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DEVELOPM ENT AND EVALUATION 

O F H IGH-TEM PERATURE TUNGSTEN ALLOYS

1
ABSTRACT

H igh-tungsten  alloys w ere  p rep a red  by pow der m e ta llu rg y  te c h ­
n iques. E xce llen t s tren g th  and d u c tility  at room  te m p e ra tu re  w ere  found in 
the  W -N i-M o-Ru sy s tem  and in  W -N i-F e  alloys con tain ing  p la tinum  a n d /o r  
ru then ium . T he e ffec ts  of p ro longed  annealing a t 1600* F  on ro o m -te m p e ra tu re  
p ro p e r tie s  w ere  stud ied ; W -N i-F e -P t-R u  alloys w e re  le a s t  affected  by th is  
tre a tm en t. O xidation ra te s  fo r m o s t alloys at 200G#F  w ere  2 to 4 tim e s  th a t 
of unalloyed tu n g sten ; an exception w as a W -N i-M o-R u alloy  which ox id ized  
a t 1/5 the ra te  of tungsten . Slip ca s tin g  techniques and in d u c tio n -s in te rin g  

of loosely  co m pacted  pow ders w ere  u se d  to produce com pacts  of W -N i-F e  
m a te r ia ls  having sec tio n  th ic k n esse s  of 1 to 2 in ch es.

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

ARF 2158-21
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DEVELOPMENT AND EVALUATION 
O F  HIGH-TEMPERATURE TUNGSTEN ALLOYS

I. INTRODUCTION

This  p r o g r e s s  repor t  c o v e r s  the period A pri l  l,  I960, to June  30, 
I960, su m m ar iz in g  work p e r fo rm ed  on ARF P ro jec t  2158, "Development 

and Evaluation of H ig h -T em p era tu re  Tungsten Alloys" ( t i t le  unclassified).

Powder  metal lurgy  techn iques  have been u se d  to p rep a re  high-

tungs ten  alloys which exhibit good r o o m - te m p e ra tu re  ducti l i ty  and a r e  capable  

of operat ion  at 2000° F. E a r l ie r  s tud ies  under th is  p r o g r a m  have shown that  

W -N i-F e -R u  al loys p o s s e s s  higher s t reng th  up to 2000* F  than other m a te r i a l s  

under  investigation. A sev e re  loss of r o o m - te m p e ra tu re  ductility, however,  

h a s  been observed  in some alloy sy s te m s  following lengthy annealing t r e a t ­

m e n ts  at 1600* F. Effor ts  have been m ade  during th is  repo r t ing  in te rva l  to 

im prove  the th e rm a l  stabil i ty of W -N i-F e -R u  com posi t ions  by further  al loying.

F ab r ica b i l i ty  of these  tu n g s ten -b ase  al loys is  an im portan t  c o n ­
s ide ra t ion .  The feas ib i l i ty  of producing  la rge  and com plex  shapes has  been 

the  subject  of a l a r g e  por t ion  of r e c e n t  exper im enta l  w ork .  Techniques for 

m e ta l  powder consolidat ion, s in ter ing,  and joining have been investigated in . 

o r d e r  to in c re a se  the  s ize  of the s in t e r e d  compacts u nder  study.

oxidation r e s i s t a n c e  a t  t e m p e ra tu r e s  up to 2000*F; in som e  cases ,  oxidation 

r a t e s  a r e  four t im e s  that  of unalloyed tungsten. Recent  s tudies have shown 

t h a t  substantia l  im provem en ts  may be m ade  by al loying. Fused  coatings of 

a  n ic k e l -ch ro m iu m  b ase  alloy have p ro tec ted  the W -N i-F e  m a te r ia l  for 500 

h o u r s  in s ta tic  a i r  at  2000° F  and for 190 hours at 2100° F. Coating fa i lu re s  

have  o ccu rred  at  edges  or  sharp  c o r n e r s ,  and recen t  im provem ents  in coating 

techn iques  a r e  expected  to extend the usefu l  life of the  coated  specimens.

A Q M O U B  B E S E A B C H  P O U N D A T l Q 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

Most of the  alloys developed under this p r o g r a m  exhibit poor
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During thy c u r r e n t  q u a r te r ly  period,  m a jo r  em phas is  has  been 

shifted f ro m  alloy development to  the study of p ro c e s s in g  techn iques .  A 

number of p ro m is in g  new com posit ions  were p r e p a r e d  and eva luated  at room 

te m p e ra tu r e .  Some elevated te m p e ra tu r e  tes t ing  rem a in s  to be com pleted  

before the a l loy  development p h ase  is concluded.

P ro p e r ty  data p r e s e n te d  in the following sections w e re  obtained 

from sp ec im en s  p repared  by cold p re ss in g  followed by l iqu id -phase  sintering,  

unless o th e iw ise  specified.

&  DISCUSSION OF RESULTS

A. Alloy Development

P rev io u s  work on duct i le  tu n g s ten -b ase  alloys with an envelope- 
type s t r u c t u r e  has d em o n s t ra ted  that  im p ro v em en ts  should be made in severa l  

a r e a s  including impact s t reng th ,  elevated t e m p e r a tu r e  s t r e s s - r u p t u r e  p r o p e r ­

t ies ,  oxidation res is tance ,  and th e rm a l  s tab il i ty .  The com posi t ions  cu r ren t ly  
under study w e r e  p rep a red  in o r d e r  to efiect im p ro v em en ts  in one o r  m o re  

of these  p r o p e r t i e s .  Test da ta  for these a l loys a r e  p resen ted  in T ab le  I; 

e le v a te d - te m p e ra tu re  p ro p e r t i e s  for some of the  m o r e  p rom is ing  m a te r i a l s  
a r e  cu r ren t ly  being evaluated, and will be included in a subsequent repor t .

1. W -N i-F c  Alloys

S ev e ra l  t e rn a ry  W -N i-F e  composit ions were p r e p a r e d  to  study 
the effects of la rg e  tungsten p a r t i c l e  s izes  in a l loys  containing 90 to  92. 5 wt% 

tungsten. The  tungsten was added  as a v e ry  c o a r s e  powder to i n c r e a s e  the 

density of s l i p - c a s t  com pacts  p r i o r  to s in ter ing ,  o r  to r a i s e  the apparen t  

density of lo o se ly  filled pow ders  for induction s in te r in g  of la rge  p a r t s .  Tes t  

data in T ab le  1 show that exce l len t  ductility is m a in ta ined  up to the  92. 5 wt% 
tungsten level in compacts  containing 10 m ic ro n  tungsten powder.  Most 

com posit ions studied under th is  p rog ram  contained tungsten having a 3 m icron  

average  p a r t i c l e  size; the t r a n s v e r s e - r u p t u r e  s t r en g th  of a  90W -6N i-4Fe  
alloy containing the finer tungs ten  was 260, 000 ps i .  Some of th e se  com po­

sitions w ere  u sed  in s l ip -c a s t in g  and induction heating ex pe r im en ts ,  which 

a re  d esc r ib ed  in subsequent sec t ions  of this r e p o r t .

* Composit ions a r e  r e p o r te d  in  weight per  cent.

A f i M O U f i  U C S t A O 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 l T U K  O P  t C C M N O L O G V
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TABLE I

ROOM-TEMPERATURE PROPERTIES OF TUNGSTEN-BASE ALLOYS

Composition

Transverse
Rupture
Strength

(P«i)
Deflection

(tn .)b
Hardness
VPN(iOKg)

90W -6Ni-4F«C 249. 000 0 .6 *d 309
90W-6Ni>4F«e 259. 000 0 .6+d 299
92.5W -4.5N i-3Fee 259. 000 0 .6+d
90W-5. lN i-3 , 9 F e -l AMS 4775 256. 000 0.6+d
90W -4. 2N i-3. 8Fe-2 AMS 4775* 258. 000 0 .6+d 312
90W-2. 4N i-3 .6F«-4  AMS 4775* 272. 000 0.41 314
90W-3. 2Fc-6. 8 AMS 4775* 
85W -5Fe-10 AMS 4775f

261.000 0.26
sample b lis te red

309

90W-4. 8N i-3 . 2Fe-2Pt 263. 000 0.6+d 289
90W-3. 6N i-2 .4Fe-4P t 265. 000 0.43 325

90W -9Ni - IRu 260. 000 0. 18 351

90W-8. iN i-0 . 9Fe- IRu 300. 000 0.45 341

90W-7. 2 N i-1 .6Fe-IRu 296. 000 0. 6+d 345
90W-6. 3N i-2. 7Fe-lR u 296. 000 0 .6 fd 330

90W-5. 4N4-3. 6Fe- IRu 297, 000 0.48 333

90W-4. 5N i-4. 5Fe-lR u 297, 000 0.30 342

90W-5. 85N i-3. 9Fe-0. 25Si 245. 000 0.28 292

90W-5. 7N i- 3 .8Fe-0. 5S1 218, 000 0.19 289

90W-5. 4N i- 3. 6Fe- ISi 190, 000 0. 17 286

90W-6N1-2. 5Fe-0. 75Pt-0. 75Ru 324, 000 0. 6+d 327

90W-5. 6 N i-2 .4 F e -iP t- lR u 338, 000 0.60 346

90W-4. 9 N i-2. tF e -2 P t-lR u 329, 000 0. 32 353

A 9 M O U 0  M S C A Q C M  F O U N D A T I O N  O f  I I U N O I S  ' H t  T I T U T C O I  T C C M N O t O O V
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TAhLE I (continued)

Composition (wt%)a

Transverse
Rupture
Strength

(P»i)
Deflection 

(in. )b
Hardness
VPN(lOKg)

90W-5Ni*2Fe-l. 5Pt-1.5Ru 348, 000 0. 33 388
90W-8. 5Ni-0. 5Mo- lKu 204, 000 0 08 336
90W-7 5Ni-l .5Mo-tRu 286, 000 0. 18 338
90W-6. 5Ni-2. 5Mo-tRu 345, 000 0.40 348
90W-5. 5Ni-3. 5Mo-lRu 240, 000 0.09 351
90W-6Ni-2. 5Mo-0. 75Pt-0. 75Ru 295, 000 0. 18 346

A. Cold pressed specimens containing 3 micron tungsten pov/der, unless 
otherwise specified.

b. Span length 1.25 in.; specimens 1/8 in. thick.
c. Tungsten powder 7 micron average particle  size.
d. Test  specimen did not break after l ,  5 t bend.
e. Tungsten powder 10 micron average particle siao.
f. AMS 4775 contains I 3. 5% Cr, 4.3% Fe, 4.3% S;, i. 5% B. 0.8% C. 

balance Ni.

Af t HOu e  X l f A t C M  F OUNDATI ON Of  U M N O i l  I N t t l T u T t  OF I S C MN O l O O *

• 4 - ARF 2158-21
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The excellent oxidation re s is tan ce  of fused AMS 4775 coatings on 
s in te re d  W -N i-Fe  com pac ts  suggested that th is  alloy may be incorpora ted  
into the  m a t r ix  of W-Ni-Fe m a te r ia l s  p r io r  to sintering, with a  resu l tan t  

i n c r e a s e  in oxidation r e s i s t a n c e  of the com posite .  A s e r ie s  of alloys wan 
p r e p a r e d  using AMS 4775 powders  in am ounts  ranging f rom  1 to  10 wt%; these 
com posi t ions  a r e  e s sen t ia l ly  W -N i-F e -C r  with sm a l le r  amounts  of boron and 

si l icon. The oxidation te s t  resu l t s ,  r epo r ted  in a subsequent section, showed 
litt le im provem ent  over the W -N i-Fe base .  However, the ro o m - te m p e ra tu re  
p ro p e r t i e s  (Table I) indicate  good s trength  and workability up to  4 wt% AMS 
4775, and good s trength  with somewhat reduced  ductility in the alloy conta in­
ing 6. 8 wt% of AMS 4775.

3. W - N i - F e -P t  Alloys

P la t inum  was added to a 90 wt% W -N i-F e  base at levels  of 2 and 4 wt%. 
The high melting point and good oxidation r e s i s t a n c e  of p la t inum  were expected 
to im p ro v e  the e lev a ted - tem p era tu re  s t rength  and oxidation r e s i s ta n c e  of the 
com posi te .  Table I shows that  excellent r o o m - te m p e ra tu re  s t reng th  and 
ductil i ty w e re  obtained in both alloys; e l e v a ted - tem p e ra tu re  te n s i le  te s t  r e ­

sults  will be p resen ted  in a subsequent r ep o r t .  A m odera te  im provem ent  in 
oxidation r e s i s ta n c e  was noted at  2000° F. The re la t ively  high 5 wt%) 
solubil i ty  of platinum in tungsten  is accompanied  by a h a rdness  in c r e a s e  to 

about VPN 900 in the b in a ry  system. A very  sm a l l  ha rdness  r i s e  occurred  
in  the W - N i - F e - P t  m a te r i a l s ,  indicating reduced  solubility of p la t inum in 
tungsten  in the qua te rna ry  alloys.

4. W -N i-F e -R u  Alloys

P re v io u s  studies have shown that  the addition of ru then ium  to the 
W -N i-F e  b a s e  r e su l t s  in g r e a t ly  in c reased  s t r en g th  at t e m p e ra tu r e s  up to 
2000° F. A s e r ie s  of W -N i-F e -R u  alloys w ere  investigated at the  1 wt% Ru 
level; ni ckei- to-h*on ra t io s  were  var ied  f rom  9:1 to equal p a r t s ,  and a W-Ni- 
Ru t e r n a r y  composition was a lso  included. Table  I shows tha t  excellen t  room 
te m p e r a tu r e  s trength  was obtained in all q u a te rn a ry  m a te r ia l s  and that m ax i­
m um duct i l i ty  was iound in al loys having n ick e l - i ro n  ra t ios  of 8:2 and 7:3.

The addition of 1 wt% ru then ium  to the W -N i-F e  base produced an inc rease

: v %  - :ffSŜ ?tf
A R M O U R  R E S E A R C H  P O U N O 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

ARF 2158-21- 5 -
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of about 40, 000 psi in t r a n s v e r s e - r u p t u r e  strength, and the high ductility 

was maintained. These  alloys,  however, exhibit subs tan t ia l  hardness  in ­

c r e a s e s  upon annealing at 1600*F, and the  effects of fu r th e r  alloying upon 

th e rm a l  stabil i ty  a r e  d iscussed  in a subsequent  section.

5. W -Ni-Fe-S i  Alloys

Silicon was added to a 90W -N i-Fe base  in amounts of 0. 25, 0. 5, and 

1 wt%. Increasing quan t i t ie s  of si l icon cau sed  a m arked  d e c r e a s e  in both 
s t reng th  and ductility, as noted in Table I. In addition, h a r d n e s s  levels  w ere  

sl ightly  lower, although these values m ay have been affected by the p re s e n c e  

of fine porosi ty  in the  spec im ens .  The oxidation re s i s ta n c e  was m odera te ly  

in c re a s e d  by the s i l icon additions.

6. W -N i-F e -P t -R u  Alloys

The addition of sm all  quantities of platinum and ru then ium  to a 90W- 

N i-Fe  base  re su l ted  in the bes t  c lmbination of r o o m - te m p e ra tu r e  strength 

and ductil i ty developed to date. Table I shows that the 9 0 W - 6 N i - 2 .5 F e -0 .7 5 F t -  

0. 75Ru composition had a t r a n s v e r s e - r u p t u r e  s trength  of 324, 000 psi, a va lue  

som e 64, 000 psi h igher  than the 90W -6Ni-4Fe m ater ia l ;  the  excellent ducti l i ty  
of the t e rn a ry  base  was p rese rv ed .  F ig u re  t i l lu s t ra te s  the fine g ra in  s ize  

and good m a tr ix  d is t r ibu t ion  in the W -N i-F e -P t -R u  ailoy. Higher strength 

with slightly reduced ductil i ty was found in the alloy containing l wt% each 
of p la t inum and ruthenium. The th e rm a l  stabil i ty  in this sy s tem  was found 

to be v e r y  good at 1600°F; oxidation r e s i s t a n c e  at 2000' F  was modera te ly  

b e t te r  than the 90W -N i-Fe  base.

7. W-Ni-M o-Ru Alloys

Four  com posit ions in the W -N i-M o-R u sys tem  w ere  studied; the 

ru then ium  content was mainta ined  at 1 wt%, and the nickel and molybdenum 

levels  w ere  var ied .  One alloy, 90W-6. 5Ni* 2. 5Mo-IRu, had  exceptional 

r o o m - te m p e ra tu r e  s t reng th  and ductility - -  the t r a n s v e r s e - r u p t u r e  s trength  

of 345, 000 psi was 85, 000 ps i  higher than  the 90W-6Ni-4Fe m a te r ia l ;  the 

def lect ion  of 0 .4  inch ind ica tes  very  good r o o m - te m p e ra tu re  workability.

The oxidation r e s i s ta n c e  of the W-Ni-M o-Ru alloy was about five t im es  tha t  

of unalloyed tungsten, and some twenty t im es  that of 90W -6Ni-4Fe at 2000° F .  •

A R MO U R  Of  S E A R C H E O U N O A T i ON o f  I L L I N O I S  I N S T I T U T E  O P  T E C H N O L O G Y

-  6 - ARF 2158-21
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A substantia l  h a r d n e s s  inc rease  o c c u r r e d  upon annealing at  1600* F, in d i ­

ca t ing a lack of th e rm a l  stabil i ty. M ore  detailed d i sc u ss io n s  of oxidation
re s i s ta n c e  and th e rm a l  stabil i ty of the  m a te r ia l s  under  study a r e  included in

•

subsequent sec t ions  of this repor t .

B. T herm al  Stabil ity

Many of the  a l loys under s tudy exhibit  a p r ec ip i ta te  in the m a t r ix  

a f te r  prolonged annealing  at t e m p e r a tu r e s  in the range  of 1400 to 1700°F .

The precip i ta te  is u sua l ly  accom panied  by a hardness  in c r e a s e  which c a u s e s  

a reduct ion  of r o o m - te m p e ra tu r e  ducti l i ty .  E a r l i e r  s tud ies  showed tha t  al loys 

of the  W -Ni-Cr and W -N i-Fe  s y s t e m s  a r e  re la t ively  unaffected by these  

annealing t r e a tm en ts ,  w hereas  W -Ni-Co and W -N i-Fe-(C o ,  Ru) a re  e m ­

b r i t t l ed .  Efforts  have been devoted to fu r the r  complexing in the W -N i-F e -  

Ru sy s tem  in o rd e r  to improve the th e rm a l  stabil i ty of th e se  highly p ro m is in g  

m a te r i a l s .

Table II p r e s e n t s  the re su l t s  of ha rdness  t e s t s  on some of the r ecen t ly  

developed tu n g s ten -b ase  alloys; h a r d n e s s  values a re  r e p o r t e d  for the a s -  
s in t e r e d  condition and for specim ens which were  annea led  for 250 hours at 

1600°F. Very sl ight h a rdness  i n c r e a s e s  o ccu rred  in the  W -N i-F e -P t  and the 

W - N i - F e - P t - R u  s y s t e m s  w hereas  l a r g e r  hardness  r i s e s  o ccu rred  in the W- 

Ni-Ru, W -N i-Fe-R u ,  and W-Ni-Mo-Ru sys tem s .  The extent  of the m a t r ix  

p h a s e  p rec ip i ta te s  in the 90W -9N i- lRu alloy is i l l u s t r a te d  in F igure  2. P r i o r  

to  annealing, th is  spec im en  had a m ic ro s t ru c tu r e  which r e se m b led  tha t  shown 

in F ig u re  1.

T h e rm a l  s tab i l i ty  was a lso  studied  at annealing t e m p e ra tu r e s  below 

1600°F. Specimens of severa l  al loys w ere  annealed for 100 hours at 700,

900, 1100, and 1300°F .  These  heat  t r e a tm e n t s  p roduced no hardness  i n ­

c r e a s e s  in 90W -6N i-4Fe and 90W-4. 2 N i -2 .8 F e -3 C r  m a te r i a l s ,  and slight 

h a r d n e s s  r i s e s  o c c u r r e d  at 1300° F in the 90W -3Ni-2Fe-5M o and 90W-5. 4Ni- 

3. 6 F e - l R u  com pos i t ions .  The c r i t i c a l  t e m p e ra tu re  r a n g e  for most com po­

s i t ions  appears  to  l ie  between 1300 and 1700°F, although other te m p e ra tu r e s  

will be invest iga ted fo r  the most p ro m is in g  alloys developed to date.

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  H  I 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

- 7 - ARF 2158-21
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N eg. No. 19985 X250
F ig . 1

90W -6N i-2 . 5 F e-0 . 7 5 P t-0 . 75Ru alloy . 
A s -s in te re d  s tru c tu re , showing the 
r e la t iv e ly  fine g ra in  s iz e  ty p ica l of 
co m p o sitio n s con ta in ing  ru then ium . 
U netched .

N eg. No. 19984 X250
F ig . 2

9 0W -9N i-lR u  alloy, annealed  for 
250 h o u rs  at 1600° F . The m a tr ix -  
p h a se  p re c ip ita te  w as accom panied  
by a la rg e  h a rd n ess  in c re a s e  a t ro o m  
te m p e ra tu re .
E tch an t: HNO^ + H F  + g ly cerin e .

°.3 U
-  8 - ARF 2158-21
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TABLE II

ROOM- TEM PERATURE HARDNESS OF 

TUNGSTEN-BASE ALLOYS

Composition (wt%)

Hardness ,  VPN(lOkg)

As Sin tered
Annealed 

1600* F  - 250 h rs
H ard n ess

Change

90W-4. 8N i-3. 2 F e - 2 P t 289 319 + 30
90W-3. 6Ni-2. 4 F e - 4 P t 325 345 + 20

90W -9Ni- lRu 351 508 + 157

90W-8. INi-O. 9 F e - l R u 341 417 +76
90W-7. 2Ni- l .  8 F e - l R u 345 421 +76
90W-5. 6Ni-2. 4 F e - l P t - l R u 346 360 + 14

90W-4. 9Ni-2. l F e - 2 P t - l R u 353 401 +48

9 0 W -5 N i-2 F e - t  5 P t -1 .5 R u 388 409 + 21
90W-7. 5 N i- l .  5 M o - lR u 338 493 + 155

90W-6. 5Ni-2. 5 M o - iR u 348 488 + 140

90 W-6Ni-2. 5Mo-. 7 5 ? t - .  75Ru 346 491 + 145

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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O xidation te s ts  w ere conducted  a t 2000°F  on a  num ber of re c e n tly  

developed a llo y s . The re s u lts  of th e se  te s ts  a re  p re se n te d  in T ab le III; data 

for the 90W -6N i-4Fe m a te r ia l and  a lso  unalloyed tu n g sten  a re  inc luded  for 

com parison . T ab le  III shows th a t the oxidation re s is ta n c e  of the W -N i-F e  

b ase  is m o d e ra te ly  im proved by the additions of AMS 4775, silicon , p latinum , 

and p la tin u m -ru th en iu m . The ad d itio n  of 1 wt% each  of m olybdenum  and 

ru thenium  to th e  W -N i-F e b ase  p roduced  a su b s ta n tia l in c re a se  in  ox idation  

re s is ta n c e , th e  m e ta l loss of 0. 012 in ch /h r app roach ing  tha t of p u re  tungsten  
(0.008 in c h /h r) . G reatly  im p ro v ed  oxidation r e s is ta n c e  was noted in  the 90W- 

6. 5Ni-2. 5 M o -lR u  alloy; the m e ta l lo ss  of 0. 0014 in c h /h r  was over f iv e  tim es 

le ss  than the v a lu e  for unalloyed tungsten . P re v io u s  w ork has show n th a t 

m olybdenum  add itions to the W -N i-F e  base p ro m o te  oxidation r e s is ta n c e .
The m echan ism  of oxidation in th e se  m a te r ia ls  h ad  not been fully  in v estig a ted , 

and fu rth e r study may lead to add itiona l im p ro v em en ts  in oxidation r e s is ta n c e  
by alloying.

D. O xidation P ro tec tio n

The effec tiv en ess  of fu sed  AMS 4775 co a tin g s in  p ro tec tin g  W -N i-F e  

alloys at 2000° F  has been d em o n stra te d . M ore r e c e n t  te s ts  a t 2100° F  show 

that these co a tin g s afford good p ro tec tio n  for 190 h o u rs . The fa ilu re  o cc u rred  

a t a sharp  c o rn e r  of the te s t sp ec im en  w here the coating  th ickness w as in su f­

ficient; the re m a in d e r  of the sam p le  showed li t t le  a ttack  of the b ase  m e ta l. 

T hese re s u lts  ind ica te  that e lim in a tio n  of sharp  edges or c o rn e rs  should  

g reatly  in c re a se  the life of the AMS 4775 coatings on W -N i-Fe m a te r ia ls .  

Additional te s t  specim ens have been  p rep a red  fro m  tu n g sten -b ase  a llo y s  

containing m olybdenum  and ru th en iu m .

E. P ro c e ss in g  Techniques

M ajor e ffo rts  during the c u r re n t  rep o rtin g  in te rv a l have been  devoted 

to  in c reas in g  th e  s iz e  and se c tio n  th ick n ess of the s in te re d  m a te r ia ls .  Slip 

casting, induction  s in te ring  of lo o se ly  com pacted pow ders, and r e s is ta n c e  
welding tech n iq u es a re  under investiga tion .

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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TABLE III

OXIDATION TEST DATA FOR 

TUNGSTEN-BASE ALLOYS AT 2000°F

Composition (wt%) Metal  Los8 (0.001 in. /h r ) a
90W-6Ni-4Fe 34

90W-4. 2Ni-3. 8 F e - 2  AMS 4775b 25

90W-2.4Ni-  3. 6 F e -4  AMS 4775b 24

90W-3. 2 F e - 6 . 8 AMS 4775b 25

90W-3. 6Ni-2. 4 F e -4 P t 23

90W-5. 85Ni-3. 9Fe-0 .  25 Si 21
90W-5. 7Ni-3. 8F e-0 .  5Si 20

90W-5. 4Ni-3. 6 F e - lS i 16
90W-4. 8Ni-3. 2 F e - lM o - lR u 12

90W-6Ni-2. 5 F e - 0 .  75Pr-0. 75Ru 21

90W-5. 6Ni-2. 4 F e - t P t - l R u 27

90W-6. 5Ni-2. 5M o-lRu 1.4
Unalloyed W 

•
8

a. Average lo s s  per  exposed su r face .
b. AMS 4775 contains 13. 5% Cr, 4. 5% Fe, 4. 5% Si, 3. 5% B, 0. 8% C, 

balance Ni.

A R M O U R  R E S E A R C H  P 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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1. Slip Casting

E x p e r im e n ts  have b een  conducted to d e te rm in e  the effects  of tungsten 

par t ic le  s iz e  on the a s - c a s t  dens ity  of W -N i-F e  com pacts. The objective of 

these  s tu d ies  is  to obtain th e  g re a te s t  p o ss ib le  density  in the s l i p - c a s t  com pacts 

in o rd e r  to  red u ce  sh rinkage  and d istortion  d u ring  s in te r ing . V ary ing  amounts 

of the collodion binder w ere  u se d  in an effort to m in im ize the se tt l in g  out of the 

heavier tungsten  p a r t ic le s  in  the  s lu rry .  Good s treng th  and d u c ti l i ty  were 

obtained on  s in te re d  sp e c im e n s  of s l ip -c a s t  92. 5W-4. 5N i-3Fe alloy containing 
10 m ic ro n  tungsten  powder. Shrinkage during  s in te r ing  was 20 p e r  cent com ­

pared  to the  25 per cent l in e a r  shrinkage for the alloy containing 3 m icron  

tungsten pow der. T h icker spec im ens will be c a s t  to d e te rm in e  w hether or not 

the com ponents seg rega te  p r io r  to solid ification  in the p la s te r  m o ld s .  A la rg e  

s l ip -c a s t  ingot of 95W -3N i-2Fe has  been s in te re d .  This sp ec im en  is  3 inches 

long, 1 1 / 4  inch  wide, 7 /8  inch  thick, and weighs 2 pounds; a po lish ed  surface  

exhibits a sa t is fa c to ry  m ic ro s t ru c tu re .

2. Induction Sintering

L oose ly -com pac ted  W -N i-F e  powders have  been s in te re d  using  a 
moving hot zone technique. T he appara tus , shown in F igure  3, c o n s is ts  of 

an alum ina c ru c ib le  and a m e ta l  powder feed m e ch an ism  which a r e  contained 

under an a tm o sp h e re  of 90N ^-10H 7. A ch a rg e  of about 300 g ra m s  is p laced  in 

the bottom  of the  c ruc ib le  and  s in te re d  for 3 /4  h o u rs  at 2650°F . Additional 

powder is added  to the top of the  ingot, and th e  induction coil is  m oved upward 
to s in te r  th e  new charge. T h is  p ro cess  is continuous, with only the  top portion  

of the ingot containing liquid  phase . The f i r s t  la rg e  ingot was m ade from  85W- 

10. 5Ni-4. 5 F e  m a te r ia l  contain ing  20 m icron  tungsten  powder. T he high m atrix  

volume was u sed  to in su re  th a t  the ingot would com pletely  fill th e  mold, and 

the c o a r s e  tungsten  powder w as used  to obtain good flow c h a ra c te r i s t ic s  for the 

powder feed  device . The s in te re d  ingot, weighing over 3000 g ra m s ,  contained 

some porous  a re a s  and was ex tre m e ly  co a rse  grained; F ig u re  4 i l lu s t r a te s  the 

la rge g ra in  s ize . The s in te r in g  appara tus  has  been  modified so th a t  f iner 
tungsten p ow ders  can be used . Subsequent e x p e r im en ts  will be conducted  on 

com positions containing 87. 5 and 90 wt% tungsten .

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. 3 - APPARATUS USED FOR MOVING-HOT-ZONE SINTERING OF 
TUNGSTEN-BASE ALLOYS.
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N eg. No. 19986 X250
Fig .  4

85W- 10. 5Ni-4. 5Fe a l loy  made f ro m  
20 m ic ro n  tungsten  powder ,  s in te red  
u s in g  the moving h o t -zo n e  technique. 
T h e  ex cess iv e ly  l a r g e  gra in  size is 
due in p a r t  to the  c o a r s e ,  tungsten 
pow der  used.
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Prev ious  studies have shown that s in te red  W -N i-Fe m a te r ia l s  may be 

s a t i s fac to r i ly  joined by heating the a r e a  of contact  to a t e m p e ra tu r e  above the 

melt ing  point of the m a t r ix  phase. Joints  made by induction heating under a 

reducing  a tm osphere  w ere  as strong as the  paren t  metal .  Init ial spot welding 

expe r im en ts  on ro l led  W -N i-Fe sheet showed that bonding wa< not as  s a t i s ­

fac to ry  as  the induction heating method, p robably  because the welding time 

was not sufficient to p e r m i t  diffusion and growth of the tungs ten  grains in the 

joint.  Recent efforts using  re s is tan ce  welding techniques have  involved the 
joining of s in tered  b a r s  having a c r o s s - s e c t io n  of 3/16 inch by 1/2 inch. A 

num ber  of joints have been made and som e of the m ic ro s t ru c tu r e s  show a 

s a t i s f a c to ry  bond, although a m odera te  h a rd n es s  in c rease  was noted in the 

hea t -a f fec ted  a rea .  Some squeezeout of the  m a tr ix  phase o c c u r r e d  at the 

edges of the welded a rea ;  the amount of m a t r ix  loss appeared  to  be too small  

to account for the h a rd n e s s  inc rease  in the specim ens.  S t r e s s - r e l i e f  anneal­

ing m ay  be requ ired  to reduce  the h a rd n es s  in the hea t-a f fec ted  a rea .  Addi­

tional s am ples  will be jo ined and s t r e s s - r e l i e v e d ,  followed by tensi le  teBts 
of the welds.  Specimens having g rea te r  sec t io n  thickness will a lso  be joined.

III. SUMMARY

Powder m e ta l lu rgy  techniques were used  to p rep a re  high-tungsten 

a l loys .  Severa l  t e rn a ry  W -N i-Fe  composit ions containing re la t iv e ly  coarse  

(10 m ic ro n )  tungsten powder were found to be as strong and ductile  as s im ila r  

al loys made with the f iner  3 micron powder.  A n ick e l -ch ro m iu m  base alloy » 

AMS 4775, was added to the  m a tr ix  phase of 90W-Ni-Fe m a te r i a l s .  Although 

no significant im provem ents  in oxidation r e s i s t a n c e  of the com posi tes  were 

noted, the  alloys p o s s e s s e d  good strength and ductility at  ro o m  tem pera tu re .  
The addit ion of 2 and 4 wt% platinum to the 90W-Ni-Fe base  did not impair  

the s t reng th  and workability, and some im provem ent  m oxidation re s is tance  

was noted. A se r ie s  of 90W -N i- F e - IR u  composit ions was p r e p a re d  using 
vary ing  nickel and iron Contents; m aximum strength  and ductil i ty were found 

at n ick e l - i ro n  ra t ios  of 8:2 and 7:3. Silicon additions to the 90W-Ni-Fe base 

caused  a d ec re a se  in r o o m - te m p e ra tu r e  s t reng th  and ductility, and a m oder­

ate i n c r e a s e  in oxidation re s is tan ce .  Exceptionally good r ' - o m - tem p e ra tu re

U M O U S  R E S E A R C H  F O U N D A T I O N  o p  I L L I N O I S  I N S T I T U T E  O F  T E C W N O L O G V
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s t reng th  and ductil i ty w ere  found in W - N i - F e -P t - R u  com posit ions .  One 

com posit ion  containing 0 .75  wt% each of platinum and ru then ium  had a 

t r a n s v e r s e - r u p t u r e  s t reng th  of 324, 000 psi  com pared  to  260, 000 psi for the  . 

90W -6Ni-4Fe alloy; the excellent d u c t i l^ y  of the t e r n a r y  b ase  was maintained.  

S ev e ra l  W-Ni-M o-Ru composit ions w ere  studied. One alloy, 90W-6.5Ni- 

2. 5Mo-lRu, had a t r a n s v e r s e - r u p t u r e  s t rength  of 345, 000 psi  with excellen t  

r o o m - te m p e ra tu re  ductil ity.

The th e rm a l  s tab il i ty  of these  tungoten-base  a l loys was investiga ted 

by annealing spec im ens  for 250 h ou rs  a t  1600° F. This t r e a tm e n t  produced
X;

a p rec ip i ta te  in the m a t r ix  phase of som e alloys which r e su l ted  in in c r e a s e d  

h a rd n e s s  and lower duct i l i ty  at room  te m p e ra tu re .  Of the  compositions 

c u r r e n t ly  under study, W -N i-F e -P t  and  W -N i -F e -P t -R u  exhibited good 

th e rm a l  stability, w hereas  la rge  h a rd n e s s  in c re a se s  w e re  shown by W-Ni-  

F e -R u  and W-Ni-Mo-Ru.

Oxidation t e s t s  at 2000° F showed tha t  most of the  al loys under study 

oxidized at lower r a t e s  than 90W -6Ni-4Fe but were in fe r io r  to unalloyed 

tungsten.  One exception was noted: the  oxidation r e s i s t a n c e  of the 90W-6. 5Ni- 

2. 5M o-lRu  m a te r ia l  was about five t im e s  superior  to that  of pure  tungsten. 

Oxidation pro tec t ion  of a 90W-6Ni-4Fe alloy by a fused coating of a nickel-  

ch ro m iu m  base alloy, AMS 4775, was effective for 190 h ou rs  in air at  2100° F. 

F a i lu r e  occu rred  at. a  sh a rp  corner ,  indicating that l a r g e r  rad i i  a re  r e q u i r e d  

for the  formation of an adequate coating thickness at edges and co rners .

Major efforts  w ere  devoted to s tudies of fabr ica t ing  techniques in ­

cluding metal powder consolidation, s in ter ing ,  and joining methods. Slip- 

ca s t ing  in p la s te r  molds,  using W -N i-Fe  powders containing co a rse  (10 

m icron)  tungsten powder,  yielded a sa t i s fac to ry  product which exhibited r e ­

duced shrinkage co m p ared  to m a te r ia l  m ad e  with 3 m ic ron  tungsten. Induction 

s in te r ing  of loosely compacted 85W -N i-Fe  powders was accom plished  using  a 

moving hot zone technique.  The m e ta l  powders  were continuously fed into the 
top of the ingot which was maintained at  l iquid-phase s in te r in g  te m p e ra tu re .  

R es is tan ce  welding of s in te red  90'W-6Ni-4Fe bars ,  3 / i 6 inch thick, showed 

p r o m is e  on the bas is  of init ia l  resu l t s .  A m odera te  h a rd n e s s  inc rease  o c ­

c u r r e d  in the molten zone, and some of the m a tr ix  phase  squeezed out.

A P M O U f i  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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IV. FUTURE WORK

E lev a ted - te m p e ra tu re  t e s t s  will be conducted on the  most p rom is ing  
com posit ions developed to date. The al loys to be t e s te d  include the W -N i-F e -  
P t -R u  and the W -N i-M o-Ru sy s tem s .  Tensi le  s trength ,  elongation, and s t r e s s - 
r u p tu re  life will be evaluated at 2000° F, and some data  will  be obtained at 

1600°F.. T h e rm a l  s tab il i ty  studies w il l  include ro o m - te m p e ra tu r e  t r a n s v e r s e -  
r u p tu r e  te s ts  of sp ec im en s  annealed for 250 hours  at 1600° F. The m o re  
p ro m is in g  alloys containing molybdenum, platinum, and ru then ium  have been 
coa ted  with AMS 4775, and the sp ec im en s  a r e  being te s te d  in a i r  at 2000° F .

Major e f fo r ts  during the subsequent  p e r iod  will be devoted to s tud ies  
of p ro ces s in g  techn iques .  Slip ca s t in g  will be used  to p r e p a r e  compacts  of 

a l loys  containing p la t inum  and ruthenium, and la rge  sp ec im en s  will be p r e ­
p a r e d  to study segrega t ion ,  distort ion, and other  v a r i a b l e s .  Induction heating 

exper im ents ,  using the  moving hot zone technique, will  be  continued. In ­
i t ia l ly ,  t e rn a ry  W -N i-F e  alloys will  be  s in tered;  the ob jec t ives  will be to 

i n c r e a s e  tungsten leve ls  to at leas t  90 wt% and to reduce  the  tungsten p a r t i c l e  
s ize  in the s in te red  ingots. R es is tan ce  welding studies w il l  be continued on 
W -N i-F e  alloys.  When sa t is fac to ry  techniques  have been  developed, sec t ion  
s i z e s  will be inc reased ,  and some of the m o re  p rom is ing  alloys will be joined.
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