n g sten - 

r ic h  g ra in s  and a lso  in a r e a s  of the m a trix  p h a se . A s ta n d a rd  180° bend 

te s t  was u se d  on a s - s in te re d  and also  on c o ld -ro lle d  sam p les . W orkability

A R M O U R  R E S E A R C H  F O U N D A T I O N  OP  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y

In itia l sc re e n in g  of s in te red  co m p ac ts  u tilized  a t r a n s v e r s e -

S

w here: S = tr a n s v e rs e - ru p tu re  s tren g th , p s i  

P  -  applied load , lb.

L  = length betw een  su p p o rts , in. 

w * width of sa m p le , in. 

t  = th ickness of sam ple , in.
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was ev a lu a ted  by ro lling  1 /8  x 5/8 x 1 3 /4  in. specim ens a t ro o m  te m p e ra 

tu re .

M a te ria ls  w hich p o sse sse d  s a tis fa c to ry  s tru c tu re s  and adequate 

ro o m -te m p e ra tu re  p ro p e r t ie s  w ere fu rth e r  evaluated  at e lev a ted  te m p e ra 

tu re s .  T ra n s v e r s e - ru p tu r e ,  te n s ile , and s t r e s s - r u p tu r e  te s ts  w ere  con

ducted  a t  te m p e ra tu re s  up  to  2000F under in e r t  a tm o sp h eres . T e s t  sam ples 

had c ro s s - s e c t io n s  m e a su r in g  about 0. 1 x 0. 2 in. O xidation t e s t s  w ere 

p e rfo rm e d  a t 2000F in a h o r iz o n ta l alundum  tube . The oxide film s which 

fo rm ed  in  a i r  w ere  som ew hat tenacious fo r m o s t a lloys, and th e  specim ens 

w ere  h e ld  a t  te m p e ra tu re  fo r  15 o r 30 m in u te s . T es t re s u lts  a r e  ex p ressed  

in  w eight g a in /c m  / h r.

HI. DISCUSSION OF RESULTS

E ffo rts  during th is  rep o rtin g  in te rv a l  have been devo ted  to 

im prov ing  the w orkab ility , fa b r ic a b ility , and e lev a ted  te m p e ra tu re  p ro p e r 
t ie s  of tu n g s te n -b a se  a llo y s  studied  under a  p rev io u s  p ro g ram . O ver 100 

new co m p o sitio n s w ere ev a lu a ted  a t room  te m p e ra tu re ; of th e s e , about 40 

w ere  c o n s id e re d  p ro m isin g  and  w ere fu rth e r te s te d  a t e levated  te m p e ra tu re s . 

In v estig a tio n s  of W -N i-F e com positions w ere  continued in o rd e r  to  determ ine 

optim um  com positions in  th e  sy stem . The fa b r ic a b ility  and e lev a ted  te m p e ra 

tu re  s ta b ili ty  of th ese  a llo y s w ere  studied. A num ber of q u a te rn a ry  additions 

to  the W -N i-F e  b ase  w ere  m ad e  in o rd e r to  im p ro v e  h ig h - te m p e ra tu re  
s tren g th  and s tab ility . In add ition , o ther tu n g s te n -b a se  te rn a ry  sy s te m s  

including W -N i-C o , W -N i-C r, and W -N i-Ru w e re  evaluated. T he scope of 

alloys s tu d ied  is  outlined below :

B in ary  Alloys;
T ungsten  w ith Ni and Pd

T e rn a ry  A lloys
T ungsten-n ickel w ith F e , Co, C r, Mo, and Ru.
T u n g ste n -iro n  w ith Co, C r, and Mo.
T u n g sten -co b a lt w ith Cr and Ru.

Q u a te rn a ry  alloys:
T u n g s te n -n ic k e l- iro n  with Al, C, Co, C r, Mo, P d , Ru,
T h , T i, V, and Z r .
T u n g s te n -n ic k e l-c o b a lt with C r, M o, and Ru.

M ore co m p lex  alloys:
T u n g s te n -n ic k e l- iro n  with C o -C r, C o-R u, Cr-M o
M o -T i, M o-V, and  M o-Z r.

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y
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Some of th e  alloy sy stem s lis te d  above w ere  re p re s e n te d  by a  

s in g le  blend, w hereas the  m ore  p ro m is in g  sy stem s inc luded  ten  or m ore 
v a r ia tio n s  in com position . S ev era l s in te r in g  tre a tm e n ts  w ere  req u ired  in 

o rd e r  to  es tab lish  op tim um  hea t tre a tm e n ts  fo r many of th e  a lloys. Some 

sy s te m s  a re  in the in i t ia l  s tages of study; hence the co m p o sitio n s and 
th e rm a l tre a tm en ts  have not been o p tim ized .

A. W -N i-F e  Alloys
In itia l tu n g s ten -b ase  alloy s tu d ie s  w ere devoted  to  the W -N i-F e 

sy s tem . C om positions ran g ed  from  90 to  99. 5 wt% tungsten ; optim um  
n ic k e l- to - iro n  ra tio s  w e re  found to be about 3:2 a t m o st tu n g sten  lev e ls . 
S in te rin g  te m p e ra tu re s  w ere  2680F fo r the lo w er-tu n g sten  com positions, 

and up  to  2840F for a llo y s  above 98 wt % tungsten . M icro s t in c tu r e s  w ere  
c h a ra c te r iz e d  by rounded  tu n g s ten -ric h  g ra in s  in a N i-F e -W  so lid  solution 

m a tr ix  fo r m a te r ia ls  con tain ing  le s s  than  98 wt% tungsten  F ig u re  1 i l lu s -  
t r a te s  a  typ ica l s tru c tu re  in a  90W -6N i-4Fe alloy. The m a tr ix  phase of 
th is  com position  was found to contain 18 wt% tungsten; the tu n g s te n -r ic h  

g ra in s  contained about 0. 1 wt% nickel and le s s  than 0. 3 wt% iro n . E lec tro n - 

p ro b e  m ic ro a n a ly s is  tech n iq u es w ere u se d  to  fu rth e r th e se  d e te rm in a tio n s . • 
A lloys a t  98 to 99. 5 wt% tungsten  levels  w e re  c h a ra c te r iz e d  by g rea tly  
red u ce d  a re a s  of m a tr ix , and the tungsten  g ra in s  w ere g e n e ra lly  equia.xed 
as show n in F ig u re  2 fo r a  99W -0.6N i-0 . 4 F e  specim en. The m a tr ix  phase 

a p p e a rs  to be d iscontinuous and the tu n g s ten  g ra in s  a re  v e ry  c o a rs e . The 
d en s ity  of th is specim en  w as 19.02 g /c c . a  value which ap p ro x im a tes  the 

th e o re tic a l  density  fo r th is  com position; d en se  m a te r ia l was obtained  in a ll 

s in te re d  W -Ni'-Fe m a te r ia l  containing up to  99. 5 wt% tu n g sten .

R o o m -te m p e ra tu re  p ro p e r tie s  of W -N i-Fe alLoys a r e  m arkedly  
in fluenced  by the tu n g sten  conten ts. ■ R e su lts  of t r a n s v e rs e - ru p tu r e  te s ts  
for th e s e  m a te r ia ls  a re  p re se n te d  in F ig u re  3. S trength  le v e ls  d ec reased  
rap id ly  above 97 wt% tu n g sten , and the d e flec tio n  values d e c re a s e d  un i
fo rm ly  w ith in c reas in g  tu n g s ten  contents above 90 wt%. M a te r ia ls  a t the 

90 wt % tu n g sten  level p a s s e d  a 1.2  t  bend, u sin g  a s ta n d a rd  180° bend te s t. 
The 90W -6N i-4Fe alloy had  an u ltim ate  te n s ile  s treng th  of abou t 130,000 
p si w ith  20 to 25 p er cen t elongation; ra p id  cooling fro m  the s in te r in g  

te m p e ra tu re  did not s ig n ifican tly  affect th e s e  v a lu es. M a te r ia ls  containing 

* C om positions a re  r e p o r te d  in w eight p e r  cen t.
A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y
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Fig. 1
M ic ro s tru c tu re  of a  90W -6N i-4Fc 
alloy. T h is  m a te r ia l w as s in te re d  
for 1 1 /4  h r  a t 2680F, and co n s is ts  
of rounded  tu n g s te n -ric h  g ra in s  in  a 
W -N i-Fe so lid  solution m a tr ix . 
E tched and  repo lished .

Neg. No. 18572 X250
F ig . 2

M ic ro s tru c tu re  of a  99W -0. 6N i- 
0 .4 F e  alloy . S in tering  w as conducted 
a t 2840F fo r  1 1 /2  h r ; the  tu n g sten  
g ra in s a re  g en e ra lly  equiaxed, and 
the lig h t-e tch in g  m a trix  a re a s  a r e  ex- 

- trem e ly  sm a ll,
gb* Etchant: + NH^ 4- H^O.

i
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O T r a n s v e r s e - r u p t u r e  s trength

Deflection

TUNGSTEN. WEIGHT PER CENT

FIG. 3 - ROOM-TEMPERATURE TRANSVERSE-RUPTURE 
TEST DATA FOR W-Ni-Fe ALLOYS.
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u p  to  95 wt% t u n g s t e n  could  be c o ld  r o l l e d  to r e d u c t i o n s  in  t h i c k n e s s  o f  85 

p e r  c e n t  w i th  only  s l ig h t  edge  c r a c k i n g .  D uc t i l i ty  w a s  r e d u c e d  a t  h i g h e r  

t u n g s t e n  l e v e l s :  th e  97W-1.  8 N i - l .  2 F e  a l loy  could  be  r e d u c e d  35 p e r  c e n t  in 

t h i c k n e s s  b e f o r e  e d g e - c r a c k i n g  d e v e lo p ed .

In i t i a l  i m p a c t  t e s t s  u s i n g  s t a n d a r d  C h a r p y  " V n no tched  s p e c i m e n s  

sh o w ed  the  r e l a t i v e l y  low v a lu e s  of 3 to  3. 5 ft - lb f o r  th e  9 0 W - 6 N i - 4 F e  

m a t e r i a l .  M i c r o s t r u c t u r e s  of th e  s p e c i m e n s  e x h ib i t e d  s o m e  i n c l u s i o n s ,  

p o s s i b l y  due to  c o n ta m in a t io n  d u r i n g  blending .  Good d u c t i l i t y  w as  o b s e r v e d  

in  s u b z e r o  t e m p e r a t u r e  t e n s i l e  t e s t s .  H o w ev e r ,  th e  low i m p a c t  v a lu e s  

i n d ic a t e  the p o s s i b i l i t y  of a  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  on the  b a s i s  of 

n o t c h - s e n s i t i v i t y .  T h e s e  r e s u l t s  s u g g e s t  th a t  a d d i t i o n a l  i m p a c t  t e s t s  a n d  

a l s o  n o t c h e d - t e n s i l e  t e s t s  at  v a r i o u s  s t r a in  r a t e s  be c o n d u c te d  on t h e s e  

a l l o y s .

T h e  W - N i - F e  s y s t e m  i s  c h a r a c t e r i z e d  by a l a r g e  s i n g l e - p h a s e  

r e g i o n  in the  n i c k e l - r i c h  c o r n e r ,  a s  show n in F i g u r e  4. The m a t r i x  c o m p o 

s i t i o n  in a  9 0 W - b N i - 4 F e  a l loy  is a p p r o x i m a t e l y  49 wt% Ni - 33 wt% F e  - 

18 wt% W. I n t e r m e d i a t e  p h a s e s  e x i s t  in both th e  F e - W  a n d  the  N;-W 

s y s t e m s ,  a l though  a p e r i t e c t o i d  r e a c t i o n  a t  1780F in th e  Ni-W  s y s t e m  is  

v e r y  s lugg ish .  C o n s i d e r a t i o n  h a s  b e e n  given to  the  e f f e c t s  of l o n g - t i m e  

a n n e a l in g  t r e a t m e n t s  on the  p r o p e r t i e s  of the  m a t r i x  p h a s e  in W - N i - F e  

c o m p o s i t i o n s .  S a m p l e s  of a 9 0 W - 6 N i - 4 F e  a l loy  w e r e  a n n e a le d  for  200 h o u r s  

a t  t e m p e r a t u r e s  r a n g i n g  f ro m  1450F  t o  1850F. M e t a l i o g r a p h i c  e x a m in a t io n  

d i s c l o s e d  the  p r e s e n c e  of an i n t e r m e d i a t e  p h a se  in s o m e  m a t r i x  a r e a s  of 

s p e c i m e n s  a n n e a l e d  below 1750F. F i g u r e  5 i l l u s t r a t e s  the  s t r u c t u r e  of a 

s a m p l e  a n n ea le d  fo r  200 h o u r s  at  1550F;  the  p r e c i p i t a t e  o c c u r s  th ro u g h o u t  

m a n y  of the  m a t r i x  a r e a s .  H a r d n e s s  v a l u e s  w e re  s i m i l a r  to  the  a s - s i n t e r e d  

h a r d n e s s .  A n n e a l in g  a  s a m p le  for 100 h o u r s  a t  1500F r e s u l t e d  in a  s l ig h t  

i n c r e a s e  in u l t i m a t e  t e n s i l e  s t r e n g t h  f r o m  1 30 ,000  psi  f o r  a s - s i n t e r e d  

m a t e r i a l  to  1 4 2 ,0 0 0  p s i  for  the  a n n e a l e d  sp e c im e n ;  r o o m - t e m p e r a t u r e  

e lo n g a t io n  was u n c h a n g e d  at  23%. T he  p r e s e n c e  of an i n t e r m e d i a t e  p h a s e  

in t h e  m i c r o s t r u c t u r e s ,  h o w e v e r ,  sh o u ld  r e q u i r e  f u r t h e r  s tu d ie s  of t h e r m a l  

s t a b i l i t y .  L o n g - t i m e  h e a t  t r e a t m e n t  a t  t e m p e r a t u r e s  b e lo w  1450F may 

p o s s i b l y  a l t e r  the  r o o m - t e m p e r a t u r e  p r o p e r t i e s  in W - N i - F e  a l loys .

A P M O U O  B t U A B C M  P O U N D A t l O N  O  B I L L I N O I S  t It S I I T U T E O f  T E C H N O L O G Y
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Neg. No. 19106 X500
Fig. 5

M ic ro s tru c tu re  of a  90W -6N i-4Fe 
a lloy  annealed  for 200 h r  a t 1550F. 
The annealing  tre a tm e n t p roduced  an 
in te rm e d ia te  phase in so m e m a trix  
a r e a s .
E tchan t: HNO^ + HF + G lycerine.
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Eleva ted  t e m p e r a t u r e  tensile  p r o p e r t i e s  of W -N i-F e  al loys 

have been eva lua ted  for com posi t ions  containing f ro m  90 to 99 wt% tungsten. 

F igure  6 p r e s e n t s  r e su l t s  of t e n s i l e  te s ts  conducted at  2000F. T en s i le  

s trength  v a lu es  r i s e  to a m ax im u m  of 34,000 p s i  a t  97 wt% tungsten ,  and 

d ec re a se  rap id ly  above 98 wt% tungsten. Elongation values fall  s l ightly  

f rom  90 to 95 wt% tungsten, and a m o re  rapid  d e c r e a s e  is noted above 95 wt% 

tungsten. S t r e s s - r u p t u r e  t e s t s  of W -N i-Fe  a l loys  at 2000F showed a 100- 

hour life at a s t r e s s  level of about  2, 500 psi;  t h i s  value was found fo r  alloys 

containing 90, 95. and 97 wt% tungsten.  The 100-hour rup ture  l ife  a t  1600F 

was at a s t r e s s  level of about 10,000 psi for a 9QW-6Ni-4Fe com posit ion .

The tensi le  and  s t r e s s - r u p t u r e  data  a r e  for m a te r i a l s  in the a s - s i n t e r e d  

condition. Cold-working a 90W -6N i-4Fe m a te r i a l  produced an in c r e a s e  in 

sh o r t - t im e  te n s i le  strength f rom  26,000 psi to 32 ,000 psi at 2000F. However, 

s t r e s s - r u p t u r e  t e s t s  on the co ld - ro i led  spec im ens  showed values  s im i la r  to 

those r e p o r te d  for the a s - s i n t e r e d  samples .  R e c ry s ta l l iz a t io n  of the  worked 

m a te r ia l s  was init iated af ter  r e la t iv e ly  short t im e s  under  s t r e s s  a t  elevated 

te m p e ra tu re ,  and the inc rease  in s trength  levels  resu l t ing  f rom  ro l l in g  was 

lost.

Alloys of the W -N i-F e  sys tem  a re  c h a ra c te r i z e d  by good room - 

tem p era tu re  s t reng th  and duct i l i ty ,  and adequate tens i le  strength a t  2000F.

The re la t ive ly  low s t r e s s - r u p t u r e  levels  at 2000F indicated the n ec e s s i ty  

for fu r ther  alloy development in o rd e r  to im prove the long-time e lev a ted -  

te m p e ra tu re  p ro p e r t i e s .  A n u m b er  of qua te rnary  additions to W -N i-F e  were 

evaluated, and se v e ra l  other t e r n a r y  and qu a te rn a ry  tungsten-base  al loys 

sys tem s were  .studied. The n  s u i t s  of these invest iga t ions  a r e  d i s c u s s e d  in 

the sections below.

B. W -N i-F c -X  Alloys
Q u a te rna ry  additions to  the W -N i-Fe  b ase  were made for the 

purpose of im proving  e l e v a ted - tem p e ra tu re  s t reng th  p ro p e r t ie s  without 
undue loss of r o o m - t e m p e ra tu r e  ductil i ty.  The fac to rs  which con t r ibu te  to 

the excellent ducti l i ty  of the W -N i-F e  m a te r ia l s  include a strong bond between 

the m a tr ix  and the  tungsten g ra in s ,  the absence of in te rm e ta l l ic  compounds,  

the matching of flow s t r e s s e s  of the tungsten g ra in s  and the m a t r ix  envelope, 

and limited solubil i ty  of the m a t r ix  in tungsten u n le s s  th is  can be m a tched  by

A f t M O U P  P I S f A P C W  F O U N D A T I O N  O F  I L L I N O I S  i N S t  I T U H  O F  T E C H N O L O G Y
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Tensile Strength 
Elongation

TUNGSTEN, WEIGHT PER CENT

FIG. 6 - TENSILE TEST DATA FOR W -Ni-Fe ALLOYS AT 2000F.
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a co r resp o n d in g  s t reng then ing  of the m a t r i x  phase.  E le v a te d - te m p e ra tu re  

s t r en g th  of these a l loys m ay be im p ro v ed  by inc reas ing  th e  m elt ing  point of 

the m a t r ix ,  by so l id -so lu t ion  s t reng then ing  of both p h as e s ,  o r  by d i s p e r s io n 

s trengthening  of the m a t r i x .  A number  of alloying addit ions w ere  made on 

the b a s i s  of one or m o r e  of these  c r i t e r i a ;  in some ca ses  e l e v a t e d - t e m p e r a tu r e  

p r o p e r t i e s  were  im p ro v ed  at  the expense of r o o m - t e m p e r a tu r e  workability.

1. W -N i-F e -A l  Alloys

Aluminum was added to a 90W -N i-Fe  base  a t  leve ls  of 0. 25 and 

0. 5 wt%. The s in te red  com pacts  contained numerous fine inc lus ions ,  

p robab ly  the r e su l t  of oxidation during s in te r ing .  R o o m - te m p e ra tu re  s t reng th  

and ducti l i ty  of the W -N i-F e  base were  reduced  by the a lu m in u m  additions; 

the t r a n s v e r s e - r u p t u r e  s t reng th  at  2000F was also d e c re a s e d .  P ro p e r ty  

data for  these  alloys will  be p resen ted  u n d e r  a subsequent sec t ion  where 

t e s t  r e s u l t s  for the v a r io u s  qua ternary  addi t ions will be co m pared .

2. W -N i-F e -C  Alloys

Several  com posi t ions  containing 0. 1 to 0. 5 wt% ca rbon  were 

p r e p a re d .  The additions w ere  made in the  fo rm  of lampblack and also as WC. 

T es t  r e s u l t s  were e x t re m e ly  var iab le ,  although in m ost  c a s e s  the ductility 

of the W -N i-F e  base was reduced.  C hem ica l  analysis  of the  com pacts  

showed that most of the ca rbon  was lost du r ing  sintering,  p robably  due to 

t r a c e s  of oxygen in the h y d ro g cn -s in fe r ing  a tm osphere .  Small  quantit ies 

of ca rb o n  in solution in the  m a tr ix  should r e s u l t  in higher s t reng th ,  and 

vacuum  or  in e r t - a tm o s p h e re  s inter ing may be requ ired  to avoid the loss of 

this e lem e n t  during heat t rea tm en t .

3. W -N i-F e -C o  Alloys

Cobalt  was added to  the W -N i-Fe b ase  in amounts up to 5 wt%; 

tungsten levels  va r ied  f ro m  90 to 97 wt%. Alloys at the 90 wt^o tungsten 

level containing up to 2. 5 wt% cobalt were s t ro n g e r  than the 90W -N i-Fe  base;  

the exce l len t  ductility was maintained. The m ic ro s t ru c tu r e  of a 90W-4. 5Ni- 

3Fe-2.  5Co sample co n s is ted  of rounded, tu n g s ten - r ic h  g ra in s  in a solid 

solution m a tr ix .  Increas ing  cobalt contents  r e su l ted  in the fo rm ation

A R M O U P P I  S E A R C H  F O U N D A T I O N  O T I l L I N O i S  I N S T I T U T E  O F  T E C H N O L O G Y
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of a b r i t t le  in te rm e d ia te  phase a round  the tungsten g r a in s .  F igure  7 

i l l u s t r a te s  the  t h r e e - p h a s e  s t r u c t u r e  in a 90W-4Ni-2. 5Fe-3 .  5Co composit ion; 
the  in te rm ed ia te  p h a s e  probably  h a s  the composition W^Co^, and is f o rm e d  

p e r i te c t i c a l ly  f r o m  the m elt  in W-Co alloys.  The m a t e r i a l  shown in F ig u re  7 
w as  weak and b r i t t l e  a t  room  te m p e r a tu r e .

F igu re  8 p r e s e n t s  r o o m - te m p e ra tu r e  t r a n s v e r s e - r u p t u r e  te s t  
d a ta  for W -N i-F e -C o  alloys a t  tungs ten  levels ranging  f rom  90 to 97 wt%.

The  cobalt  con ten ts  w ere  adjusted so  tha t  m aximum s t ren g th  was obtained 

a t  each tungsten le v e l .  Strength v a lues  reach  a m a x im u m  at about 93 wt°Io 
tungs ten ,  and th e s e  levels  a re  som ew hat  higher than fo r  W -N i-Fe al loys 
( r e f e r  to F igure  3). Ductility, as  ind ica ted  by def lec t ion  of te s t  spec im ens  

u n d e r  load, d e c r e a s e s  with in c reas in g  tungsten contents  beyond 93 wt%. T.he 
def lec t ion  values  ind ica te  good r o o m - t e m p e r a tu r e  workabi l i ty  up to at 

l e a s t  95 wt% tungsten .

E le v a te d - te m p e ra tu re  s t r e n g th .p r  Gerties of W -N i-F e -C o  alloys 
a r e  shown in F ig u re  9. T r a n s v e r s e - r u p t u r e  s trength  v a lu es  inc rease  with 

in c re a s in g  tungsten  contents  up to at l e a s t  97 wt% tungsten; the strength 
le v e ls  a r e  slightly h ig h e r  than those  of the  W -Ni-Fe t e r n a r y  composit ions.  .

In addit ion,  deflection values of the a l loys  containing cobalt  a re  somewhat 
g r e a t e r  than w ere  o b se rv e d  in the t e r n a r y  base  at s im i la r  tungsten levels .

The t h e r m a l  s tabil i ty  of c o ld - ro l le d  90W-4. 5N i-3 F e -2 .  5Co 

m a t e r i a l  has  been inves t iga ted  by annealing the worked spec im ens  for 2 h o u rs  

a t  t e m p e r a tu r e s  be tw een  500F and 1900F. A r i se  in h a r d n e s s  o ccu rred  
above 500F and r e a c h e d  a maximum at 1100F; the h a r d n e s s  curve d ec re a se d  
above th is  t e m p e r a tu r e .  H ardness  v a lues  at 1900F w e re  considerably  above 

the  a s - s i n t e r e d  value .  M ic ro s t ru c tu re s  of these  sp ec im ens  show the 
p r e s e n c e  of a tw o -p h ase  m a t r ix  upon annealing near 1100F, par t ia l  r e c r y s t a l 
l i z a t io n  of the ro l led  s t r u c tu re  o c c u r re d  upon annealing a t  1900F. These 
r e s u l t s  indicate tha t  the  2. 5 wt% cobalt  addition re su l ted  in a lower 

r e c ry s ta l l i z a t io n  t e m p e r a tu r e  than was found in the W -N i-F e  base,  and that 

a  b r i t t l e  in te rm ed ia te  p h a s e  is p rec ip i ta ted  after  r e la t iv e ly  shor t  annealing 

in te rv a l s .

A B M O U P  P C S E A R C H  F O U N D A T I O N  OF  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y
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Neg. No. 18569 X250
Fig. 7

M icrostructure of a 90W-4. 5Ni- 
2. 5Fe-3Co alloy. This m aterial, 
s in te red  for 1 hr at 2750F, contains 
a b rittle  cobalt-tungsten interm edi
ate phase in some m atrix  areas and 
around the tungsten grains. 
Unetched.
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T ranave r  se -R u p tu re  Strength 

Deflection

9 0  91 92 93 9 4  95 96 97  98 99 '0 0
TUNGSTEN. WEIGHT PER CENT

FIG. 8 - ROOM-TEMPERATURE TRANSVERSE-RUPTURE 
TEST DATA FOR W-Ni-Fe-Co ALLOYS
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O [ r a n t v f r a r  -R up lu r e  S t r e n g t h

9 0  91 9 2  93  9 4  9 5  9 6  97  9 8  9 9  100
TUNGSTEN, WEIGHT PER CENT

FIG 9 - TRANSVERSE-RUPTURE TEST DATA FOR W-Ni-Fe-Co 
ALLOYS AT 2000 *F
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4. W -N i-F c -C r  A lloys

The elem ent c h ro m iu m  w a i added to the W -N i-F e  base m amounts 

ranging fro m  l to  5 wt%; tungsten leve ls v a r ie d  fro m  90 to 95 w tV  Room - 

te m p e ra tu re  p ro p e rty  m easurem ents  showed tha t ch rom ium  ad d ition s  resu lted  

in  h igher hardness, m o d e ra te ly  g re a te r s tren g th , and low er d u c t i l i ty  than 

were found in  the W -N i-F e  base. These p ro p e rtie s  may be a ttr ib u te d  to 

s o lid -s o lu tio n  hardening e ffe c ts , as tungsten and ch ro m iu m  have extensive 

so lid  s o lu b ility .  The s in te re d  com pacts were f in e r-g ra in e d , and h igher 

s in te rin g  te m p e ra tu re s  were re q u ire d  to produce optim um  p ro u e rtie s . 

M ic ro s tru c tu re s  resem bled those of W -N i-F e  a llo y s . D u c tility  was m oderate 

in  a 90W -4. 5 N i-3 F e -2 . 5Cr com p os ition  and a 9 0 W -3 N i-2 F c -5 C r m a te r ia l 

was not con s id e re d  w orkab le at room  te m p e ra tu re

C h ro m iu m  additions the W -N i-F c  base usua lly  resu lted  in 

decreased s tre n g th  and d u c t i l i ty  at 2000F The reasons fo r th is  loss in 

strength a re  not understood, although the m e ltin g  po in t of 2440F in  the 

N i-C r  sys tem  is  about 180F lo w e r than any in the F e -N i, Fe-W , and N i-W  

b in a ry  system s

5. W -N i-F e -M o  A lloys

M olybdenum , co m p le te ly  soluble in tungsten in the so lid  s ta te , 

was added to  the W -N i-F e  base at leve ls  up to  5 wt%. M ic ro s tru c tu re s  of 

the s in te re d  com pacts resem b led  those of W -N i-F e  a lloys. P ro p e rty  data 

at room  te m p e ra tu re  show th a t in c re a s in g  am ounts of m olybdenum  re s u lt 

in  h igher s tre n g th  and m o d e ra te ly  reduced d u c t il i ty .  The add ition  o f m o lyb 

denum produced  s lig h tly  g re a te r strength than was obtained by in c rea s ing

the tungsten le v e l an equ iva len t am ount in  the te rn a ry  base.
*

E le va te d -tem pe ra tu re  tes ts  on W -N i-F e -M o  a lloys show tha t 

m olybdenum  additions re su lte d  in  increased te n s ile  strength. The e ffec t 

of adding m olybdenum  was s im i la r  to that produced by the add ition  o f an 

equal amount o f tungsten to  the W -N i-F e  base. S tre s s -ru p tu re  tes t 

re su lts  at 2000F on 9 0 W -N i-F e -M o  com positions conta in ing 2 5 and 5 wt% 

m olybdenum  w ere  s lig h tly  h ig h e r than values fo r  W -N i-F e  m a te r ia ls . The 

100-hour ru p tu re  life  was at a s tre ss  leve l o f about 3,000psi fo r  both 

qua te rnary  a llo y s .
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The e lem ents  C r ,  Ti. V, and Z r  w ere  added to a 90W -N i-Fe-M o 

base at the  2 level.  C hrom ium  additions produced a s l ight  in c rease  in 

s t reng th  and hardness  a t  r o o m ’t e m p e ra tu r e ,  ductility was g rea t ly  d ec reased .  

Additions of t i tanium, vanad ium , and z i rco n iu m  resu l ted  in d e c re a s e d  s t reng th  

and duct i l i ty ,  and co n s id e rab le  amounts of po ros i ty  and un reduced  oxides w ere  
p re sen t  in the s in te red  com pacts .

6. W - N i - F e -P d  Alloys

The solubility of pa l lad ium  in tungs ten  *s probably v e ry  low; although 

com ple te  phase re la t io n sh ip s  a r e  not ava i lab le .  . Initial s tud ies  were conducted 

on a 90W -4 .8N i-3 .  2 F e - 2 P d  composition The result ing m ic r o s t r u c tu r e  was 
s im i la r  to those of the W -N i-Fo  sys tem . R o o m - te m p e ra tu re  proper ty  data 

•how tha t  the good duct i l i ty  of the  W -N i-Fe  base  was v e ry  sl ightly  reduced; 
the t r a n s v e r s e - r u p t u r e  s t reng th  was a lso  slightly lower than tha t  of the 

t e rn a ry  base .  P a l lad ium  a b s o rb s  la rge  quan t i t ie s  of hydrogen at the 

t e m p e r a tu r e s  involved in the  sintering of these  alloys. Some im provem ents  

in p ro p e r t i e s  may be expec ted  through the u s e  of vacuum or  in e r t - a tm o s p h e re  

s in ter ing .

7 W -N i-F e -R u  Alloys

Ruthenium was added to a 9 0 W -N i-F e  base  in am ounts  of 1, 1 5 ,

2, and 2. 5 wt% the n ic k e l - i ro n  ra t io  was main ta ined  at 3:2. No other  

q u a te rn a ry  addition under  study had such a pronounced effect on the ro o m -  

and e l e v a t e d - t e m p e ra tu r e  s t reng th  p r o p e r t i e s .  The r e s u l t s  of r o o m - t e m p e r a 

tu re  t r a n s v e r s e - r u p t u r e  t e s t s  for com posit ions  containing ru th en iu m  a re  

p r e s e n te d  in F igure  10. S trength  values  r i s e  and deflection d e c r e a s e s  with 

in c re a s in g  ruthenium conten ts .  These def lect ion  values ind ica te  adequate 

w orkabil i ty  to at least  2 wt% ruthenium. The addition of 1 wt% ruthenium 

re s u l t e d  in g rea te r  s t r en g th  than the addit ion of 5 wt% of ch ro m iu m ,  

molybdenum, or tungsten to  the 90W -N i-Fe  base .  The 90W-4. 8 N i - 3. 2 F e -2 R u  
m a te r i a l  hc.d an u l t im ate  te n s i le  s trength  of 156,000 psi with 8. 5% elongation 

at ro o m  te m p e ra tu re  M ic ro s t ru c tu r e s  of W -N i-F e -R u  a l loys  w ere  s im i la r  

to those  of the W -N i-Fe s y s te m  except that  the  grain s ize  was much sm a l le r .  

F ig u re  11 i l lu s t r a te s  the s t r u c tu re  of the 90W -4.8Ni-3 .  2 F e -2 R u  com posit ion  

s in te re d  for 1 1/4 hours  at 2340F. The g ra in  size may be c o m p a re d  with

Af i MOUB  e t ' S C A h C H  F O U N D A T I O N  OF  I L L I N O I S  I N S T I T U 1 S  O F  T C C W N O L O G V

-  21 • ARF 2158-12 
S u m m a ry  Report



*

\

I
i

I

I
I

1

* M r

L

1

t

II

T
R

A
N

S
V

E
R

S
E

-R
U

P
T

U
R

E
 S

T
R

E
N

G
T

H
. 

10
00

 p
*i

.

...........
-  - v v  -  •• ...............1 M T  1 *

Official Use Only

X 90W -6Ni-4Fe base  
O T ra n § v e r s e -R u p tu re  Strength 
Q Deflection

0 .5  I 1.5 2
RUTHENIUM, WEIGHT PER CENT

FIG. 10 - RO O M -TEM PERA TU RE TRANSVERSE-RUPTURE 
TEST DATA FOR 90W -N i-F e -R u  ALLOYS.
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Neg. No. 19089 X2S0
r ig . u

M icrostructure of a  90W -4.8N i-3.2Fo- 
2Ru alloy. The sin tering  treatm ent of 
1 1/4 hr at 2840F produced a very fine 
grain else. Small porous areas are  
p resen t in the m atrix .
Etched and repolished.
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th a t shown in F ig u re  1 for the 90W -6N i-4Fe m a te r ia l w hich was s in te re d  a t 

a  low er te m p e ra tu re ; th e  effect of ru th en iu m  in re ta rd in g  g ra in  grow th w as 

a ls o  noted a t the 1 wt% level. Some fine porosity  was p re s e n t in the a llo y s  
con ta in ing  ru th en iu m . T his p o ro sity  m ay have been c a u se d  by the ab so rp tio n  

and  subsequent r e le a s e  of hydrogen d u rin g  s in te rin g . V acuum  or in e r t-  

a tm o sp h e re  s in te r in g  m ay be re q u ire d  to  produce c lean  m ic ro s tru c tu re s ; 

th is  m ay a lso  r e s u l t  in  an in c rease  in te n s ile  p ro p e r tie s .

E le v a te d - te m p e ra tu re  t r a n s v e r s e - ru p tu r e ,  te n s i le ,  and s t r e s s -  
ru p tu re  te s ts  show th a t a lloys contain ing  ru thenium  a r e  m arked ly  su p e rio r  

to  th e  90W -N i-Fe b a se . The 90W -4. 8N i-3 . 2Fe-2R u m a te r ia l  had u ltim ate  
te n s i le  s treng th  v a lu es  of 73, 300 psi a t 1600F and 4 6 ,7 0 0  p si a t 2000F; 

e longation  values w e re  about 4%. U nalloyed tungsten , by com p ariso n , had 

a  te n e ile  s treng th  of about 35,000 p s i a t 2000F. JPl In itia l s t r e s s - r u p tu r e  

te s t s  at 1600F for th is  alloy show a 100-hour ru p tu re  life  a t a s t r e s s  levv . 
of 15,000 p si, som e 5000 psi h igher th an  was m easu red  fo r the 

90W -6N i-4Fe m a te r ia l .

Cobalt ad d itio n s to the W -N i-F e -R u  base re s u lte d  in lower s tren g th  

and ductility  a t ro o m  te m p e ra tu re . H ow ever, the tr a n s v e rs e - ru p tu re  s tre n g th  

of a 90W -4. 5 N i-2 F e -2 R u -l. 5Co alloy  a t 2000F was about 81,000 p si, h ig h e r 

th a n  fo r any o th e r com position  te s te d  u n d e r  th is  p ro g ra m .

T hese in itia l p ro p erty  d ata  fo r  W -N i-F e-R u  a llo y s  d em o n stra te  

th e  su p e rio rity  of th is  sy stem , although only a few co m p o sitio n s at one 

tu n g sten  level have been  studied. F u r th e r  im provem ents may be expected  

by v a ria tio n s  in tu n g sten  and ru then ium  contents and a ls o  by m odifications 
of th e  n ic k e l- to - irn n  ra tio s . S in tering  in  in e rt a tm o sp h e re s  or under 

v acu u m  may a lso  r e s u l t  in s tro n g e r m a te r ia ls  by e lim in a tin g  the fine 

p o ro s ity  found ir, h y d ro g e n -s in te re d  sp ec im en s.

8 . W -N i-F e-T h  A l lo y

Although co m p le te  W-Tli ph ase  d iag ram s a r e  not ava ilab le , the 

so lu b ility  of th o riu m  in  tungsten is  p ro b ab ly  well below 1 wt% One 

com position  con tain ing  l wtfi th o riu m  w as investigated  a t the 90 wt%

» tu n g sten  level. Som e oxidation of the  th o r iu m  o c c u rre d  during  s in te rin g ,

and  the m ic ro e tru c tu re s  showed the p re s e n c e  of th o riu m  p a r tic le s  which

•  A I M O O S  t f l C A I C M  ( O U M O i f l O N  O f  t l l ' M O t f  O f  M C M H O l O ' l '

-  24 ARF 2158-12 
S um m ary  R eport



Official Use Only

did not dissolve in the m atrix. R oom -tem perature te s ts  of this 90W -5.4NI- 
3 .6F e-lT h  alloy show a tran sv erse -ru p tu re  strength of 245,000 p s i, slightly 
lower than that of the 90W-Ni-Fe base; deflection values were considerably 
lower in the m a te ria l containing thorium . The decreased  strength and 
ductility may be attributed to the presence of unreduced oxides in the Sintered 
compacts. This effect has been noted in earlie r studies of tungsten-base 
alloys containing Al. Nb, Ta, T i, and other elem ents whose oxides a .e  not 
reduced by hydrogen. Improved m icrostructu res may be produced by vacuum 
or inert-a tm osphere sintering of such alloys.

9. W -N i-Fe-Ti Alloys

Titanium  was added to a 90W-Ni-Fe base at levels of 0. 5 and 2 wtV 
The sintered com pacts of both compositions exhibited some unreduced 
oxides and the alloy containing 2 wt% titanium was extrem ely porous. Room- 
tem perature strength  values of the 90W-5.7Ni-3. 8F e-0 . 5Ti m aterial were 
slightly lower than the 90W -Ni-Fe base; a m oderate decrease in ductility 
was noted. E levated-tem perature properties of these  compositions w ere not 
determined because of the presence of oxides and porosity  in the specim ens.

!° . W -Ni-Fe-V Alloys

Two compositions containing vanadium w ere studied; tungsten 
levels were m aintained at 90 wt%, with vanadium additions of 0. S and 2 wtV 
The sintered com pacts contained som e porous a re a s  which may have been 
caused by evolution of a volatile vanadium oxide when the m atrix phase was 
liquid. T ran sv erse-ru p tu re  strength  values at room tem perature w ere 
lower than for the 90W-Ni-Fe base , and the ductility was greatly reduced. 
Property data a t elevated tem pera tu re  were not obtained because of porosity 
in the test sam ples.

11. W -N i-Fc-Z r Alloys

Zirconium  was added to the 90'W-Ni-Fe base at levels of 1 and 
2 .5  wtV The m icrostructu res contained excessive amounts of porosity  
and unreduced oxides; property data for these m ate ria ls  are  not reported . 
Compositions containing sirconium  will also requ ire  oxygen-free atm ospheres 
during sintering.

A t N O U t  S l t K A t C M  ( O U N D H I O N  o f  I U I N O U  I N l f l T U f l  O f  T ( C M N O l  O G V
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12. W -N i-F e -X  Com parative  Data

The effec ts  of va r ious  q u a te rn a ry  additions to a 90W-Ni-Fe base  

on ro o m - t e m p e ra tu r e  t r a n s v e r s e - r u p t u r e  s trength  a r e  i l lus tra ted  in 

F igu re  12; a c u rv e  for inc reas ing  tungsten contents in the te rn a ry  alloy is 

a l so  included. Ruthenium additions produced the g r e a t e s t  inc rease  in 

s trength .  Somewhat sm a l le r  i n c r e a s e s  were noted for cobalt , ch ro m iu m ,  
and molybdenum additions; a s im i l a r  s trength  in c re a s e  was produced by 

increas ing  the tungsten  content of the te rn a ry  alloy. Moderate d e c r e a s e s  

in s trength  w ere  obse rved  in com posit ions containing Al, Th, Ti,  and V, 

e lem ents  whose oxides a r e  not r ed u ced  in hydrogen during sintering.  Higher 
s t rength  values  m ay be obtained for some of th e se  a l loys  by eliminating 

the porosity  and oxide inclusions which were p resen t .  Data for ca rbon  and 

pal lad ium addi tions a r e  incomplete  because  optimum s in te r ing  t r e a tm e n t s  

have not been established .

F igure  13 shows the effects  of qua ternary  additions on t r a n s v e r s e *  

ru p tu re  s t rength  a t  2000F. In g en e ra l ,  the alloying additions which were  

b e s t  at  room  te m p e r a tu r e  also p roduced  the highest s t reng th  at elevated 

t e m p e ra tu r e .  Ruthenium additions re su l ted  in the m os t  d ras t ic  s t reng th  

in c re a s e ,  with s m a l l e r  r i s e s  noted for tungsten, molybdenum, and cobalt 

Chrom ium , which promoted  r o o m - te m p e ra tu r e  s t reng th ,  resu l ted  in lower 

s t rength  values  at high te m p e ra tu re .  Lower s t reng th  was also found in 
a l loys containing thor ium  and t i tan ium , some of the reduced s trength  may 

be due to the p r e s e n c e  of oxides in the samplea. Data were not obtained at 

2000F for addit ions of Al, C, Pd, V, and Zr.

R o o m - te m p e ra tu re  duct i l i ty  of the 90W -N i-Fe  base was not 

significantly im proved  by any of the qua ternary  ad d i t io n ! . Ductility was 

gradually  lowered by increasing  tungsten  levels in the  te rn a ry  alloys; 

additions of cobalt  and molybdenum a l so  produced s i m i l a r  mode* at« 

d e c re a s e s  in ducti l i ty  Slightly g r e a t e r  reduction in ductil ity was noted 

for ruthenium additions.  The e lem en ts  Al, Cr, Pd, Th, Ti, and V produced 

cons iderab ly  l a r g e r  reductions in the ductility of the W -Ni-Fe base.

H ardness  values of the 90W -N i-Fe  base w ere  only slightly in c reased  

by higher tungsten  contents  and a l so  by the addition of molybdenum. Moderate

A •  M O U •  M 1 I A S C M  t O U H O M t O M  O f  U U N O U  i N U i t U U  0 !  T f C M N O l O & v
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FIG. 12 - ROOM-TEMPERATURE TRANSVERSE-RUPTURE 
TEST DATA FOR 90W-Ni-Fe-X ALLOYS.
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90W -6N i-4Fe B a te

ADDITION TO 90W -Ni-Fe BASE. WEIGHT PER CENT

FIG. 13 - TRANSVERSE-RUPTURE TEST DATA FOR 90W-NI- 
Fc-X ALLOTS AT 2000F.
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in c re a s e s  in  h ard n ess  w e re  produced by add itions of Co, P d , Th, T i and V.

The e le m e n ts  chrom ium  and  ru then ium  re s u lte d  in the h ig h es t h a rd n ess  

lev e ls  of the  q u a te rn ary  com positions u n d er study.

A com parison  of e le v a te d - te m p e ra tu re  s t r e s s - r u p tu r e  p ro p e r tie s , 
oxidation  re s is ta n c e , and s ta b ility  of W -N i-F e -X  alloys w ill be  p re se n ted  

in a subsequen t section  of th is  re p o r t w here  d a ta  for o ther a lloy  system s 

w ill a ls o  be included.

C. W -N i-C o Alloy

P h ase  re la tio n sh ip s  in the W -N i-C o sy stem  a re  som ew hat s im ila r  

to th o se  in. the W -N i-F e sy s tem . A tw o -p h ase  liquid in te rm e ta ll ic  compound 

field  e x is ts  in the co b a lt- tu n g s ten  sy stem , s im ila r  to tu n g s te n - iro n . Alloys 

of 90W -N i-C o which co n ta in  a t le a s t 6 wt% n ickel have m ic ro s tru c tu re s  

which re se m b le  those of W -N i-F e a lloys; the  m a trix  phase a p p e a rs  to be a 

n ic k e l-c o b a it- r ic h  so lid  so lu tion . The 90W -6N i-4C o alloy p o s s e s s e d  good 

ro o m -te m p e ra tu re  d u c tility , and was c o ld -ro lle d  to  80 p e r  ce n t reduction  

in th ic k n ess  with only m in o r edge c rack in g . A lloys contain ing  m o re  cobalt 

than n ic k e l w ere weak and  b r it t le  a t ro o m  te m p e ra tu re , and exh ib ited  the 

in te rm e d ia te  phase co n s titu e n t in the m a tr ix . A s e r ie s  of te rn a ry  alloys 

was p re p a re d  with tungsten  contents fro m  90 to  97 wt%; n ic k e l- to -co b a lt 

ra tio s  v a r ie d  from  1.5:1 to  2:1. F ig u re  14 p re se n ts  re su lts  of ro o m -te m p e ra 

tu re  tr a n s v e r s e - ru p tu r e  te s t s  for these  com positions. S tren g th  and ductility  

w ere at a m axim um  a t 90 wt% tungsten , and d ec re a se d  at h ig h e r tungsten 

lev e ls . T hese  m a te r ia ls  had  low er s tren g th  and ductility  than  w ere  found 

in W -N i-F e  alloys (co m p are  with F ig u re  3).

The re su lts  of t r a n s v e rs e - ru p tu re  te s ts  on W -N i-C o a lloys at 

2000F a r e  shown in  F ig u re  15. S trength  v a lu e s  w ere m o d e ra te ly  h igher at 
all tu n g sten  levels  than w e re  m easu red  for W -N i-F e m a te r ia ls .  A g re a te r  

change w as noted in the deflec tion  v a lu es, w here  co n s id erab le  ductility  was 

found in the  W -N i-Co com positions. The u ltim a te  ten s ile  s tre n g th  of a 

90W -6N i-4C o alloy was 4 2 ,0 0 0  p si, with 13 p e r  cen t elongation  a t 2000F.

This m a te r ia l  had the h ig h e s t 2000F te n s ile  elongation of a ll  m a te r ia ls  

stud ied , and the ten sile  s tren g th  was exceeded  only by com positions 

contain ing  ru thenium .

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O f  T E C H N O L O G Y
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Transverse-Ruplare Strength 
Deflection

a  200

TUNGSTEN. WEIGHT PER CENT

FIG. 14 - ROOM-TEMPERATURE TRANSVERSE-RUPTURE 
TEST DATA FOR W-Ni-Co ALLOYS.
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Transverse-Rupture Strength 
Deflection

92 93 94 95 96 97 96 99 100
TUNGSTEN, WEIGHT PER CENT

FIG. 15 - TRANSVERSE-RUPTURE TEST DATA FOR W-Ni-Co 
ALLOYS AT 2000F.
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E le v a te d - te m p e ra tu re  s t r e s s - r u p t u r e  te s ts  of the  90W-6Ni-4Co

alloy showed a  m a rk e d  im provem ent  o v e r  W -N i-Fe m a te r i a l s  at 2000F; the 

100-h o u r  rup ture  life was  4500 psi c o m p a red  to values  of about 2500 psi for 

the W -N i-F e  te rn a ry  com posit ions .  T e s t s  were also conducted  at 1600F on 
the 90W-6Ni-4Co m a te r i a l .  The u l t im ate  tens i le  s trength  was i o, 500 psi 
with 10 p e r  cent elongation; th is  s t reng th  level was some 24 .000  psi higher 

than  th a t  of the 90W -6N i-4Fe  alloy. S t r e s s - r u p t u r e  r e s u l t s  for the 
90W-6Ni-4Co com posi t ion  at 1600F show a  100-hour life a t  a s t r e s s  level 
of 11 ,000 psi ,  a value slightly above tha t  fo r  the 90W -6N i-4Fe  m ater ia l .

T e rn a ry  W -N i-C o  alloys which had  been reduced  50 per  cent in 
th ick n ess  by co ld -ro l l ing  were annealed for  2 hours <»t t e m p e r a tu r e s  between 
500F and 1900F. The 90W-6Ni-4Co m a t e r i a l  exhibited a s h a rp  inc rease  in 
h a r d n e s s  levels above 500F; m aximum v a lu e s  were a t ta ined  between 800F 
and HOOF. M ic ro s t ru c tu r e s  at these  t e m p e r a tu r e s  were  s im i la r  to the 

a s - r o l l e d  specimen. At 1900F a fine p re c ip i t a t e  was noted in the m a tr ix  
a r e a s ,  although the orig inal ,  elongated g r a in s  of the ro l led  s t r u c tu re  were 
unchanged.

Annealing t r e a tm e n t s  of 200 h o u r s  w ere  conducted on a s - s in te r e d  

s a m p le s  of the 90W-6Ni-4Co alloys. T e m p e ra tu r e s  ranged  f ro m  1450F to 
1850F. The h a rdness  v a lu e s  of the annea led  m a te r ia l s  r an g ed  from  380 to 

420 VPN (10kg) c o m p a re d  to  325 for the a s - s i n t e r e d  sp ec im en s .  A p rec ip i ta te  
was no ted  in the m a t r ix  a r e a s  and also  a ro u n d  the tu n g s te n - r ic h  gra ins  on 

s a m p le s  annealed at  1650F and higher. Although tensile  t e s t s  were  not 
conducted  on the annea led  specim ens,  the  high ha rdness  v a lu es  suggest  that 

the good r o o m - t e m p e r a tu r e  ductility of th i s  alloy would he  reduced .  Alloys 
of 90W -6N i-4Fe  having the  same annealing t r e a tm en ts  a l so  exhibited a 
p r e c i p i t a t e  in the m a t r i x ,  but hardness  leve ls  were not in c re a s e d .  In the 

ca se  of the 90W-6Ni-4Co m a te r ia l ,  the coba l t  content was probably  too 
high, and a  com posit ion  such  as 90W-7Ni-3Co may have im proved  the rm al  

s tab i l i ty .

Chrom ium  and ru then ium  w ere  '*dded to the 90W -Ni-Co base. 

Additions of 1 and 2 wtflfc ch rom ium  produced  a d ec re a se  in s t reng th  and 

duc t i l i ty  a t  both room  t e m p e r a tu r e  and e leva ted  t e m p e ra tu r e  com pared  to 
the 90W-6Ni-4Co base .  Ruthenium at the  2 wt% level r e s u l t e d  in lower

A B H O U t  R E S E A R C H  E O U * D A T l O N  O * ' U I N O l S  I N S T I T U T E  O E T E C H N O L O G Y
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r o o m - te m p e ra tu re  s trength  and duct i l i ty .  However,  the  t r a n s v e r s e - r u p t u r e  

s trength  a t  2000F in the com posit ion  containing ru then ium  was 72,100 ps i ,  

a value higher than  was found in W-Ni-Co te rn a ry  a l loys .

D. W -N i-Cr  A l lo y ,

Tungsten  and ch rom ium  fo rm  a continuous s e r i e s  of solid so lu t ions  

above 2500F. T e r n a r y  W -Ni-Cr com posit ions containing 90 wt% tungs ten  

were  p rep a red  with varying n ic k e l - to -c h ro m iu m  r a t io s ;  alloys at the 95 wt% 

tungsten level w e r e  a lso  studied. The W-Ni-Cr m a t e r i a l s  had m i c r o s t r u c tu r e s  
s im i la r  to those  obse rved  in the  W -N i-F e  system . P ro p e r ty  data at  ro o m  

te m p e ra tu re  a r e  shown in F ig u re  16 for 90W-Ni-Cr alloys.  T r a n s v e r s e -  

ru p tu re  s t reng th  and deflection v a lu e s  reach  a m a x im u m  for m a te r ia l s  

containing equal p a r t s  of nickel and  chrom ium ; h a r d n e s s  levels in c re a s e d  with 

h igher  ch ro m iu m  contents.  All com posit ions  w ere  cons iderab ly  l e s s  duct i le  

than W -Ni-Fe a l loys  at room  te m p e r a tu r e  M a te r i a l s  containing c h ro m iu m  

had  some inc lus ions  which w ere  p robab ly  unreduced oxides of ch ro m iu m .  

Sintering t e m p e r a t u r e s  for these  composit ions w ere  about 180F h ighe r  than  

for  the W -N i-Fe  alloys.

At 2000F, the W -Ni-Cr m a te r i a l s  were  co n s id e rab ly  w eaker  and 

l e s s  ductile than W -N i-Fe  com pos i t ions  a t  s im i la r  tungsten  levels .  Reduced 

s treng th  values  w e re  also noted in  W -N i-F e -C r  a l loys  a t  elevated t e m p e ra tu r e s ;  

elongation o r  def lec t ion  values  w e re  re la tively  low for all  m a te r ia l s  

containing c h ro m iu m .  The m c k e l - c h r o m iu m - r i c h  m a t r i x  of W -N i-C r  al loys 

was expected to  im prove  oxidation re s i s tan c e .  Oxidation te s t  r e s u l t s  for  

th e se  m a te r ia l s  showed a  re la t ive ly  sm all  im provem en t  over other  tu n g s ten -  

b a s e  alloys; da ta  a r e  p resen ted  in a  subsequent sec t ion  of this r e p o r t .

E. W-Ni-Ru Alloys

T e r n a r y  W-Ni-Ru com posi t ions  have been invest iga ted  to a  l im i ted  

extent.  T h ree  a l loys  were p r e p a r e d  at  the 90 wt% tungs ten  level; ru then ium  

contents were  3, 4, and 6 wt%. Sam ples  were s in t e r e d  at t e m p e r a tu r e s  up 

to 2840F. The m ic ro s t ru c tu r e s  r e v e a le d  an ex t re m e ly  fine grain s ize  

com pared  to o the r  alloys under study. Most of the sp ec im ens  contained 

la rg e ,  round p o r e s  which r e n d e re d  p roper ty  data  u n re l ia b le .  This

A R M O U R  R E S C A Q C M  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y
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t2k Deflection

RATIO OF NICKEL TO CHROMIUM

FIG. 16 - ROOM-TEMPERATURE TEST DATA FOR 
90W-Ni-Cr ALLOYS.
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blistering may be caused by absorption of hydrogen in ruthenium or by the 
presence of a  volatile ruthenium  oxide.

Compositions containing less ruthenium than nickel appeared to have 
single -phase m atrix  phases, although traces of another phase w ere detected 
in some of the 90W-6Ni*4Ru specim ens. With higher ruthenium contents, 
a sm all amount of second phase was found to occur in the m atrix as a fine, 
somewhat rounded precipitate. This phase was not identified; the existence 
of a W-Ru in ter metallic compound is doubtful, according to Raub and 
Waiter. The hardness of W-Ni-Ru alloys in creases  with higher ruthenium 
contents. This effect was also  noted in W -Ni-Fe-Ru m aterials. Limited 
room -tem perature teste on porous samples show strength and ductility levels 
for s 90W-7Ni-3Ru alloy to be considerably below thoie of the 90W*6Ni*4Fe 
composition. Improved p ropertie s  may be expected when suitable sintering 
techniques have been established for m aterial! containing ruthenium.

F . Other Alloy Syst < >tie

In addition to the alloys diecuaeed above, several binary, ternary , 
and m ore com plex tungsten-base alloys were a lso  studied under th is program, 
The system* described below were investigated to a very limited extent 
because initial resu lts did not show prom ise, or because insufficient time 
was available to continue studies of the more prom ising m aterials.

l» W-Ni System

One binary com position, 9OVM0Ni, was prepared for the purpose 
of investigating the effects of therm al treatm ent a t tem peratures below 1780F; 
an interm ediate phase exists in the Ni-W system  below this tem pera tu re. I l l

The m icrostructu re  of the as-sin tered  m ateria l exhibited rounded 
tungsten-rich grains in a solid-solution m atrix. M icrohardness te s ts  showed 
that the m atrix  a reas were somewhat harder than the tungsten g ra ins, thereby 
accounting for the observed low ductility of this composition. The high 
hardness of the m atrix is due to the solution of a large amount (40 wt%) of tung
sten in nickel, according to the phase diagram  shown irt Figure 4. Thie 
diagram shows that iron reduces the solubility of tungsten in the m atrix  to 
about 18 wt% in the 90W-6NI-4F® alloy. The lower tungsten content in the
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ternary matrix decreaaef the hardness and apparently the flow str»* t> of this 

phase to below that of the tungsten grains, and a ductile a l lr /  results .  Each 

grain is surrounded by a ductile matrix which allows dissipation of dislocations 

so that slip can proceed

The binary 90W-10Ni material was annealed for 200 hours at 
temperatures of 1550F to 1750F. Samples annealed at the lower temperature  
contained a single-phase matrix. Annealing at 1650F produced small

amounts of a precipitate at the tungsten grains, and at 17S0F large 

quantities of the nickel-tungsten intermediate phase were precipitated m the 

matrix and also around the tungsten grains. This precipitate resembled that 
found in 90W-6Ni-4Fe specimens annealed in the sam e temperature range. 

Addition of iron to the W-Ni did not prevent formation of the intermediate  

phase. Hardness values in the ternary composition were substantially 

unchanged, whereas a considerable hardness increase  occurred in the 

90W-10N1 material.

2. W-Pd System

A binary tungsten-palladium composition, 86W-14Pd, was selected  
for initial studies of this system; the high palladium content was. required in 

order to provide a sufficient volume of matrix phase. Microstructure * 
specimens sintered in hydrogen exhibited a two-phase structure, and a 

considerable amount of porosity was present. This porosity may be due to 

the absorption and release of hydrogen during sintering; palladium is  capable 

of absorbing large  quantities of hydrogen. Initial test  data show relatively  

low strength and ductility at room temperature, although these properties  
may be substantially increased by im pr jved sintering techniques. The 

hardness of the sintered compacts was similar to that of 90W-Ni-Fe materials,  

indicating that the tungsten was not appreciably hardened by solution of 
palladium. This low solubility of matrix elements in tungsten is one 

requirement for good ductility, and the W-Pd or W -Pd-X materials  appear 

to be promising in this respect.
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3. T e rn a ry  A llo y  Systems

The fo llow ing  te rn a ry  a lloy  system s w ere  studied to a l im ite d

extent:

90 W -N i-M o  

90W -Fe-C o 

9 0 W -F e -C r 

90W -F e-M o  

90W -C o-C r 

90W -C o-R u

None o f the above system s possessed ro o m -te m p e ra tu re  d u c t ility ,  

and s tre n g th  leve ls  were low . M ic ro s tru c tu re s  in  the W -N i-M o  a llo ys  

resem bled  those of W -N i-F e  m a te r ia ls , a lthough hardness va lues were 

h igher. S tru c tu re s  in  W -F e -(C o , C r, Mo) a llo y  system s showed evidence 

o f in te rm e d ia te  phases; and these m a te ria ls  w e re  porous, b r i t t le ,  and weak 

at ro o m -te m p e ra tu re . S im ila r  re su lts  were noted fo r the W -C o -(C r.R u ) 

system s. R o om -tem p era tu re  p ro p e rty  data a re  not ava ilab le  because of 

the porous nature  of the te s t specim ens. In v ie w  of the existence of in te r 

m ediate phases an d /o r la ck  o f ro o m -te m p e ra tu re  d u c t ility ,  no fu r th e r  

exp e rim e n ta l w o rk  was conducted on these te rn a ry  systems.

G. C om para tive  Data

A  num ber of te rn a ry  and m ore  com p lex tungsten-base a llo y  systems 

have been described  in  d e ta il under preced ing  sections of th is  re p o r t .  Some 

of these a llo ys  exh ib it s u p e rio r p ro p e rtie s  at roo m  tem pera tu re  whereas 

o ther m a te r ia ls  possess h ig h e r strength p ro p e rtie s  at elevated tem p era tu res . 

The purpose of th is  "C o m p a ra tive  Data" section  is  to p rov ide  a convenient 

eva luation o f the m ore p ro m is in g  com positions developed to date. Over one 

hundred a llo ys  were stud ied d u rin g  th is  re p o rtin g  in te rva l; a num ber of these 

com positions represented m in o r  va ria tio n s  in  a llo y  content o r p re p a ra tio n  

methods. Com plete p ro p e rty  data fo r a l l  m a te r ia ls  investiga ted  a re  

presented in  the Appendix.
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1. R o o m -T e m p e ra tu r e  P r o p e r t i e s

The r e s u l t s  of r o o m - te m p e ra tu r e  t r a n s v e r s e - r u p t u r e  t e s t s  on 

r e p re se n ta t iv e  t e rn a ry  and q u a te rn a ry  tu n g s ten -b ase  alloys a r e  p re sen ted  

in F ig u re  17. Each alloy s y s t e m  is r e p r e s e n te d  by one com posit ion  at the 
90 wt% tungs ten  level except in the case  of W -N i-F e  m a te r ia l s  which a re  
shown at 90 and 95 wt% tungsten  contents. Data for a c o m m e rc ia l  "Heavy 
Alloy, " 90W-6Ni-4Cu, a r e  included for co m p ar iso n .  F igure  17 shows that 
the h ighest  s t reng th  levels  o c c u r r e d  in the W -N i-F e -R u  composit ion ,  while 

m ax im um  duct i l i ty  was found in the 90W -6Ni-4Fe and the 90W -N i-F e -C o  
ailovs.  All m a te r ia l s  w ere  cons iderab ly  s t r o n g e r  and m ore  duct i le  that the 
90W-6Ni-4Cu alloy.

2. E leva ted  T em p e ra tu re  P ro p e r t i e s

T e n s i le  te s t  data for  s e v e ra l  tu n g s ten -b ase  alloys at 1600F and 
200GF a r e  p r e s e n te d  in F ig u re  18. These r e s u l t s  show a cons iderab ly  

g re a te r  s p r e a d  of s trength  v a lu e s  than was found at room t e m p e r a tu r e  
(F igure  17). The s t ronges t  m a te r i a l  at 2000F was the 90W-4 8Ni-3  2Fe-2Ri. 
alloy which had  an u l t im ate  t e n s i l e  s t rength  n e a r ly  twice that of the 90W-6Ni- 
4Fe com posi t ion .  The 90W-6Ni-4Co m a te r ia l  was a lso  cons ide rab ly  s t ronger  
a t  2000F than the t e rn a ry  W -N i-F e  alloys. At 1600F, tensile  s t reng th  

values ran g ed  f rom  about 50 ,000  psi  for 90W-tNi-4Fe to about 73 ,000  psi for 

the 90W-4. 8Ni-3. 2Fe-2Ru and the 90W-6Ni-4Co composit ions.  T h e se  values 
were much h igher  than the level of 17, 500 psi fo r  the 90W-6Ni-4Cu alloy a t ' 
this t e m p e r a tu r e .  Tensi le  t e s t s  were  not conducted  on the 90W-6Ni-4Cu 

m a te r i a l  a t  2000F, because  da ta  at  lower t e m p e r a tu r e s  indicate tha t  the 

s trength  leve l  approaches  z e ro  at a t e m p e ra tu r e  near  2000F.

A co m p ar iso n  of t e n s i l e  s trength  v a lu es  for th ree  al loys a t  various 
t e m p e r a tu r e s  is shown in F ig u re  19- The 90W-4. 8Ni-3. 2F e-2R u  composition 

has the h ighes t  s trength  leve ls  of any com posi t ion  studied under th is  p rogram . 
Data for the 90W -6Ni-4Fe a l loy  show cons ide rab ly  lower s t r en g th  levels  at 
a l l  t e m p e r a t u r e s ,  although th is  m a te r ia l  is cons iderab ly  s t r o n g e r  than the 

c o m m e rc ia l  "Heavy A lloy ,"  90W-6Ni-4Cu.
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Although s t r e s s - r u p t u r e  data a r e  not com ple te  for the W -N i-F e -R u  

m a te r ia l ,  in i t ia l  r e su l t s  a t  1600F indicate tha t  th is  composition was grea t ly  

su p e r io r  to W -N i-F e  and W -Ni-Co al loys.  A sam ple  of the 9 0 W -4 .8 N i-3 .2 F e -  

2Ru m a te r ia l  fa i led  in 102 h ou rs  a t  & s t r e s s  level of 15, 000 psi .  The 100-hour 

rup tu re  life of 90W-6Ni-4Co at th is  t e m p e ra tu re  was at  a s t r e s s - l e v e l  of
11.000 psi ,  and the 90W -6Ni-4Fe alloy 100-hour life was at  a s t r e s s  of about

10.000 psi .  At 2000F, the 100-hour rup ture  life va lues  of var ious  alloys 
w ere  as follows:

Alloy S t re s s  leve l

90W-6Ni-4Fe 2, 500

95W-3Ni-2F e 2 ,500

92W -3N i-2Fe-3C r 3,000

90W -3Ni-2Fe-5M o 3,000

90W-6Ni-4Co 4, 500

A slight inc rease  in s t r e s s - r u p t u r e  life was produced by the 

ch rom ium  and molybdenum additions to the 90W -N i-Fe  base; l a rg e r  

in c re a s e s  a r e  expected  for ru then ium  additions on the bas is  of r e s u l t s  at 

lower t e m p e r a tu r e s .

3. Oxidation R es is tance  and P ro tec t io n

a. Oxidation T e s t  Results

The oxidation r e s i s ta n c e  of unalloyed tungs ten  is ve ry  poor at 

t e m p e r a tu r e s  of 2000F. P rev ious  work on tungs ten -base  alloys containing 

a t  le a s t  90 wt% tungsten  has shown tha t  these  m a te r i a l s  also have poor 

r e s i s ta n c e  to oxidation. Severa l  additional al loys w e re  studied during the 

c u r r e n t  rep o r t in g  interval.  Included in these t e s t s ‘w e re  an 85W-9Ni-6Fe 

alloy, and also  an a r c - m e l t e d  18W-49Ni-33Fe com posit ion  approxim ate ly  

tha t  of the m a t r ix  phase in W -N i-F e  al loys.

S in te red  specimens of t e r n a r y  and qu a te rn a ry  tungsten-base  

composit ions w e re  surface  ground and heated in a i r  at 2000F. The oxide 

f i lm s  af ter  15 m inu tes  at t e m p e r a tu r e  usually ranged f rom  0. 02 to 0. 04 in. 

th ick, and w ere  somewhat tenac ious .  Results  of th e se  te s ts  were as follows:
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Alloy Weight gain (mg / c m ^ / h r )

90W -6Ni-4Fe 227

90W-6Ni-4Co 231

90W-5Ni-5Cr 193

90W-4. 8 N i - 3. 2Fe-2Ru 196

85W -9Ni-6Fe 110

18W-49Ni-33Fe 9

The values for the higher tungsten al loys a re  con s id e rab ly  

higher than  r e su l t s  for s im i l a r  m a te r ia l s  t e s te d  under  the in i t ia l  p ro g ra m  on 

tu ngs ten -base  alloys. T h ese  higher  values a r e  the r e su l t  of modif ications 

of the te s t ing  techniques whereby  a g re a te r  supply of a i r  was ava i lab le  to 

the spec im ens .

The four com posit ions at the 90 wt% tungsten level had

rela t ively4iigh  weight gains;  l i t t le  im provem ent  was shown by the  90W-5Ni-5Cr

alloy whose mitfrix phase was expected to offer  super io r  oxidation re s is tance .

M ic ro s t ru c tu re s  of alloys containing 90 wt% tungs ten  show many adjoining

tu n g s ten - r ich  gra ins  which would offer a path for oxidation. The 85W-9Ni-

6Fe com posit ion  oxidized at about one-half  the r a t e  for the m a t e r i a l s  at the
90 wt% tungs ten  level. The in c re a se d  m a t r ix  volume in this low er- tungs ten  

0

alloy r e s u l t e d  in fewer contac ts  between tungsten  grains.  T hese  r e su l t s  

d em ons t ra te  that alloy v a r ia t io n  produced l i t t le  effect on the r e s i s t a n c e  to 

oxidation of 90W-base a l loys ,  and that the tungs ten-r ich  phase  in these  

m a te r ia l s  is probably sem i-cont inuous.  The oxidation r e s i s tan c e  of the 

18W-49Ni-33Fe m a tr ix  m a te r i a l  shows that the  poor behavior of the alloys 

is apparen t ly  due ei ther  to oxidation of the in te i  connecting tu n g s ten - r ich  

grains  or  to reac t ions  between the oxides fo rm ed  on the m a t r ix  and 

d isp e rs ed  phases  which r ed u ce  the oxidation r e s i s ta n c e  of the com posite .  

O x ida t ion -res is tan t  alloys containing somewhat le s s  than 85 wt% tungsten 
might th e re fo r e  be developed if the fo rm er  m echan ism  is the one operat ive.

b. Oxidation Protect ion

The rela tively poor oxidation r e s i s t a n c e  of the al loys under 

study was not improved by alloying. Limited e f fo r ts  were under taken  to 

investiga te  p ro tec t ive  coatings for use in a ir  at  2000 F.
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E lec trodeposi ted  chrom ium  was applied to the s u r fa c e s  of a 

95W -3N i-2Fe  alloy. A modified chrom ic  ac id  bath, Metal & T h e rm i t  

C orp o ra t io n  No. CF 520, was used, with a  p la te  th ickness  of 0 .002 in.

Initial t e s t s  after  10 h o u rs  at 2000F showed good protec t ion  was afforded 

except a t  the location of a few small  su r face  defects .  Some diffusion of 

nickel and i ron  into the c h ro m iu m  may have o c c u r re d  at the te s t  tem pera tu re ;  

nickel would be expected to improve the oxidation r e s i s tan c e  of chromium.

Exper im en ta l  work  using fused  m e ta l  coatings gave improved 

r e s u l t s .  A co m m erc ia l  o x id a t io n - re s i s tan t  b raz ing  alloy, "N ic ro b raz"
(AMS 4775), was applied as a powder in collodion to the su r fa c e  of 95W-3Ni- 

2Fe com pacts .  The coa ted  specimens w ere  fused for 15 m inu tes  at 2190F in 

dry  hydrogen. A pho tom icrograph  of the coating and base  m e ta l  is shown in 

F igure  20. A small  diffusion layer  is noted between the coating and the 

tu n g s ten - r ic h  g ra ins .  Weight gains of l e s s  than 0. 1 m g /c m  / h r  occurred  

upon hea t ing  the coated sam p les  in a i r  at  2000F. Duplex coa ted  specimens 

having a b ase  layer  of "N ic ro b ra z "  followed by a 0.001 in. c h ro m iu m  plate 

were  a l s o  tes ted.  After 100 hours  in a i r  a t  2000F an ave rage  weight gain of 

0 .07  m g / c m ^ / h r  was noted. A section of th is  te s t  sample is shown in 

F igu re  21. Most of the ch ro m iu m  plate has  oxid ised  w hereas  the "N icrobraz  

m a te r i a l  i s  re la t ive ly  unaffected except for the  p resence  of sm a l l  inclusions,  

poss ib ly  oxides.  The diffusion layer between this coating and the tungsten 

alloy has  in c reased  to a depth of about 0. 002 in.

Roll-bonding was a lso  investigated as a possib le  method for 

oxidation pro tec t ion  of tu n g s ten -b ase  al loys.  Nichrome shee t  was s u c c e s s 

fully bonded to a 90W -6Ni-4Fe alloy sheet by ho t-ro l l ing  at  2190F. The 

tu n g s ten -b ase  alloy sheet waB reduced 60 p e r  cent in th ickness  during hot 

working, al though it is bel ieved that good bonds may be obtained with much

sm a l le r  reduct ions .  Oxidation te s ts  have not been conducted on the ro l l -
\

clad sp ec im en s .

H. M a te r ia l  P ro cess in g  Techniques

The proper ty  da ta  repor ted  above w ere  obtained f ro m  samples 

p r e p a r e d  by co ld -p re s s in g  followed by s in te r ing  in hydrogen. Alloys of the 

W -N i-Fe  sy s tem  have a lso  been p rep a red  by o ther  techniques w h i :h  a re  

adaptable to the fabrica tion of la rge  p a r ts  having complex shape. Initial
A R M O U R  R E S E A R C H  P O U N O A T I O N  OP  I L L I N O I S  I N S T I T U T E  OF  T E C H N O L O G Y
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Neg. No. 17533 X250
Fig. 21

Oxidation t e s t  sample of 95W-3Ni- 
2Fe alloy coated with "N ic ro b ra z "  
and ch ro m iu m  plate. After  100 h rs  
in a ir  at 2000F. the c h ro m iu m  has 
oxidized, and some oxides a r e  p r e 
sent in the "N ic rob raz"  layer .  The 
diffusion layer  at the tungsten  alloy 
surface h a s  inc reased  to about 
0. 002 in. Unetched.

Neg. No. 17532 X250
Fig. 20

95W -3N i-2Fe  alloy coa ted  with 
"N ic ro b ra* "  (AMS 4775). A thin 
diffusion zone exis ts  at the  in te rface .  
Unetched.
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ex p e r im e n ta l  work on h o t -p re s s in g  in induction-heated  g rap h i te  dies 
has  shown this p r o c e s s  to be feasible,  al though a ca rb ide  laye r  was form ed 

on the  su rfaces  of the com pac ts  and som e  m a t r ix  m a te r i a l  was lost by 
squeeze -ou t .  Studies showed that when 90 W-6Ni-4Fe pow ders  were loosely 

f i l led  in an alundum c ru c ib le  and hea ted  in hydrogen at 2680F for 1 hour,  
full s in te red  density was attained. The excellent s in te rab i l i ty  of c o ld -p r e s s e d  
W -N i-F e  alloys containing up to 99- 5 wt% tungsten a lso  ind ica tes  good 
w ettab il i ty  of the tungs ten  pa r t ic le s  by the  liquid m atr ix .  Accordingly, such 

techn iques  as slip ca s t in g  and p o w d e r -m e ta l  ex trusion a p p e a red  to be feas ib le .  
In addit ion,  the fluidity of the m a tr ix  p h ase  indicated that joining of s in te red  

sp e c im e n s  could be accom pl ished  by heating the a rea  of contact to a t e m p e r a 
tu re  above the melting point of the m a t r ix .  The sections below discuss  

m ethods  used  in the fab r ica t ion  and joining of W -Ni-Fe a l loys ;  the techniques 

d e s c r ib e d  a re  probably  adaptable to m ost  of the other tu n g s ten -b ase  alloys 
under  study.

1. Slip Cas t ing

Slip cas t ing ,  commonly used  in the fabrica tion of c e ra m ic s ,  has  

been appl ied  to m eta l  pow ders  to a som ew hat  l im ited  extent.  The p rocess  

d e s c r ib e d  here in  y ie lded  cas t ings  of adequate  green s t rength  and density in 
a 95W -3N i-2Fe  alloy. The vehicle and b inder  consis ted  of a solution of 

co llodion in alcohol ( F i s h e r  Catalog No C-409) to which acetor  ? was added 
to give a slip of the d e s i r e d  v iscosity .  About 3 cc of the collodion solution 

was u s e d  for 100 g r a m s  of alloy powder; an excess  of ace tone  was added to 

give a thin s lu r ry  which thickened by evapora t ion  of acetone upon s t i r r ing .
The pH of the slip was n ea r  7. Standard po t te ry  p la s te r  m olds  were used. 

Wall th ick n esses  of 1/8 inch were a t ta ined  in about 1 m inute  a f te r  the slip 
was p o u re d  into the m old  After pouring out the excess  s l ip ,  the castings 

were  d r ie d  at room t e m p e r a tu r e  for at l e a s t  1 hour before rem ova l  from 

the mold. Shrinkage upon drying was l e s s  than 1 per  cent; th is  amount was 
sufficient to p e rm i t  easy  rem ova l  of the ca s t ing  from the m old .  After drying 
for 24 hours  at room te m p e r a tu r e ,  the ca s t ings  were s in t e r e d  in hydrogen 

using hea ting  schedules  identical  to those  for c o ld -p re s s e d  m a te r ia l s .  Full 
s in t e re d  densi ty  was a t ta in ed  in the ca s t in g s ,  although the l inea r  shrinkage 
was about 24 per  cent c o m p a red  to 16 p e r  cent for spec im ens  co ld -p ressed
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at 20 tsi. Figure 22 shows a small s l ip -ca s t  cup of 95W-3Ni-2Fe; the as-  

sintered wall thickness is  approximately 0. 05 inch.

SHp casting techniques were also applied to the fabrication of  

larger compacts, including specimens which filled the entire mold cavity.
This process  represents  an economical method for the preparation of large  

shapes,  as inexpensive plaster molds are substituted for costly  metal co m 
pacting dies. Initial results with large, solid sp'.cimens cast  in plaster molds  
show promise; a few air babbles were entrapped in the castings.  These may  

be eliminated by vacuum-treatment of the slip before pouring and by suitable  
agitation of the slip after pouring into the mold.

2. Joining Method

The joining of W-Ni-Fe and other tungsten-base alloy compacts  
may be accomplished by placing the specimens in contact and heating the 

contact area to a temperature above the melting point of the matrix phase.
One method involves the combined sintering and joining of cold-pressed  

compacts;  the a s -p r es s ed  specimens are  held together during sintering.
Other methods are concerned with the joining of previously sintered material .  
Several  techniques are available, including induction heating, resistance  

welding, and tungsten-electrode inert-gas welding. Very little contact 

p ressure  is required on account of the high fluidity and wettability of the 
liquid matrix.

Figure 23 shows the welded area between two pieces  of sintered  
90W-6Ni-4Fe alloy. This joint was made by placing two surface-ground  

specimens in contact and heating the assem bly  to about 2730F for 10 minutes.  
Induction heating and a 9 ON.7 -IOH2  atmosphere were used. The joined area  
is evidenced only by the presence of a few finer tungsten-rich grains along 

a horizontal line in the photograph. Initial tensile test resu lts  indicate 
that such joints are nearly ,i b  strong as the parent material,  Excellent 
mechanical properties are to be expected since the joint is  practically  

indistinguishable from the original material.

Spot-welding was alBo used to form sound joints between 

specimens of sintered W -Ni-Fe materials  The alloys welded contained up 
to 95 wt;% tungsten, and microstructures revealed that sufficient matrix
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Neg. No. 18574 X150.
Fig. 23

M icrostructure of a  fused joint in 90W-6N1- 
4Fe alloy. Two sin tered  specimens w ere 
held together and induction heated to 2730F 
for 10 minutes. Some sm all tungsten-rich  
g ra in s  are  present ip  the joined area  which 
extends along a line from  A to B in the photo-
'T -

Neg. No. 19040 XI. 5
Fig. 22

Slip-cast, s in tered  cup of 95W-3NI- 
2Fe alloy.

Neg. No. 18573 X150
Fig. 24

M icrostructure of a spot-weld in co ld-ro lled  
90W -6Ni-4Fe alloy. The two rolled sheets 
w ere in contact from  A to B; the m atrix  flowed 
into the open area (B to C) which was not d i
rec tly  between the electrode tips. Unetched.
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phase was p r e s e n t  even at  the  h igher  tungsten leve l  to effect bonding. Cold- 

ro l led  90W -6Ni-4Fe sheet sp ec im en s  about 1 /16 in.  thick w ere  success fu l ly  

spot-welded as  i l lu s t ra ted  in F ig u re  24. The wide band of m a t r i x  phase  was 
outside of th e  a r e a  of contact between the two s h e e t s ,  and the de fo rm at ion  of 

the tungsten  g ra in s  o ccu r red  dur ing  co ld -ro l l ing  to a 60 per  cent  reduct ion  

in th ickness  p r i o r  to welding Severa l  spo t-w elded  samples  have  been  
tes ted  by pull ing the sheets  a p a r t ;  fa i lu res  in m o s t  c a se s  o c c u r r e d  outside 

of the welded a rea .

Init ia l  exper im en ta l  work using tu n g s ten -e lec t ro d e  in e r t - g a s  

welding in d ica te s  that this m e thod  also may be u s e d  to join s in te re d  W -Ni-Fe 

m a te r ia l s  M ic ro s t ru c tu re s  th rough  welded jo in ts  show s a t i s f a c to ry  bonds 
in sev e ra l  of the specimens of 90W-6Ni-4Fe alloy. Improved r e s u l t s  may 

be expected when optimum c u r r e n t  and voltage re q u i r e m e n ts  have been  
established.

IV. SUMMARY

This  p rog ram  was concerned  with the development of a l loys  

containing a t  l e a s t  90 wt% tungs ten  which a r e  r e a d i ly  fabr icable  and  a r e  
capable of opera t ing  at  t e m p e r a tu r e s  up to 2000F. Samples f ro m  which 

p roper ty  da ta  w ere  obtained w e re  p rep a red  by c o ld -p re s s in g  b lended m e ta l  

powders,  followed by l iqu id-phase  sin ter ing in a hydrogen  a tm o sp h e re .  The 

alloys were  eva luated  at r o o m - te m p e ra tu r e  by h a r d n e s s ,  t r a n s v e r s e - r u p t u r e ,  
tensi le ,  and bend  te s ts  E le v a te d - te m p e ra tu re  t e s t s  included t r a n s v e r s e -  

rupture ,  t e n s i l e ,  s t r e s s - r u p t u r e ,  and oxidation r e s i s t a n c e .

Alloys  of the W -N i-F e  sys tem  w ere  s tud ied  at  tungsten levels  

of 90 to 99. 5 wt%. M ic ro s t ru c tu r e s  consis ted  of tu n g s ten - r ic h  g ra in s  in a 
m atr ix  of nickel  and iron which contained about 18 wt% tungsten in solution. 

P ro p e r t i e s  of th e se  alloys may be sum m ar ized  as follows;

1. R o o m - te m p e ra tu re  te n s i le  s trength  a t ta ined  a m a x im u m  of 

130, 000 psi at 95 wt% tungsten, and d e c r e a s e d  rapid ly  above 
97 wt% tungsten.

2. R o o m - te m p e ra tu re  ducti l i ty  d e c re a s e d  uniformly  with in c reas in g  

tungs ten  contents.  The tensile  e longation of the 90W -6N i-4Fe

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y

-  49 - ARF 2158-12 
Sum m ary  R e p o r t



Official Use Only

alloy was 20-25%. Fabr icab i l i ty  w as  excellent; a l loys containing 

up to 97 wt% tungs ten  could be co ld - ro l led .

3. Ultimate tensi le  s t reng th  values a t  2000F at tained a m ax im um  of 

34,000 psi a t  97 wt% tungsten, and d ec re a se d  sharp ly  above

98 wt% tungsten. T ens i le  elongations w ere  lower than  at  room 
tem p era tu re .

4. An in te rm edia te  p h a s e  was p r ec ip i ta ted  in the m a t r ix  of a 

90W-6Ni-4Fe alloy a f te r  annealing for 200 hours at tem p era tu re s  

n e a r  1550F; the effects  of this com pound on p ro p e r t i e s  have not 
been  fully invest iga ted .

5. The 100-hour r u p tu r e  life at a s t r e s s  level of about 2500 psi 

was found in W -N i -F e  alloys containing 90, 95, and 97 wt% 

tungsten.

A number of q u a te rn a ry  additions w e re  made to a 90W -N i-Fe  

base in an ef fo r t  to improve e le v a te d - te m p e ra tu r e  p ro p e r t ie s .  The effects 

of additions of Al, C, Co, C r ,  Mo, Pd, Ru, Th ,  Ti,  V, and Zr a r e  sum m arized  

below:

1. Cobalt  additions up to  2. 5 wt% in c r e a s e d  the ro o m - te m p e ra tu re  

s t reng th  without lo ss  of ductility. Higher  cobalt contents  

r e s u l t e d  in the fo rm a t ion  of a  b r i t t l e  in te rm ed ia te  p h a s e ,  

p robab ly  W^Co^. A m odera te  i n c r e a s e  in strength and  ductility 

a t  2000F was p ro d u ced  by the addit ion of 2. 5 wt% cobalt  to the 

90W -N i-Fe  base;  a  co ld - ro l led  90W-4. 5Ni-3Fe-2.  5Co co m p o s i 

t io n  was r e c r y s t a l l i z e d  after annealing for 2 hours  a t  1900F.

2. C hrom ium  additions to  the 90W -N i-Fe  base re su l ted  in co n s id e r 

ab ly  reduced duct i l i ty  and in c re a se d  h a rd n es s  at  ro o m  t e m p e r a 

tu r e ;  strength leve ls  reached a m a x im u m  at 3 wt% ch rom ium .

At 2000F, the W -N i - F e -C r  alloys w e r e  not as s trong and  ductile 

as  W -N i-Fe  m a te r i a l s .

3. Molybdenum addit ions  up to 5 wt% produced  m odera te  in c re a s e s  

in s t rength  levels  a t  room  te m p e ra tu r e  and at 2000F; ductil i ty 

was gradually low ered  with in c reas in g  molybdenum contents .
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4. Ruthenium addi t ions  to the 90W -N i-Fe  base r e s u l t e d  in  the

s t ronges t  m a t e r i a l s  developed u n d e r  th is  p ro g ra m .  Strength 

levels for a  90W-4. 8 N i-3. 2 F e - 2 R u  alloy were  som e 20 per  cent 
higher than the  s t ronges t  W -N i-F e  composit ion a t  r o o m  t e m p e r a 
tu re ,  and adequate  ductility was  mainta ined .  At 2000F ,  the alloy 

containing ru th en iu m  had an u l t im a te  tensi le  s t reng th  of 46, 700 
psi;  this value is  cons iderably  h ig h e r  than for annea led ,  unalloyed 

tungsten. In i t ia l  s t r e s s - r u p t u r e  r e s u l t s  at 1600F show a 100-hour 

life at a s t r e s s  level  of 15,000 p s i ,  a 50 per  cent im provem ent  
over the t e r n a r y  base.  F u r th e r  p ro p e r ty  im p ro v em en ts  may be 

expected in the  W -N i-F e -R u  s y s t e m  when com posit ions  and 

s inter ing t r e a tm e n t s  a re  optimized.

5. Al; C, Pd, Th, T i ,  V, and Zr w e r e  also added to  the  90W-Ni-Fe 

base.  On the b a s i s  of l im ited  t e s t  da ta ,  no s ign if ican t  p roper ty  
im provem ents  w e re  produced by any of these q u a te rn a ry  additions.  

Some oxidation of Al, Th, Ti, V, and Zr o c c u r re d  dur ing  s i n t e r 
ing, due to t r a c e s  of water vapor  and oxygen in the  hydrogen 

a tm osphere  u se d  for sintering. As a  resu l t ,  the s in t e r e d  compacts  

usually contained oxide inclusions and porosity  which affected the 
te s t  re su l t s .  The  oxides of these  e lem ents  a r e  not r ed u ced  in 

hydrogen at t e m p e r a tu r e s  used in these  studies; i n e r t - a tm o s p h e r e  
or  vacuum s in te r in g  may be r e q u i r e d  to produce c lean  m i c r o 

s t ru c tu re s .  Q u a te rn a ry  alloys containing carbon and palladium 
a r e  in p re l im in a ry  stages  of invest iga t ion ,  and s a t i s f a c to ry  
sin ter ing t r e a tm e n t s  have not been  established.

Experimental  w ork  under this p r o g r a m  also included in v e s t i 

gations of o ther  te rna ry  and m o r e  complex tu ngs ten -base  alloy s y s tem s .
The n . s u i t s  of these studies a r e  as follows:

1. W-Ni-Co al loys having n ick e l - to -co b a l t  rat ios of a t  l e a s t  3:2
had m ic r o s t r u c tu r e s  which r e s e m b le d  those of W -N i-F e  com po

sit ions.  L a rg e r  amounts of cobalt  r e su l ted  in the ap p e a ran c e  of 

a b r i t t le  in te rm e d ia te  phase, The r o o m - t e m p e r a tu r e  s trength  and 

ductil ity of W -N i-Co  m a te r ia l s  w e re  somewhat low er  than in

A R MO U R  R E S E A R C H  F O U N D A T I O N  OF  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y
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W -N i-F e  a l loys ,  although a 90W-6Ni-4Co composit ion was 

read i ly  co ld-w orkable .  E lev a ted - tem p era tu re  tensi le  s t reng th  

values  of  W-Ni-Co al loys w e re  higher than for  all other co m p o 

sit ions s tudied with the exception of alloys containing ru then ium  
T en s i le  elongations were  cons iderably  h igher  than in o ther  m a 

t e r i a l s  under  investigation The 100-hour rup tu re  life of the 

90W-6Ni-4Co alloy at 2000F was at a s t r e s s  level of about 4 .5 0 0  
psi .  some SO p e r  cent h igher  than for W -N i-F e  alloys Annealing 

the a s - s i n t e r e d  90W-6Ni-4Co m ate r ia l  for 200 hours  in the range  
of 1450F to 1850F produced  h a rdness  in c r e a s e s  assoc ia ted  with 
the fo rm at ion  of an in te rm ed ia te  phase

2. W -N i-C r  com posit ions exhibited  s t ru c tu re s  s im i la r  to those in 

the W -N i-F e  sy s tem  Equal amounts of nickel  and chrom ium  

were found to yield op t im um  p ro p e r t ie s  at the  90 wt% tungsten 

level. T he  90W-5Ni-5Cr alloy at room te m p e r a tu r e  was con
s ide rab ly  b a l d e r  and m uch  le ss  ductile than the 90W-6Nt-4Fe j 

m a te r ia l  At 2000F, t e n s i l e  s t reng th  va lues  in W-Ni-Cr c o m p o 
sit ions w ere  some 20 to 40 p e r  cent below those  of W-Ni-Fe 

al loys a t  s im i l a r  tungsten levels

3. Other t e r n a r y  alloy sy s te m s  investigated included W -Ni-(M o-Ru), 
W -F e- (C o .  O r , Mo), and W - C o-(C r ,  Ru). Of th e se ,  only the 

W-Ni-Ru m a te r i a l s ,  which w e re  fine gra ined  and modera te ly  

s trong, a p p e a re d  to offer p r o m is e  on the b as is  of p re l im inary  

re su l t s .  The rem ain ing  al loy sys tem s were c h a ra c te r i s e d  by 
low s t ren g th  and ductil ity, and in te rm ed ia te  p h ases  were p re se n t  

in som e com posit ions .

Oxidation t e s t s  at 2000F on s e v e ra l  tu n g s ten -b ase  composit ions 
showed that alloying had  li tt le effect on oxidation r e s i s ta n c e .  An a r c - m e l t e d  

l8W -49N i-33Fe  sam p le  having a com posi t ion  s im i la r  to th a t  of the m a tr ix  

phase  in a  90W -6N i-4Fe alloy was a lso  te s ted ;  th is  m a te r i a l  had a weight 

gain v a lu e  only 4 p e r  cent of that of the 90W -6Ni-4Fe com pos i te  These 
r e s u l t s  indicate tha t  the  tungs tcn - r ich  p hase  in the h igh- tungs ten  alloys is 

sem i-con t inuous  and that  rapid  oxidation p roceeds  through adjacent 

tungsten  grains.
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O xidation  p ro tec tio n  of V -N t-F #  a llo y s  w as investiga ted  to  a  

lim ite d  extent; e le c tro d e p o s itio n , fu sed  alloy co a tin g s , and ro l l  bonding w ere  
included in th e se  studies* C hrom ium  p la te . 0 002 in  th ick , gave good pro* 

tec tio n  for 10 h o u rs  a t 2000F excep t a t the location  of a few defects in  the 

p la ting . A fu sed  coating  of M ic ro b ra s "  (AMS 477$) showed im proved  re s u lts .  

One sam ple co a ted  with N ic ro b ra*  and an ou te r la y e r  of e lec tro d ep o sited  

ch rom ium  had a  w eight gain  of 0. 07 m g /c m ^ /h r  a f te r  100 h o u rs  a t 2000F. 

N ichrom e sheet w as sa tis fa c to r i ly  bonded to a  90W -6N i-4Fe sp ec im en  by 

ro llin g  at 2190F.

S e v e ra l m a te r ia l p ro c e s s in g  techn iques w ere  studied in add ition  

to the conventional co ld -p re ss in g  and h y d ro g en -s in te rin g  m ethod u sed  in the 
p re p  ration  of te s t  specim ens P o w d ers  of 90W -6N i-4Fe which w ere  loosely  

filled  in an a lu m in a  c ru c ib le  s in te re d  to  full density  upon heating above the 
m elting  point of the  m a trix  phase In itia l re su lts  u sin g  slip * castin g  tech*  
niques w ere p ro m is in g . The b in d e r and veh icle  c o n s is te d  of a co llo d io n - 

alcohol solution to  which acetone w as added S tan d a rd  p o tte ry  p la s te r  m olds 

w ere  used, and the  pH of the slip  w as n ea r 7. The s in te re d  castin g s of a 

95W -3N i-2Fe a lloy  w ere strong , d u c tile , and fully d en se . C asting la rg e
sec tio n s by th is  m ethod ap p ea rs  to  be feasib le .

%

S in te red  W -N i-Fe m a te r ia ls  w ere jo ined  by sev e ra l m ethods; 

th e se  techn iaues depend on hea ting  the  a re a  of co n tac t betw een adjoining 
sp ec im en s to a te m p e ra tu re  at which the m a trix  p h ase  becom es liquid  

Induction-heated  jo in ts  w ere a lm o s t in d is tin g u ish ab le  fro m  the p a re n t m a 

te r ia l .  Spot-w elding gave s a tis fa c to ry  re su lts  on a s - s in te r e d  and on co ld - 

ro lle d  sp ec im en s containing up to 95 wt% tungsten. L im ited  e ffo rts  u sing  
tu n g s ten -e le c tro d e  in e r t-g a s  w elding indicate som e p ro m ise  for th is  m ethod.

V. LOGBOOKS AND CONTRIBUTING PERSONNEL
D ata fo r th is re p o r t a r e  reco rd ed  in ARF Logbooks C -8488, 

-8489, -8490. -8491 , -8492, -8553, -8554, -8884, -8885 , -8886, and 

-9113.
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T A B L E  I

ROOM-TEMPERATURE PRO PERTIES  OF W -N i-F e -X  ALLOYS

T ra n e v e re e -R u p tu rc  T c i t  Data
Compos it ion(wt%)

~W m  T «  6 th e r
S in ter ing  
Tem pi F)

H ardness
VPN(lOKg)

tlupture 
Sts ength(pst)

Yield Reflect ion ,  in
Point(pii)  \1 25 in #pan,C

90 6 4 2680 300-315 260,000 175.000 0 5*d
93 4 2 2 8 2680 305-315 270.000 180,000 0 38
95 3 2 2760 i 310-320 270.000 185,000 0 35
97 1.8 1 2 2840 320-330 255.000 185.000 0.18
98 1 2 0 8 2840 330 240.000 185,000 0 12
99 0 5 0 5 2840 33C 190.000 180.000 0 06
99.5 0 25 0 .2 5 2840 335 100.000 100.000 0 02
90 5 85 3 9 0.25A1 2680 305 239.000 160.000 0 . 8 4 ,
90 4 5 3 2 5 Co 2680 315 290.000 185.000 0 s .d
90 4 2 .5 3. 5Co 2760 360 Britt le
90 3 2 5Co 2760 415 Britt le
93 3 15 2. 1 1 , 75Co 2680 300.000 187,000 0 58
95 2 .5 1 .5 l Co 2680 280.000 182.000 0 28
95 2.25 1 .5 1 25Co 2680 321 284.000 184,000 0 .29
95 2. 75 1 1 25Co 2680 277,000 179,000 0 86
95 3 0 .5 1 . 5Co 2680 234,000 182,000 0 14
96 1 8 1 .2 ICo 2680 325 276.000 189.000 0.81
97 1 5 0 75 0. 75Co 2760 339 244.000 191,000 0 1 3
90 3 2 2Co-2Cr 2840 373 180,000 172.0C0 0 06
90 5.4 3 b lCr 2760 312 276.000 176,000 0 27
90 4. 5 3 2 5Cr 2840 350 280.000 195.000 0 20
90 4 3 3Cr 2840 i 382 283,000 2 30,000 0. 14
90 3. 5 1 .5 5Cr 2840 460 261.000 220,000 0 .08
92 3 2 3Cr 2840 406 290,000 250,000 0 12
95 2 1 2Cr 2840 433 252,000 220,000 0 07
90 3. 5 1. 5 2Cr-3Mo 2840 390 285.000 216,000 0 .15

S
* * ■n
w
C

i
><



rrt

*
«
€ TABLE l

v»*4

**«•

f t CompoeiUuMlrtfltt $int« r * * g ^  H ir4 ftr*»
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HK p u r *
T fA M jM irtr ■ k *>***

Wlati  ̂ ILnedManL ia ._
W  -• *  - k  «  - . - ____. .  . . .  i t .

\ 2S in *!>*»}•
o ♦0 ■ « . i f M *M» 2440 554 211,000 1*0.000 0 ISc4 \:' so s SMo 2640 S42 24S,000 216. J>3 0 2
* 0. s 2 SMo 1 2640 | 2SS.000 1*0.000 0 t *

n u i 2 SMo 2440 142 249.000 204.000 0 12
0 09 0 IS 0 IS 0. SMo 2640 B rittle• 90 I S I S )Mo - 2T» 2640 i l l 244,000 I6S.OOO 0 04
0 00 1.6 2 4 2Mo2 V 2 TOO 5 as 210 000 (66.000 0 09

♦0 I S I S 5Mo22r 2760 BL tie red**•* *0 t l i  1-21 2P4 2660 240.000 IS2 000 0 10*►<* 90 1,4 i t U U 2660 i » 244.000 200.000 0 4 i
«A 90 »» 1 SRu 2160 56* 551,060 221.000 0 39

Aj* 90 4 6 1.2 2IU 2640 575 -14.000 231.000 0 IS
oo 1  S s 2>SKu 2440 is? JSI.000 234.000 0 20

«** 90 4 S 2 ! 2R«-1 SCO 2160 )10 244.000 204.000 0 22
0* 90 I S i £R tt-l SCo 2160 1ST 219.000 141* 000 0 08
do 9C 1 4 1 6 m 2160 m 244.000 167.900 0 26
e 901 1 .1 5 6 0 ST» 2(40 MS 243.000 164.000 0.23
m ■ 90 I  25 2.21 2 ST» 2160 Bhttered
WA_ 90 4 4 1 2 2 V 2660 512 256.000 162.000 0 IS
m 90 S.4 1 4 IZ r 2600 B litte r «d
«••

90 M S 2 . as 2,SZr 2160 B litte r  ed
n
t
•
0*
0
»*

* .  1 to l I  h o u r*  * t  tem pera tu re
b Y ie ld  point ca lcu la te d  fro m  t r a n t v e r t * »rup tu re  i t r e e t  ttr& in  c u r v i i  re fe r  t *  teat* page 
c K U um um  d e fle c tio n * fo r apecim ene ap p ro x im a te ly  0. US in, th ic k  
d Specimen d id not rup tu re  in  te t t
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• T A EL E  III

ROOM-TEMPERATURE PROPERTIES OF W -N i-Cr  BASE ALLOYS
m m m m m m m m m i •m m m mmm— mmmmm— — — — — — mrnmmmmmtmmmmm— '— Wl — 111   mm m i ■■'■" ■■■i n  mm umn h i u m i i  — ■■■ m i — i  ••  ■  mmm* n  ■

Compo 
W Ml thcr

Sinter ing 
Temp. ( H 1

H ardness  
1 VPN(IOKk)

T ra n s v e r s e -R u p tu re  T e s t  Data
s i t iont wt%) 

t r  6
Rupture

Strcngth(psi)
Yield

Point(piir
Deflection, in. 
(1 .25  in. span)1

90 B 2 2840 327 184,000 167,000 0 07
90 7 3 2840 342 197,000 173,000 0.08
90 6 4 2840 363 220,000 200,000 0.08
90 5 5 2S40 415 270,000 240.000 0 12
90 4 6 2840 480 255,000 239,000 0.08
90 3 7 2840 572 l 17,000 115,000 0.04
95 2 5 2 .5 2840 394 234,003 230,000 0.05
90 4. 5 4 .5 l Co 2840 442 252,000 215,000 0. 10

a. 1. S to 2 0 hours  at t e m p e ra tu re .
b. Yield point calculated  from t r a n s v e r s e - r u p tu r e  s t r e s s - s t r a i n  curve;  refer  to text,  page 5.
c. Maximum deflection* »or sp ec im ens  approx im ate ly  0. 125 in. th ick .
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TABLE II

ROOM -TEM PERATURE PROPERTIES OF W-Ni-Co BASE ALLOYS

Compo8ition(wt%) Sintering 
Temp. (F)a

H ard n es s
VPN(lOKg)

T ra n s v e r s e  -Ruptur  e T es t  Data
R upture

St~ength(psi)
Yield , 

Point(psi)
Deflection, in. £
(1.25 in. span)w Ni Co Other

90 8 2 2680 320 210,000 180,000 0. 10
90 6 4 • 2680 325 272,000 192,000 C'. 20
90 5. 5 4. 5 2680 333 162,000 160,000 0.05
90 4 6 2680 410 59,000 59,000 0.01
90 2 8 2760 55,000 55,000 0.01
92 5. 3 2. 7 2760 248,000 185,000 0. 17
92 5 3 2760 3^5 254,000 183,000 0 18
93 4. 7 2. 3 2760 325 247,000 190,000 0. 13
94 4 2 2760 325 228,000 185,000 0. 12
94 3. 7 2. 3 2760 325 218,000 190,000 0.07
96 2. 7 1. 3 2760 325 195,000 175.000 0.07
97 2 1 2760 325 179.000 175,000 0.04
90 6 3 l C r 2760 323 198,000 164,000 0.09
90 6 2 2Cr 2760 221,000 186,000 0. 11
90 4. 5 3 2. 5Cr 2760 405 B r i t t le

GZZ
r '

( >
f m

WttaJ

a. 1 to 1 .5  hours  at  t e m p e r a tu r e .
b. Yield point calculated f ro m  t r a n s v e r s e - r u p t u r e  s t r e s s - s t r a i n  curve; r e fe r  to  text,  page 5. Q
c. M ax im um  deflections for  specimens approx im ate ly  0 125 in. thick.
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TABLE IV

ROOM -TEM PERATURE PRO PERTIES  OF MISCELLANEOUS TUNGSTEN-BASE ALLOYS

T ra n p v e r s e -R u p tu re  Tes t  Data
z
o> C o m p o s i t io n  wt%)

Sintering.
Temp(F;

H ardness
VPN(lOKg)

R upture
Strength(psi)

Yield b 
Point(psi)

Deflection, in. c 
(1. 25 in. span)

0 90W-10Ni 2760 363 135,000 130,000 0 .03
86W -14Pd 2760 312 86 ,000 8 5 ,0 0 0 0.01

0 90W -6Co-4Cr 2760 B r i t t l e ,  porous
90W -8Co-2Cr 2760 B r i t t l e ,  porous

r* 90W -7Co-3Ru 2760 B r i t t l e ,  porousr 90W -4Fe-6C o 2760 B r i t t l e ,  porous
Z
0 90W -7Fe-3C o 2760 B r i t t l e ,  porous

9 0 W -6 F e -4 C r 2760 44 ,000 44 ,000 0.01
9 0 W -4 F e -6 C r 2760 41 ,000 41 ,000 0.01

z 90W -7Fe-3M o 2760 B r i t t l e ,  porous
V*H 90W-7Ni-3Mo 2760 354 136,000 130,000 0 .03
H 90W-5Ni-5Mo 2760 342 139,000 135,000 0 .02
c 90W-7Ni-3Ru 2760 440 119,000 115,000 0 .0 3
m 90W-6Ni-4Ru 2840 470 76,000 75 ,000 0 .02
0 90W-4Ni-6Ru 2840 473 B ri t t le

92W-6Ni-2Ru 2760 375 181,000 175,000 0 .04
-4 90W-6. 5N i-2Ru-1 .5Co 2760 373 161,000 155,000 0 .04

a. 1 to 1.5 hours  a t  t e m p e ra tu re .
b. Yield point ca lcu la ted  f rom  t r a n s v e r s e - r u p t u r e  s t r e s s - s t r a i n  curve; r e f e r  to text,  page 5.
c. Maximum def lec t ions  for spec im ens  approxim ate ly  0. 125 in. thick.
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•  TA BLE V
»
" PR O PER TIES  OF TUNGSTEN-BASE ALLOYS AT 2000F
m * ' ~ " ' ...........  ~ ’ "......
>
m
n  .............  ■ _________ ___________________
z
•n T ra n s v e r s e Ultimate
0 Rupture Deflection, in. Tens i le Eiong.
z Compos i t  ion(wt%) Strength(psi) (1.25 in. span)a Strength(psi) %

V #
M

o► 90W-8Ni-2Co 62,500 0 .25

’ggi 0z
90W-6Ni-4Co 
90W-5. 5Ni-4. 5Co

64,600
73,900

0 .25  . 
0 . 2 5 f b

42,600 12

o 92W-5. 3N1-2. 7Co 62,000 0.25
fl 92W-5Ni-3Co 61,600 0 .25

i _ 93W-4. 7Ni-2. 3Co 63,000 0 25
O' r*f 94W-4Ni-2Co 69.600 0 .23 36,700 7
i Z 9 6 W -2 .7 N i- l .  3Co 61,400 % 0. 12

0 97W -2N i- lCo 61,600 0 .09
V * 90 W -6 N i-3 C o - lC r 49.300 0. 13

Var.i.-, - - 90W -6N i-2Co-2Cr 45,500 0 .06z«/» 90W-5. 5Ni-2. 5Co-2Mo 62,800 0 .25
•* 90W-4Ni-6Cr 36,000 0 .03
c 90W -4,5Ni-4 .  5 C r - lC o 46.900 0 .02

9  > 90W -6Ni-4Fe 50,000 0. 17 27,000 9
§ * 95W- 3Ni-2Fe 62,000 0. 11 31,800 7
2 **j 0 98W- INi- IF e 34,000 2 .5
n ►- 99W-0. 5Ni-0. 5Fe 42,300 0.02 21.000 0. 5
^  £ m 90W -5.85N i-3 .  9 F e -0 .  25A1 41,200 0. 19
*  i-

ft 90W-4. 5 N i-3 F e -2 .  5Co 52,400 0. 17 27,400 7
•8 * Z 9 3 W - 3 .1 5 N i - 2 . l F e - l . 7 5 C o 61,000 0. 15
5 0 95W-2. 5 N i - l .  5 F e - lC o 59.000 0. 11
rt 0 9 5 W -2 .2 5 N 1 -1 .5 F e - l .  25Co 61,200 0. 110 95W-3Ni-0. 5 F e - l .  5Co 62,400 0. 13

97W -1.5Ni-0 .  75Fe-0 .  75Co 65,600 0 .08



»
i I

m
S
o
c• TABLE V (con*t)

Transverse
Rupture Deflection, in.

Composition(wt%)____________ Strcngth(psi)_____ (1,25 in. span)
41,000 0.0690W -4.5N i-Jrc-2 .5C r 

92W-3Ni-2Fe-3Cr 
95W-2Ni-lFe-2Cr 
90W-4. 2Ni-2. 8Fe-3Mo 
90W-3Ni-2Fe-5Mo 
95W-1. 5Ni-1 Fe-2. 5Mo 
90W-4. 8NI-3. 2Fe-2Ru 
90W-4.5Ni-3Fc-2.5Ru 
90W-4. 5Ni-2Fc-2Ru-l. 5Co 
90W-5. 5 N i- lF c -2 R u - l . 5Co 
90W-5. 4Ni-3. 6Fc-lTh 
90W-5.25Ni-Z.25Fc-2.5Ti 
90W-6.5Ni-2Ru-l.5Co

45, 500 0.01
56, 400 0.20

58, 600 0 02

77,800 0. 10
80,700 0. 11
73,700 0.09
44,800 0.20
34,000 0. 17
72, 100 0. 10

a. Maximum deflection for specimen approximately 1.25 in. thick.
b. Specimen did not rupture in test.

Ultimate
Tensile Elong
Strength(psi) %

30.000 1.5

c~z
31,400 2 5 m /m

] . t  ' m  ■

46.700 3 V
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