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iVECHAPJICAL PROPERTIES OF SOPIE R E W C T O R Y  
METALS AND THEIR ALWYS 

I-I. E. M ~ C O ~ ,  JI-. R .  L. Stephenson 
J. R. Weir, J r .  

A c r i t i c a l  eval.uation has been m d e  of the a v a i l a b l e  

mechanical property data for  N b - ,  Mo-, Ta-, and. W-base 

a l l o y s .  It was found that i n s u f f i c i e n t  d a t a  a r e  a-vai lable  

t o  allow the design and. cons t ruc t ion  of compl.ex engineering 

systems Involving these  p a t e r i a l s  . A geneval ev-ahat ion 

of t h e  p o t e n t i a l  s e rv i ce  temperatures for  Nb-, &lo-, Ta-, 

and W-base alloys was made on t h e  b a s i s  that coirventional- 

a l l o y s  have been used up t o  two t h i r d s  o f  t h e i r  absolu te  

&eLt ing p o i n t .  Strengbhen5n.g mechanisms t h a t  have been 

used t o  achieve high opera t ing  temperatures f o r  conventional. 

a l loys  and bhat coulrI? be applied. t o  refractory alloy.; are 

discussed.. 

A review of the l i t e r a t u r e  on the e f f e c t s  of i r r a d i -  

a t i o n  on the mechanical p r o p e r t i e s  of niobium, molybd.enum, 

tantalum, and tungsten has been made. If; has been found 

t h a t  t h e  e x i s t i n g  data on t h i s  t o p i c  are r a t h e r  s can t .  

The da ta  i n  genera l  show t h a t  th.e diic.Lility of molybdenum, 

tantalum, and tungsten i s  reduced af te r .  i r r a d i a t i o n  a t  ambient 

temperatures.  ‘The y i e l d  and u l t i im- te  s t r eng ths  are i.ncreased 

s l i g h t l y  by ir r a : l i  at i.on . 
show that the rupture  l i f e  of t h e  Nb--I.$ Zr alloy i s  not 

drastically influenced by i r rad . ia t i  on. 

High- t emperature tube -bur st t e s t s  
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Cori-ventirmal high-temperature alloys, such a:: the sl;ainl.e G S  steels 

and nickel-base a l l a y s ,  have constan.-tly been improved. These rna-teriaJ-s 

have and w i l l  cmt.i.nue t o  be inv-ahmble s-Lructu:L"al materials in the nu- 

c l e a r  f i e l d .  H s ~ e v e r ,  pnc~posed f u t u r e  riuc1-eai~ cyst,em:; requi re  materials 

tha-1; will operate s n t i s f a c t o r i l y  a t  temperatures i n  excc2ss of the  me1if.n.g 

point:; of t h e  nickel- and iron-base a l h y s .  A scan 3f the per iod ic  chart ,  

melting p 3 i n t s  o f  tine elemerita, and R-v-ail%bil.ity and su'useqixent costs 

reveals only Pour cand.id.ate materials: nigbi.um, m9ljlbd..enim, t,a~t,alwn, :ind 

tungsten.  I n  consid.erin,n t h e  potential .  o f  .these metals  and t h e i r  alloys, 

the physi.ea1 proper ty  data -i.n Tah1.e 1 are u.sefiil. The da~krz :in nickel and. 

i r o n  are t abu la t ed  f a r  comparison- The ~ m l u e s  f o r  one ha,I.f a n d  twg tShi.rds 

of t he  a b s ~ l i i t e  mel t ing  : p o i n t  are srignificnrit because they ind i .ca te ,  1%- 

spec t ive ly ,  the temperature f o r  which creel? begins  i;o be z -problmn arid the 

m a x i m i n n  s e rv i ce  temperature t o  w h i c h  engineering al-l-oys are ccjrnm3nly 
subjec ted .  1 

The values of the mi c r o s c q i c  thenna.l neu.tmin :fus3rr-piti.on cmss  

see-tinn Tor .these metals a r e  ui' i n t e r e s t  for nilclear applicati .ons.  r r j j _ t h  

o the r  pa-r:me'cers rernaini.ng cons%ant, .t;?ie i x s e  :>T3 niobium o r  molybd.enm 

a f'iiel element ch.d.d.ing m a t e r i a l  wm.1.d result in ?je-i;.i;er n e u t r m  ec3n:~ny 

thaa would the use o f  t%ntalum or  tungsten.  

I n  cmsid.ering a. materi.al f o r  engineer ing applica,tli:m, it - i L >  nf-,c- _. 

e ssary t h a t  the requirements of .Khe parti. cular agp l i ca t ion  be cai-eful.ly 

evaluated and. contrasted.  with t h e  p r 2 p e r t i e s  of the  inaterictl. Cmsider 

i n  p a r t i c u l a r  the problem of  chogsing t h e  s t r u c t u r a l  and fuel elad.ding 

ma te r i a l s  f o r  a riuc:Lear r eac to r  using a l i q - x i d . - m e t a l  hea t - t , ransfer  rr~edi.u!i . 
The materi.a.1 must have s u f f i c i e n t  s t r eng th  a t  the operatirig . t ;emperati ire,  

must ?ne capable of fabr icat j -on i.nto -t;'ne d,esi.red. shapes, a11.d. must 'cJ'ithst8.nc-l 

the cor ros ive  inf luences  of i t s  environment. 

Altb.ough t h e  fabric:zbFli.ty and. corros.i.012. r e s i s t ance  are :>f? the 

utmost importance, it i s  Kle purpose of this (3.iscussion t o  deal specif-  

i c a l l y  with the  rriechanical proper ty  reqixiremen-t;s of t hese  materi.al-s. The 

ID. Mckan, "Point Dei"eci;s and the  Mechanical Proper-Lies of  Me Lals 
and Alloys a t  H i g h  Temperatures," p .  179, 'Jacancics and Other Point  Defects 
i n  Metals and Alloys,  I n s t i t u t e  of Metals Monograph No. 23, 195'7. 



Table 1. Physics1 Property Dsta 

M i  c ro  s cop i c 
Thermal Xeutron 

1/2 Absolute 2/3 Absolute Ab s o r p  t i on Moduius 3f a z. Element Density Melting Poin t  Melting Poin-t MeltLng F c ~ i n t  Cross Seetior% E l a s t i c i t y  
js/c1:i3) ( " c )  ( " C )  ( " C )  (-3 a m  s /at om 1 ( p s i )  

N i  eke 1 8.90 145 3 5 90 
Iron 7.87 1537 632 
Ki ob i m~ 8.57 2468 109s 

Molybden-m 13.22 2610 1169 

Tan",lum 16.6 2996 1362 

Tungsten 15.3 3410 1569 

x 106 
g78 4.5 30. oa 
534 2.4 28.5' 

1554 1.1 17.7' + 
1645 2.4 4? 

1906 21 27& 

2183 19 5 @a 

Physica'L Proper t ies  o f  t h e  Eienents,  '' Metals Handbook, V o l .  I, pp. 44-5:, Axericari SocLety at: 

for Metals, 8th ed., 1961. 

bSamuel Glasstone, P r inc ip l e s  of Nuclear Reac tor  Enginezring, pp . 84142,  Van Ngstrand, 
?r-iaeeton, N. J., 1955. 

77 (1960) 

I 
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s p e c i f i c  p r o p e r t i e s  t h a t  must be evaluated incl.ude : (I) engin 

q-esign dai;a; ( 2 )  dBta concerning the  long-time chern.2ca.l. :;tnbil.i.ty of 

the a.1l.o~; (3)  t h e  duc t i l i - t y  .between the m i n i i n u r n  s.nd maxl.mum se rv ice  

tenipeyatures; ( 4 )  6ff'ee-i; of atmosphen-e on t h e  s t r eng th  and ciuc-ti:I.ity; 

(5 )  t h e  linfl-uence of' irrradia-ti-on; an1 (6)  ti.ierm.1 f'a.ti.gue properties, 

T!!e coiriponents of a r eac to r  system reyuii-e ma te r i a l s  hav irig con- 

siderably d i f f e r e n t  properrti-es i.n t h e s e  six a r e a s .  For e x ~ i q l e ,  

material.:; used f o r  f u e l  element cJ.a?d.ing o r  ra r l ia tors  must  be consider- 

ably more d u c t i l e  than  t u r b i n e  b1.a.d.e o r  nozzle  materials. Likewise, 

res i s ta r ice  to damage by i r r a d i a t i o n  i s  of' importance f o r  c101-e s t r u c t u r a l  

ma-Leria1.s but  not f o r  .rtld.iaLor mitex.ials.  

Although cons iderable  information I'.s ava i l ab le  or1 the high.- 

temperat-ure mechani-cal properties of? TJb-, Mo-, Ta-,  and W-base a l loys ,  

no si.ng1.e a l l o y  has  been suff ' : iciently evaluated i n  .these s i x  areas t o  

m a k e  it ready f o r  s e rv i ce  i.n a nuclear system. I n  thi.s d.i.:;cussi.on 3-21 

attempt w i l l  be made t o  assess the s t a t e  OF affairs rel-at-ive t o  these  

Tour r e f r ac to ry  me-Lals ~ The L1.abl.e data w i . l l  be reviewed c r i t  1call.y. 

Recommendations as t o  t h e  choice of aJLloys Tor se rv ice  over specific 

temperature ranges w i . 1 1  be made. Areas i n  which data are kcking w i . 1 1  

be  pointe'd out .  

The following d iscuss ion  of' s t rengthening  mechanisms i s  not in- 

tended t o  be u complete "textbook" treatmen-t of t h e  subjec-k, but r a t h e r  

a means oi' bri-nging t o  the reacler's a t t e n t i o n  t h e  many possibilities 

t h a t  must be considered. 

it does not necessa r i ly  follow that the  s t rengthening observed is due 

to sol.id.-soLutioii strengLhening. T h e  eni;ire chemi.st:ry of t h e  metal  i s  

changed and. it i s  qu i t e  l i k e l y  that t h e  major po r t ion  of tlie s t r eng th -  

ening i s  due t o  t h e  format ion  of zircori.i~un-interst;i:;ial_ cotnpl.ex.es 

( c l u s t e r s  G:C compounds) . 

For exmple ,  wh-en 1% Zr i s  added t o  niobium, 

Specific data a r e  presented i n  . t h i s  discussion onl-y where it 

ill..ustrat;es a p a r t i c u l a r  po in t  I D a t a  011 t h e  inechani.ca1 behavior of 

r e f r a c t o r y  metais w i l l .  be given in t h e  next s e c t i o n .  
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Solid-Solut ion Strengthening 

%lid-soJ-ution s t rengthening may b e  defined as t h e  increase  i n  

r e s i s t ance  t o  defzrriiation of a ma te r i a l  b r m g h t  a b m t  by d i s sn lv ing  i n  

it another  el..e-ment. The in t r zduc t ion  s f  atoms ha.ving a diameter d i f -  

f e r e n t  froin those of t h e  parent  I -a t t ice  introduces Z-Lrains. These 

d i s t o r t e d  regions i n  t h e  1a.tti.ce i-nteri’ere x t t h  the m3tri.on g f  d i s lhca -  

t i o n  and increase  t h e  r e s i s t ance  of t he  m a t e r i a l  t o  deformation. The 

amount of s t rengthening obtained by  t h i s  mechanism i s  propor t iona l  -Lo 

the amount of sol-ute up ts the  s o l u b i l i t y  l i m i t .  The s t rengthening i s  

I.ikewise p rops r t iona l  t o  t h e  s i z e  dj.fPerence i n  t h e  solu-Le and solvent  

a - k g m s .  However, tbis i s  not  an independent f a c t o r  si.nce t h e  degree 3f 

s9 lubi l i t ;y  decreases  as the  a t m i c  m i  s f i t  increases .  This plicture Df 

st rengthening based on a s i z e  f a c t o r ,  as was o r i ~ g i t m l l y  p r o p z e d  by 

Mott and Nabarro, i s  somewhat an cmersimplificatj.on and recent  

workers3J4 have shown t h e  valency o r  e l e c t r o n i c  e f f e c t s  t o  be  important .  

Ano’Lher e f f e c t  D f  so l id - so lu t ion  a l loy ing  i s  t h a t  of loweri-ng 

the s tacking  f a u l t  energy. This causes the  d i s loca t ions  to sp l j - t  i n t o  

p a r k i a l s  with a f au l t ed  regi-on i n  between. FDr c ros s  slip t o  3ccu:rP 

these  partia7.s must b e  forced toge ther .  This e f f e c t ,  hDwever, i s  

confined t o  face-centered cubic materials arid. has been observed i n  

copper and s t a i n l e s s  s’cee1.s. 

S m e  of t h e  most i n t e r e s t i n g  e f f e c t s  a r i s e  from the tend.ency of 

impuri ty  a tms  t o  mi-grate ’GO d.i.sloca-Lions and t o  g ra in  boundaries.  This 

-tend.s t o  anchor the  d i s loca t ions  and t o  lock t h e  sources .  The segrega- 

tf.on o f  impur i t i e s  i n  the  g ra in  boundaries i s  l a r g e l y  responsible  for 

t h e  l a rge  e f f e c t s  t h a t  impur.i.ty atoms have on t h e  recrys ta l l iza t i .on  

temperature of metals .  

t i o n s  t o  h igh-pur i ty  a luminw a l t e r  the rate of g ra in  boundary migrat ion 

i n  proportion t o  t h e  d i f fus ion  r a t e  o f  t he  so lu t e  i n  t h e  aol.vent. 

Vandermeer __I e t  have shown t h a t  a l l o y  a d d . i -  

?N. F. Mott and. F. R .  N. Nabari-$3, p .  1, -I__. Report of Conference on 

’N. P .  Allen,  T .  H.  Schofield., and. A .  E. T a t e ,  Nature, - 168: 

4W. R .  Hibbard, Jr., Trans. Met. Soc.  ADTI? 21.2: 1 (1958).  
“ f  _I 

5P. Gordon and R .  A .  Vandermeer, ‘The Mechanisrii of Boundary 

S t rength  of Sol ids ,  Physical. Society,  London, 1948. 

378 (1951).  

_I_ 

Mj-gration i n  Rec rys t a l l i za t ion ,  Tech. Rep. No. 3, Department of 
Metal.l-urgical. Engineering, I l l i n o i s  i n s t i t u t e  of Technology, August 1961. 



Eowe-ver, r ec rys . t a , l l i za t ion  i n  the t r a n s i t i o n  metals may be more compl.ex. 

A'orahamson6 has shown that t h e  effect of alloying elements on t h e  recrys- 

t a l l i z a t i o n  temperature of niobiwri can be  co r re l a t ed  with the atom per -  

cen t  solute and the free atom e l e c t r o n  conf igura t ion  of the  solute  

element.  The elements &In, Fe, Co, N i ,  W, He, and O s  lower the r ec rys -  

t a l l i z a t i o n  terripera-tiure and T i ,  V, C r y  2 3 ,  Mo, Ru, Rh,  Pd,, flf, 733, L r ,  

and. P t  r a i s e  the r e c r y s t a l l i  z a t i m  temperature .  

Darken7 p o i n t s  out  that the effec-t o f  subs t i tu t i .ona l  alloy 

add i t ions  p e r  se cannot a c c m n t  for the s t r e n g t h  realized. i n  materials.  
S u b s t i t u t i o n a l  a l l o y i n g  may be of m o ~ e  importaace i n  c o n j u n c t i m  with 

9the.r s t rengthening  mechanisms. 

of' a sil-ver-aluminmi a l l o y  i l l u s t m t e  thi.s po in t  . A t  the  temperatures 

studied., alurlilinm has a high affinity f o r  Dxygen whereas s i l - v e r  3xid.e i s  

m s t a b l e .  It T J ~ S  f e l t  that a t  low temperatures t h e  oxygen woiild diffuse 

to the aluminum a tms  aml. i.n the limX3.ng case t'ne aLlmi.nrun atoms would. 

remain s t a t i o n a r y .  If the alurninim atoms were cnmpletely surrounded by 

oxygen atoms the oxygen-to-al-uminum r a t i o  would. be 6 .  
atoms migrate,  t h e  c l u s t e r  size w ~ u l i i .  increasili and t h e  oxygen-to-aluniinuni 

r a t i o  would. decrease.  

Ag-O.l$ A1 and. a Ag-0.48$ AL a l b y  s1qqmr-i; the proposed model. 

1; o -a l m i n u m  r'i3. t i o decreased. with i nc rea o i ng tempe r a t u r e  a n d  in c ~ e a  3 ing 

alixflinmi con ten t ,  It was al.so f ' a m d  tha-t; whe~i an  alloy was oxidized ci-t 
aue tenipemture and subsequently exposed t 2  an oxi d:i.zi.ng atmosphere a t  
a. higher  temperature t h e  oxygen-to-aluminum ra t i .3  d i d  not diaage. T h i s  

i n d i c a t e s  the very hi& s t d b i l i t y  A' t h e  al-uninm-oxygen cl.uster;. T%e.;e 

are considera'bly m9re e f fec t ive  in strengthening th.e aKhy than w3ul.d be 

the s t ra l in  fields due Lo the aluninmri a-tams a lone .  

-- 

The studies by Darken7 of the o x i d a t i m  

A.s -the aluminirm 

Observations by  Wriedt8  !3n t h e  acid.a-tisn :jf a 

The asygen 

The effect t l iat  a S& s-Li t i i t ional  zllcjying addi.ti-:jn has :)n t;he 

s t r e n g t h  of a m e t a l  wou:Ld. be  Lost if the so lu t e  elemerr-t w e r e  remsved; 

therefore, the alloy ad.dition must !,e compatible 3rith the ser?ric:e 

'E. P. A'urahumsm IT, Tranc .  M o t .  S o c .  RIME, - 22L: 1196 (7.961). 

7L.  S .  Durken, Am. S 3 c .  Metals Trans. Quart. - 5 4 ( 4 ) :  600-42 (1961). 

8D.  3'. Wriedt a n i  TA. S .  Darken, Research Labx%inriec,, TJ. 3 .  Steel 

- 

Cgr-p., unp~tbl-islied data. 



environment. Two of t h e  pr*ocec,ses whereby t h e  so lu t e  may be l3st a r e  

b y  cvaporai,i on a t  hi gh temperatures i n  vacuum and by  s e l e c t i v e  leaching 

i n  a corrosive environment. 

I n - k r s t i  t i a l  and. D i spe rsi. on Strengthening .-.I._ ..-.. 

Although. t he  i n t e r s t i t i a l  atoms are smaller and d i f f u s e  more 

rapidly than  s u b s t i t u t i o n a l  alloying elements, t hey  can effectively a l te r  

t h e  motion of d i s l s e a t i o n s .  They are beI.i.eved t o  be responsible  for -the 

d u c t i l e  - t o -b yit t l e  t r a n s  i. ti.on t h a t  i s cham c t e r i  sl; i c of body- centered 

cubic meta1.s. The i n t e r s t i t i a l  a1;:mc bee e q u i t e  i.rnmobiI.e a t  l 3 w  

temperatures and. prevent t he  d i  s loca t ions  from moving. 

S t r a i n  aging is another  phenomenon at t r ibul ied ’13 i n t e r s t i t i . a , l  

i m p w i t y  atoms. This process i s  brought abmt  by  i n t e r a c t i m s  between 

moving d i s loca t ions  an?.. mdoile i n t e r s t i t i a l  sol-ute atoms. S t r a i n  aging 

may be rnsnifes’wd i n  a “ r e t u r n  o f  t h e  y i e l d  poin t“  i n  a tensi1.e 

specimen a f t e r  f n t e r r u p t i n g  a t e n s i l e  t e s t  and aging t’ne specimen or b y  

s t rengthening during a cont;j.nuoix t e n s i l e  t e s t  with accompany-ing red.E.ction 

i n  d.uc’iility and. discontinuous y i e ld ing .  The empir ica l  r e l a t i a n s h i p  that  

has  been deternine& for t h e  3ccurrence of  discontinuous y ie ld ing  i s  

where 

c f.s t h e  s t r a i n  r a t e ,  arid 

D i s  t h e  difl”usi3n ra’x Df the  i n t e r s t i t i a l  r e s p x z i b l e  -Cor the 

s t r a i n  aging. 

This descr ibes  t h e  condiLim f a r  which t h e  v e l o c i t i e s  of moving disl.oca- 

t i a n s  and impuri-Ly atxns are emparab le .  S-l;rai.n agi-ng 7.s a r e l a t i v e l y  

hw-tempera Lure pjnenornenon. For example, i-n ni.chb.uni a t  strain rates 3f 

lo-’ t o  sec-l, s tya in  aging due t o  axygen and t h e  c m b i n e d  e f f e c t s  

3f ni t r3gen  and carbm is jbserved m e r  the temperature rangc DY 200 to 

450°C.9 

9B. J,ongsDn and C .  ‘i’yzack, The Effect .. .. ._ 3f HydrDg.en 3n t h e  .-. Mechanical 
PrJpei-t ies of I J i 3 b i u m ,  TRG. Mema 880 ( C ) ,  p .  6, March 1962. 
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The p r e c i p i t a t i o n  of a second phase has been use& as a s t rengtben-  

i n g  mechanism i n  metals f o r  some time. The general concept of s t rength-  

ening by this mechanism i s  tha-i; %he second. phase p a r t i c l e s  introduce 

s t r a i n  f i e lds  that i -n t e r f e re  with the  motion of ( E s l o c a t i o n s .  I n  l i g h t  

of t h i s  mechanism, t h e  concept of  a c r i - t i c a l  p a r t i c l e  s i z e  {ar s-pacing) 

was proposed. by Orowan.1° 

thi.s c r i t i c a l  size are r e l a t i v e l y  i n e f f e c t i v e .  However,  many complica- 

t i o n s  may arise t?iat mdce this p i c t u r e  a gross overs impl i f ica t ion .  The 

par t i . c les  formed. may o r  may n ~ i ;  produce a s t r a i n  field; t hey  may o r  may 

no t  be coherent;  t h e y  may have v s r i o u s  shapes; and they  may o r  may not  

deform p la s t i . ca l ly  under stress.  I n  f a c t ,  t h e  c r i t i c a l  p a r t i c l e  s i z e  

concept predicted.  by Oromn has never 'been observed.. 

has been t h e  observat ion of Meilrlejohn and. S l ~ o c l a ~ ~  x i  t he  yi-eld strength 

of so l id .  mercury containing i r o n  p a r t i c l e s .  However, a p a r t i c l e  size 

e f f e c t  was noted 4;hat canceled out -the inf luence  of p a r t i c l e  spacing and. 

gave t h e  n e t  r e s u l t  t h a t  the yield.  s t r eng th  ms a func t ion  only of t h e  

volume f r a c t i o n  of the p r e c i p i t a t e  . %he silver-aluminum alloys r e f e r r e d  

t o  in t h e  pre-vicms sec t ion  li.kewi:;e showed only a slight dependence of 

s t r e n g t h  upon aluminurn-oxygen cl .uster s i z e  but exhibite6 a marked. depend- 

ence upon the voliuiie fraction of the precipita-Le . l2 
elec-i;ron microscope studi-es by I-Iornbogen12 on iron-gold a l l o y s  and. by 

L e s l i e  e-t a l .  l3 on iron-bismuth a l loys sh:)w %ha-l; the second.-phase par -  

ti-cles can ac t  as copious sources of d i s lDcat ions .  %ne ce7.1 struc-i;ure 

of d . is locst ions o r i g i n a t i n g  frm t h e  p a r t i c l e  o f f e r s  more st rengthening 

-than. would. -be predjcted by t h e  Orowan concept of s t rengthening.  Ano-tr.her 

i n t e r e s t i n g  effect i s  produced. 'by cold  working. 

P a r t i c l e s  of s i z e s  grea-ter o r  smaller  than  

The closest approach 

Re c 1:: n-t; t ran smi s sf on 

-- 

G a r ~ ~ f a l o ~ ~  p re t r ea t ed  

''E. Orcnmn, Discussion i n  SympQsiwn on I n t e r n a l  S t resxes  i n  Metal-, 

l l W .  15. MeikZejshn and R.  E.  Skoda, Acta M e t . ,  - - 8: 7'73 (1960). 

12L. S .  Darken, Am. S o c .  Metals Trans.  Quar t . ,  - 54(4): 600-42 (1961). 

I 3 W .  C .  Leslie -- e t  a l . ,  "Annealing 3f' C9l.d Worked Irm," paper 
presented a t  the Metall-urgicaL Sc)ci e ty  A N  Canference on High-Purity I r o n  
and Its Di lu te  SJl-j(l. S2lu t ions ,  t o  be published.  

and AI-loys, p .  45L, I n s t i t u t e  sT Metals, London, 1948. 

- 

l 4 F .  Garofalo, F. Van Gemi.ngen, and. W. F.  Domis, ilrri. $ 3 ~ .  Metals 
Trans. Quart.,  ztr 430 (1961). - 
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type 31-6 s t a i n l e s s  s k e l  specimens b y  so lu t ion  annealing, cold working, 

and aging.  It was Poiind t h a t  t he  s t r eng th  was g r e a t l y  improved by  p re -  

t rea tments  which resu l ted  i n  f h e  randomly dispersed carbide formation. 

The resill-ting (1 isloca-Lion networks were studi.ed and, cori"ela1;ed with %he 

mechani.cal properties gf' t he  s-teel. The desj-rable d i s l3ca t ion  s t r u c t u r e  

consi-sted of t ang le s  t ha t  had appa:i*enLly been trapped b y  t h e  p r e c i p i t a t e  

p a r t i c l e s  and t h e  m g s t  und.esirable s t ructu.re  was t h e  s tzb i l ized  cross 

gi-i.d.s o f  di-s loeat ions whi-ch of fe red  l i t b l e  back force on d i s loca t ion  

motion. 

One p a r t i c u l a r l y  ilnportari-L f a c t o r  concerning t h e  mechanical prop- 

e r t i e s  o f  r e f r a c t o r y  metals  i.s the inf luence o f  substitutional a l l o y i n g  

zlement on the  s t r eng th  a t ta i -nable  through t h e  formation of a dispersed 

phase,  The case of the sluminmi a l l o y  add.iti.on t o  s i l v e r  and the Forma- 

t i -on o f  alumtnum-oxygen c l u s t e r s  has a1resd.y been di-scussed . One f u r t h e r  

example is t h e  inf luence of carbon on the  p rope r t i e s  of niobiun. McCoy15 

and Cortes an3 Fei.l.d16 have independently shown t h a t  carbon add i t ions  iq 

t o  0.214 60 ngt r e s u l t  i~n measurable strengthening rmr embrit t lement of 

niobium. The niobium-base alloys F-44 (Nb--1.5% M r i - l $  Z r - C )  arid 3'-48 

(P~b--.15$ W-5$ Mo-l.$ Z . M )  are , however, strengthened by caybide d i s p e r s i m s  

as i l l u s t r a t e d  by  t h e  d a t a  3 f  Chang17 given i n  Table 2 .  

N b 2 C  i n  t h e  l a t t e r  a l h y  i .s  due t o  t h e  zirconiiun content  be ing  0.6$ instea,d 

oT tile nominal 1%. 

sf the zirconiurn-to-cai"bg~ r a t i o  i.n these  s l .1 .0~~.  B e n i d e s  be ing  i n s t r u -  

mental i n  the i n i t i a l  formation gf a strengthening dispersion, a sg1i.d.- 

so1.ut.i.m alloying el-emen'c can a f f e c t  the s a l u b i l i t y  of the precipi . ta ted 

The f5rmailion of 

This i l l u s t r a t e s  the  importance of the p rec i se  c3n-trol  

15H.  E. McCgy, Jr., Cmference 32 _... Coi-i-osloa of Keac'Lor Mater ia ls ,  __---.- 
-. Ju.ne 4-8, 1962, ._._.-I Pi-Dceedings, Vol.. I, pp. 26394, I n t e r n a t i o n a l  Atomic 
Fnergy Agene y, Vienna, 1962. 

4: 
___I_ --.-__? - - 

169 (1962). 
l6F. R .  Cgj-tes and A .  I,. Feild. ,  Jr., J. Lcss-Csrnmm Metals 

l"W. H .  Chang, p .  1.05, Rei'ral>t.xy -_I Metal s and Alloys,  In ic rsc iencc ,  
New Ygrk, 1.960. 
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'iablc 2. Effect of Carbon 3n Ni:lbi.um-Base A113ys 

e 

I- ~~ 

l(30-Er Rupture 
Alloy Carbon SLrength 25, 1093" C C a h i  fie:; i d e n t i  f i  t.d 

(w-t 4) ( p s i )  

F-4,B 0.04 

0.13 

F-44 0.02 

0.05 

0,13 

28.0 

37.5 
20.0 

30.0 

22.5 

i n t e r s t i t i a l  i n  the a l l o y  arid. the ci.i.ffi.lsion ra te  of tl2.e fritzr:;ti.ti.al. 

element. Both of theze P8ci;:ir.s increase  the  1iigh-tempe.m.ture stab:i.I.i.ty 

of L'ne preci.pita. te.  'i"ne work of flrjbsonl' 3n. the sDlu'nilfty o.? zxygen i.n 
the W-l$ Zr alloy i.I.l-ustrates the marked inf luence :S zirc:jni w11 c3nf;ent 

on the oxygen su1~ubili:t;y. 

Some 3.mpor'cczn.l; i'actcjrs and. obsersrations re la t ive  t n  di.spersli.:ms 

have been discussed., but n3thing has been said of ways : ~ f  i n t rduc ing  

dispersims. The ~ G W  majm ways have acquired the names of a r t i f - i c i a l  

and. natural. The ar t i f ic ia .1  -techni.que inv3lves the rnIxLrq; and. fol-mi.ug 

3 f  t w ~  powders by powder-!ne-i;aLlurgy technriques . 
ho t  worked t o  the desired. shapes. The main dir,ad.vanta.ge c~f Ykis tech- 

niqilie i s  that t h e  dispersed. phase i s  n o t  f i n e  enmgh t:, ab ta in  rnaxriimm 

strengthening.  Some current e f f o r t  i.s c3.irec.t;ed t3wdrd. developing tech- 

niques f o r  producing fi.ne powders. Ilu Pnnt  1ia.s a l so  announced t'he i:![:)lll- 

me rc t a l  a va i. la11 i. li.t;y of 'I'D- Ni eke l., tfni (3h i i' ::t ni cke 1-b ase materia 1 

dT.spemi.on strengthened. by 2$ -thoria. la 

in diameter, which Du Pont says is introd:ueed by a " spec ia l  ckierni.cs1. 

process, now patented., ,.2f a col lo i&al  nai:,ure, -to achri.eve exlxernely ffne,  

uni.Pom dispers ion  of' h r d .  par t ic les  i n  metals. I' 

The material is then  

The dispersed.  par t ic le  i s  0. ~p 

The natural- i;ec.hnique 

I8D. 0. B%son, Aging Phenornena jn C ~Llmbium-:3a~e Alloys, 0,SNZ-521'5 
(March 1962). 

lg " D i s p e r s i o n - S t r e n g t h e r ~ ~ ~  Alloys Becme C~mmerci a1 , ' I  

J. Metals, - 14: 561 (1962). 
I 
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normal-J.y invDlvec, i n t e r n a l  oxidat ion;  however, n i t r i d i n g  and carbur iz ing  

could be u t i l i z e d  eqqual1.y as well. 

i n t e rna l -ox ida t i sn  technique t o  form A l , 0 3  pa r -L icks  i n  copper-aluminum 

alloys. Stress - rupture  p rope r t i e s  of the  disoe~.sion-cti.engi;hened all.3y 

ai; 850°C are supe:ri-or 1;3 those Df ~ u r e  c3pper a t  450°C. Ynese examples 

serve t o  i l l u s t r a t e  t h c  p o t e n t i a l  of  this a rea  of ma te r i a l s  s t rengthening.  

Zwilsky and Grant2' have used the 

Although -the au'Lhors have reviewed i n  detai.1 the known ava i l ab le  

l i t e r a t u r e  on -the mzchanj-cal propei-Lies of these metals,  an at tempt  w i l l  

n o t  be made t~ recasi tulaie  t h i s  information i n  de'cai-l i n  t h i s  r e p o r t .  

The lengYn 3f such a recapi tu la t f .on  caupl.ed wi-t'n its l ack  o f  meaning has 

led t o  -thi.s decis-i-on. Several factmx tend  t o  discount  much Df the 

a v a i l a b l e  da t a .  

(1) 
spec i f i ed .  

( 2 )  

The i n t e r s t i t i a l  conten-i; ~f t h e  t e s t  m a t e r i a l  i s  se1.d.m 

Much Df the  w9rk has been d m e  on 25-g bu t t ans  t h a t  have 

proper t ies  diffi.cu1-i; - to  renro,d.uce i n  50-lb i n g s t s .  

(3) The condi t ion of the m a t e r i a l  ( e .g . ,  s ~ l u t i ~ n  annealed, 

.rmoi;ght, e t c .  ) at; t'ne time of t e s t i n g  i s  freq:ie-o.tly n3.t spec i f i ed .  

C o n d i t i m s  such as "annealed" are of t en  given which are not  very h e l p f u l .  

( 4 )  The t e s t  atmosphere i s  o f t en  not  designated.  Toe tern 
rrvacum" i s  Dften used. wi.th 113 fur t i ie r  qua l i fy ing  siateiiients . l a e t h e r  

t he  vacuum i s  31" t o r r  can make cmsiderab1.e dif-rerences i n  the  

t e s t  r e s u l t s .  The quest ion gf when Yhe vacum was measured. i s  Lmportaat .  

The vacuum may have been lo-' t o r r  a t  the end o f  a 100-hr el-eep tes t ,  bu t  

may have been I-O-' during t h e  f7irst 24 hr 3f the tes-i;.  

(5 )  A l a rge  po r t ion  o f  the  research  e f f o r t  has been spent i n  

determining t e n s i l e  da-La. For most app l i ca t ions  such information i s  not  

even u s e f u l  as a screening c r i t e r i o n ,  s ince  comple-Lely d i f f e r e n t  deforma- 

t i o n  mechanisiils can be opera t ive  a t  lower strai.n rates. The poss ib l e  p i t -  

fa1.l.s gf ex t r apo la t ihg  da ta  from 0.1 t o  10,000 h r  need. no a m p l i f i c a t i m s .  

20K. M. Zwilsky and N. J .  G y a s t ,  Metal P r o g r . ,  80: _I 108 (1961). 



The melt?-ng poin t  da ta  i n  Table 1 give some idea of t h e  p o t e n t i a l  

app l i ca t ions  of t'nese four  r e f r a c t o r y  metals.  Rased on the c r i t e r i o n  of' 

two th i rd . s  of the  absolu te  mel t ing poin t  being the  maximum serv ice  temper- 

ature, Nb, Mo, T'a, and W can be used up t o  1554, 1648, 1906, and 2183"C, 
r e spec t ive ly .  Th7.s c r i t e r i o n  Tgnores the  prospect of d.ispersion s t rength-  

ening, s ince  t h e  SAP a l l o y s  are used a t  t h ree  fou r ths  of t h e i r  mel t ing 

po in t s .  It i s  a l s o  poss ib le  t o  r a i s e  t h e  use fu l  temperature s l i g h t l y  by 

al1oyj.n.g t o  raise t h e  melt ing p i n t .  

The avai1abl.e mechani-cal p roper ty  data on several. Pb-, Mo-, Ta-, 

snd W-base a l l o y s  a r e  sunmiarized. i n  Table 3 .  A s  j.s qui te  evident ,  s'creso- 

rupture  da.ta a r e  not ava i l ab le  on many of t h e  a l l o y s .  Values of t'ne 

t ens i l e - rup tu re  d u c t i l i t y  a r e  not. given because all of t h e  all3ys l i . s t ed  

have s u f f i c i e n t  d i r c t i l i t y  a t  elevated temperatiires . It i s  the  Cluctili-Ly 

a t  temperatures approaching room temperature t h a t  i s  a prohl-em. The 

ductri-le-to-brit t l .e transi_.%l.on temperature f o r  many of these  a l l o y s  i s  

above room tempera-Lure. This i s  i l l u s t r a t e d  by -the d.ata21 i n  Fig.  1, 

i n  which the  reduct ion i n  area i s  the d u c l i l i - t y  parameter. It. i s  empha- 

sized. t h a t  t he  temperature of t h i s  t r a n s i t i o n  i s  not a f ixed  proper ty  3f 

t'ne material b u t  i s  r a i s e d  by tncreas ing  t h e  r a t e  of s t ra i .ning n r  trt- 

axiaU.ty of  loading and i s  also a f f e c t e d  by composition as gmerned by 

a l l o y  add.i t ions and. t h e  presence of  impuritri.es, as we11 as by t h e  hea t  

treatment and. f a b r i c a t i o n  h i s t o r y .  Some assessment of  t h e  f a b r i c a b i l i t y  

o f  these  a l l o y s  i s  a l s o  ind ica ted .  The s-t.rcngth-t3-weight. r a t i o  i s  
included. becaiise of i t s  i n t e r e s t  for space app l i ca t ion  of t'nese metals .  

Niob ium-Base Alloys 

Appreciab1.e s t rengthening o f  niobium has resu l ted  from a l l o y  

addit?-ons of Zr, Y, W, H f ,  Ta, and. Mo. It I s  q u i t e  d.iffi.cu1.t t o  say 
w h a t  f r a c t i o n  of the s t r eng th  impro-vernent 3ccurs as a r e s u l t  of s31uti .m 

strengthening and. w h a t  i s  a r e s u l t  of' i n t e rac , t i ons  of t he  a l loy ing  elemen-t 

*'L. Nort'ncott, "Some Features  of t h e  Refrac tJ ry  Metals," p .  8, 
Nioblum, Tantalum, Molybdenum, and Tungsten, (ea. by A.  G .  Q u a r r e l l )  
E l sev ie r  Publ ishing Co., New York, 1961. 
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Table 3. Physical and Mechanical Properties of Reiractory-Metal Alloys 

Recry staliization 
Fabricability Temperature 

("C) 

100-Hr Rupture Stress-Lo-Density Raiio 
Tensile Strength (psi) ~~~~ 100-Hp Rupture Stress (psi) t(lb/in. ')/(lb/in. 3)1 Alloy 

980°C 1204'C 
~ 

103 

3-9a.b 

24-30d 

39-50a 

19-25"*b 
34-38d 
38" 

26 " 

20" 
23-2ba 

26 
17 
18d 
37d 

35d 
33' 

18-28a 
20-45" 

67-78s 

22-4Iasd 

45a 
30 
9-16a 

42-67a.f 

46-60a 
62'*' 
852 

1315'C 98OoC 1090°C 1204OC 1315°C 98OoC 1090°C 1204OC 1315OC 

103 

4-36", 

60-74a 

35-70", 

50" 
55h 
34h 

29-60a,d 

21-24a 

68" 
85" 

6Sa 

60 = 
85k 

22a 
50-8 0 

50-7ga 
8OS 

)i 103 r03 103 103 103 

-4a.b 13-29 13 3-7a.b 4-9a.b 

29-30 12-20 94-97 39-65 
Pure Niobium 

Nb-1% Zr 
AS30 ( I9  to 21% W-0.8 io 1% Zr-0.8 to 1% Cj 

AS-55 (5  to 10% W-0.8 to 1.2% Zr-0.2 to 1% 
Y-0.08% C)' 

F-48 (15% W-5% No-1% Zrj 
F S 8 2  (33% Ta-1% Zr) 

E 7 7  (10% W-5% V-1% Zr) 

5 6 6  (5% V-5% Mo-1% Zrj 
Cb-752 (10% W-2.5% Zr)" 

E 3 3  (4% V) 
D-3i (10% Mo-10% Ti) 

D-14 (5% Zr) 
D-36 (10% Ti-5% Zr) 
C-103 (10% H f - l %  Ti) 
SCb-291 (10% Ta-109; LV) 

FS-85 (27% Ta-10% W-1% Zr) 

X-110 (10% VI-lR Zr-0.1 C) 

Nb-40% V 
Pure molybdenum 

Mo-0.5% Ti 
TZM (0.5% Ti-0.08% Zr) 
Mo-30% i V  

Mo-?5% W-0.1% Zr-0.05% C 
TZC (1.25% Ti-0.15% Zr-0.15 C) 

Mo-50% R e  

Pure tantalum 
Ta-10% W 

Ta-2G% W 
Ta-30% W 
Ta-lG% Hf-5% W 

Ta-30% Nb-7.5% Vc 
Ta-8% W-2% Hf 

Tubing availatle 
Tubing available 

1090 

Good to excelientd 19d Sd 60 41 1260'' 

45a Pilot  produciion* 
Commercial' 

Good to excellentd 
Good to excellentd 

Goodd 
Excellentd 
Pilot  productionb 

1540 

12046 

35-6 17g 26-50a 

18 15-2OaSb 

12-13d > 2 0 d  >18d 

l l d  

18 -2 1 18 14 8 

> 6 3  >56 38-41 
36 ,., 1260d - 1260d 

117Sd 
1204' 

1370d 

11-20a 148 
17$ 12d 5d 
14h 

48 

39 16 

131Sd 
1150-1315d 

1370d 
131Sd 
9801 

!425-170Sa 

1340" 
1325-170Sa 

20-22a 

10-20" 
16-22" 

5O-5Ss 

758 

20k 

- 40a 

8-16a 

40-45a 

17.5d 

(Rupture life of <13 hr at l o 3  psi  and 1090*C) 
12-13" 9-14" 
29 -54 e i 2 e  7 e  210a 
38-80a 30-51" 35a 202 2106 

35s 

30" 20-30a 

"-6.5a 3' 3 a  - 11 5 

448 

Excellentd 
Excellentd 54 

Sheet available 

Sheet available 95" 25a 
90a 55a 

1540a 

1090" 
1370 

Tubing available 5 

48-46" 
42a 1204' 

:540g 
_. ~ 

1204OC 1315°C 1650°C 1090°C 1204°C 1315°C 1650°C 1090'C 1204OC 1315OC 1650°C 

P u r e  tungsten 

W-3% Mc 

W-30% Mo 

iV-l% n o 2  
W-2% Tho 

W-30% Re 

55" 40-50a 2O-3Oa 22R 19a 4" 32 27 

- M a  
-30" 

3Sa - 42' >20a -20' 

135' ~ 50 ' 

5.7 

"T. E. Tietz and J. !V. Wilson, Ihlechanicaf, Oxidation, and  Thermal Property Data for Seven Refractory Meta!s and Their Alloys, Lockheed Report, Code 2-36-61-1 (Sept. 15, 1961). 
bE. S. Bartlett and J. A. flouk, Physical and )Mechanical Properties of Columbium and Columbium-Base Alloys, DMIC Repor: 125 (Feb. 1960). 
"Alloys selected for study by AEC-NASA-AF Tubing Evalualion Committee. 
"AEC-AF-NASA Table on Niobium Alloys. 
eCreep-mpture data on the 0.5% Ti-No alloy at 535 to 1315OC from Climax Molybdenum Company, Sept. 1957. 
fAEC-AF-NASA Table on Tantalum snd Vanadium Alloys. 
&. Semchyschen and J. J. Harwood, Refractory Metals and .4l/oys, Inrerscience, New 'fork, 1961. 
"Du Pont Metai Prodncrs, Producr Dara Sheet No. 1, 1962. 
'B. R. Rajala and J. R. Van Thine, Improved I'msdium-Base Alloys, ARF 2210-6 (Dec. 20. 1961). 
jB. R. R a j d a  and K. 3. Van Thine, Improved Vanadium-Base Alloys, ARF 2191-6 (Dec. 27, 1960). 
kManufacturer's Lirerature, Chase Brass and Copper Company, Waterbury, Conn. 
'B. S. Lemen: and i. Perlmutter, "Xecbanicai Properties Attaii1able by Alloying of Refractory Metals," p. 316, Niobium, Tantalum, iWoly6denum, and Tungsten (ed. by A. G. Quarrel:) Elservier, New York, 1961. 
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Fig. 1. Effec t  of Tempel-atlwe on Ductil i ty.  [L .  Northeott ,  "Some 
Features of the Refractory Metals, t' p. 8, Niobium, Tantalum, Yfl.ybdenwn, 
and Tunrrsten (ed, by A. G. Quarrel-1) Elsevier Publishing Co., New York, 5p 
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with  i n t e r s t i t i a l  impurit ies.  

by Chang. 22 

a t t r i b u t e d  t c j  carbide p r e c i p i t a t i g n .  

al.sg sh,mn i t  ts be age hardenable under s p e c i f i c  c i r c m s t a n c e s .  

The F-48 and F-50 a . l l 3 y s  have been s tud i . ed  

B3th allgys were f3und to be  age liardenable and. Llie agi.ng was 

Studies23 s€ t he  Xb-l$ Zr a l h y  have 

The t e n s i l e  p m p e r t i e s  af ni9biim are Tmprgved appreciabl-y by the  
2 4 ,  2 5  ad.dit i3n 3f vanadium. HDwever, t h e  creep p rgpe r t i ec  are  ngi; improved.. 

T h i s  i l l u s t r a t e s  t h e  f a c t  that a tensile t e s t  i s  i i D t  a valu.abl2 s c r e e n b g  

t e s t  f x  cngi-neering ma te r i a l s .  The ran252 2f values t o u n d  i n  the litera- 

t u r e  f3r the t e n s i l e  st i-ength o f  pure ni3bbim1 a t  982°C i-ndicates t h e  un- 

re l . i . ab i l i ty  gf much gf the mechanical proper ty  d a t a  3n rzfrac'iai-y metals. 

Molyb denum -Ba se A L h y s  - 
Additions af ti .tanium and zircmium a g r e c i a b l y  improve t h e  mechan- 

i c a l  p rope r t i e s  ~f mglybdenwn. Al-thmgh this effect i s  gf'ien a tk r lbu ted  

t~ ss1uti.m strengthening, it seems m D r e  ren::gnable t h a t  the st rengthening 

i s  due t3 cl.us Lering o r  d i spers ion  s t rengthening caused by sub s t i - tu t iona l . -  

i n t e r s t i t i . a l  a t 3 m  I n t e r a c t i o n s .  Cliang22 has stud.ied t h e  aci.ng response zf 

the M3-T7X: a l l o y  and has c l e a r l y  es tab l i shed  'ihe p r e c i p l  Latim-hardenable 

iia'mre gf' t h e  a l l s y .  Three d.ispersed phases were i d e n t i f i e d ,  c m s i s t i n g  

gf' T i c ,  M 3 2 C ,  and 7y.C. 

the  agi-ng, and ZrC was f e l i  t3 have l i t t l e  inf luence nn t h e  s-Lrength. 

Chang suggested that  an3ther iinpDrtant r o l e  gf t he  t i tanium ms t h a t  3f 

enhancing t h e  high-temperature s o l u b i l i t y  of carbm. Mglybdenum, Mg-TZ, 

and M~--0.5$ T i  were found. ii3t tg be  age h.ai-denable. 

The forrnat i3n or Tic wds p r imar j~ ly  r e s p m s i b l e  P s r  

The M ~ 5 0  w t  $ R e  ( 3 5  a t .  $) al l3y has s m e  very unique properties. 

Figure 2 compares t h e  d u c t i l i t y  ~f thi.s al.loy wi.t%l -that 3f pure molybde- 

Ylm . 2 6  

i c a n t l y  lowered b y  the rhenium addi - t im.  This i s  due t o  t he  onset of  

Ngte that t he  d u c t i l e - t s - b r i t t l e  t r a n s i t i o n  tempera-Lure i s  signi.f - 

22W. I-i. Chang, A Study of  t h e  Inf luence gf Heat Treatment, 32 
Microstructure  and Pmper'c-ies o f  I- Refractory A1.7.~ys, Repclrt No. 
ASD-TDR-62-211 -rx962). 

23D. 0. HDbsan, A Preliriiinary Siiriiy OS the Rgins F3ehavi.m 3f7 
Wrought Columbirm--l$ .- Zirconium ______---J Alloys ORNL-2995 (Jan. 1961) . 

24B. R .  Hajala and R .  J. Van Thine, Sgproved Vanadiiun-Base All.z-ys, 
AI* 219l-6 (Dee. 27, 1960). 

*'Ibid., ARF 2210-6 (Dee. 20, 1.961). 

261j. l b r t h c o t t ,  i ' S m e  Features  Df t'ne l iefractor)  Metals," p .  17, 
Niobium, Yantalm,  Molybdenum, and 'i'ungsten, (ea. by A .  G .  Q m r r e l l )  
Elsevier Publ ishing Co., New kork, 1961 . 
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Fig. 2. Bend-Transition Curves for Molybdenm and tine Mo-35$ Re 
Alloy i n  t h e  Recrys ta l l ized  stnd Bot- and Cold-Worked (HCW) Conditions. 
[L. Northcott ,  "Some Features of t h e  Refractory Metals," p. 17, 
Nriobium, Tantalum, Molybdenwn, and Tungsten, (ed. by A. G. Q u a r r e l L )  
E l sev ie r  Publishing Co., New York, 1961.1 
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twinning i n  -the m~lybdei~um-rheniiun a l b y  a t  low temperatures.  

i s  a l s o  more r e s i s t a n t  t o  oxygei? embrit t lement than pure m31ybdenimia I n  
pure molybdenun Llie oxide phase accimiLLa~Les j.n the gra.i.n bcundaries,  thus  

fx-rfling b r i t t l e  g ra in  bSund8ry layers. The rhenium add.i L i ~ n  in f luences  

the surrace energy 3f t he  3xide, and. t h e  3xide 3ccin-s as glgbbules i n  t he  

g ra ins  as w e l l  as a t  the  b.mndaries  r a t h e r  than  as a continijmus e;i-ai.n 

boundary l a y e r .  

use of the M3--50$ Re a l l 3 y  doubtful .  

'?hi. s a l lgy  

The ava i l a ' o i l i t y  and. c3s t  3Y rheniuni make t h e  widespread 

I n  a d d i t i m  to t h e  cmp3si:Lion va r i ab le  t h a t  in f luences  the  pmper-  

This j_s t i e s  3f molybdenum, f a b r i c a t i o n  i.s a l s o  an impcirtan-t va r i ab le .  2 7  

il.lus-i;i-ated. j.n F ig .  3. N3te t h e  very  l a rge  d i f f e rences  i n  r3m tempera- 

'cur? d u c t i l i t y  depending 3n whether t h e  f i n a l  m l l i n g  temperature i.s 1204 

01~- 1648°C. Signifi-can-t  s t r eng th  d i f f e rences  a l s o  r e s u l t .  

Tantaluni-3ase All3ys 
I 

Pure t an ta lun  i s  r e l a t i v e l y  weak at e k v a t e d .  temperatures.  A d d i t i m s  

of W, HI", Nb, and V to tan-balm r e n u l t  i n  sig;nifj.can-t s t rengthening.  The 

i-nfluence r e l a t i v e l y  low concentrat;ions 3f 3xygen and n i t m g e n  3n the 

e l eva ted  temperature behavioin o f  tantalum has been investTgated by  

Schmidt e t  Addi-Lions 3f 560 ppm 0 and 225 ppm IT were n o t  effecLive 

s t rengtheners  ~ h o v e  1100°C. However, carbon was an e f f e c t i v e  s t rengthener  

ul) t a  1.200"C. NEI systematic s~Lur?y has been mad.e 3f strengt,hening due t3 

i n t e r s t i t i a l s  when a s i n b  sti-Lii:rt,!:.mal al-laying eleiiieot i s  present .  

-- 

Chang29 has wx-ked with a complex 'iantalim-base a l l o y  3f t he  

nominal. conipsi  t i a n  Ta-207h Nb-l0$ 17-57h V-1$ Zr--O.08$ C. 

found li~ have a r e c r y s t a l l i z a t i m  temperature Df 1704°C. PreIiminary 

stud.ies have shnm t h a t  severe h t e r g r a n u l a r  cracking Dccurred when 

annealed above 1648°C. S tudies  are cantinu-iing 3n t h i s  a l l 3 y .  

Tl1i.s a l b y  was 

27M. Semachyschen, R .  Q.  B a r r ,  and G .  D. FfcArdle, E f fec t  3f Thermal- 
Mechanical Variabl~.es 3n the  P rope r t i e s  of Molybdenum Alloys .-, WADL)--?R-60- 
L51 (Nov. 196@. 

28!i'. F. Schmidt -L  e'i a l . ,  WADD Repoi-t 59-13, p .  1.23 (Dee. 31, J.959). 
' 9 ~ -  H. Chang, "A Stud.y of the Inf luence of Seat Treatment on 

Microstructure  and Prope r t i e s  3f RelCi-actory A l l ~ y s ,  'I  Quar. R e p .  N o .  6, 
March I, 1961.> t o  May 31, 1.961, DM62-1.40, pp. 10-13. 
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Fig. 3 .  Tens i le  P rope r t i e s  of As-Rolled Molybdenum a t  Rom 
Temperature and 1800°F (982°C) vs Amount of Reduction by Rolling at 
2200°F (l204OC) m d  3000°F (1649°C). fT .  E. T i e t z  and J. W. Wilson, 
Mechanical, Oxidation, and Themal  Property Data f o r  Seven RefYactoq  
Metals and Their  Alloys, Lockheed A i r c r a f t  Corporation, Missiles and 
Space Division, Sunnyvale, California, Topical  Report, September 1961.1 
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T u n g s  Len-3ace Alloys 
-I_...- - 

The data  avnilab1.e 3n tungsten-base a l l o y s  a r e  q u i t e  Lirrited. The 

b e n e f i t  gf the mcilybd.enum addi t ioi l  i s  questi3riabk i n  lig?i+; o f  t h e  avail-  

n i n  Table 3. Since the aLomic r a d i i  ‘rf tungsten an6 mclyb- 

denmi :+ire 1-37 and 1.36 A,  respecti.voly, s ince  Yney are i n  t h e  s a s e  valence 

grcup, arid since the  me?.t,i.ng pgln t  ciY r-ilglybdenwn -7.s cmsi.deraii1.y l e s s  ?,hail. 

t h a t  o f  turLgs’wui, t h i s  i s  n3t coc i r a ry  t3 expec ta t ions .  

ha:- a Ltractlive mechanical proper- t ies  bcltb with r e spec t  t o  s t r eng th  and 

ciuctil.i.ty. Thece b e n e f i t s  are believed. L3 be der ived  by  pr3ce:sscs similar 

k3 those de ?cribi-:c? for t he  nalyhdenm-rheniur a l l 3 y .  The availabi1i:Ly and 

c3st af rh;.nj.uni are fact3i-s agai-nst t1ii.s allsy. 

The W-30$ R e  a l l o y  

An i.n-Lc3resting piece a€ work has been done by Steigerwzld et al.30 

311 the  i n f l u s m e  c?f sur face  c m d i t i ~ m s  m tile duc t i?_e- to-br - i t i l e  t r a n s i -  

t i o n  sf tungs ten .  The primary po in t s  of t h i s  s tudy a r e  -i.J.luc:trated ir, 

Fig .  4.  The t rm:? iL i3n  temperature wits increased as tile depYn 3f surface 

i r q e r f e c t i o n  rmr. increased.  F i t h e r  surface gxidat ion o r  e lectrcipol ishing 

was effec-Live i n  d.ecreasing t h e  t r a n s i t i m  ten1peraLu-e. It i.s =f coilsid- 

erak J.e p r a c t i c a l  impcirtance t h a t  t h e  t r a n s i t i z n  ternperstinre a material  

car. be  increased 204°C b y  f a b r i c a t i m  variables. 

internal .  f r i c t i m  i s  a very useful. t3ol fgr studying t h e  behavim-. 

af i n t e r s t i t i a l  ztorns i n  body-centered cubic iiietals. When the  metal 7.s 

unstressed., each 3f t h e  th ree  types gf t e t r ahedra l  s i t e s  i s  equa l ly  

favorable  f x  i n t e r s t i t i a l  a t m s .  hwever ,  the app l i ca t i  cm cif a stress 

d i s t g r t s  the lattice and causes certai-n sLtes t~ beconie more favorzb2.e 

than  g thers .  This ordering of i n t e r s t i t i a l  a t c l m s  upon the aFpl ica t ion  

gf a s t r e s s  d.?sslpates energy and resul.ts i n  the  ma te r i a l  having a high- 

damping capaci ty .  The measurement 3f this da.mpi.ng, which is cornmmly 

called. i n L e n a 1  f r i -c t ion ,  g-ives a measure g€ t%le nurdoer of i n t e r s t i t i a l  

a t m s  that  a r e  moving. A s tudy o f  internal .  f r i c t i o n  a-t var ims f r e -  

quencies can al.so gi.ve information about t h e  k i n e t i c s  af t h e  process. 

30E. A .  Steiyerwald and G .  J. Guarni-eri, Am. SOC. Metals Trans.  
Quart . ,  5 5 ( 2 ) :  307 (1962). _ _ _ _ -  
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Since t h e  i n t e r n a l  f r i c t i o n  i s  depenfient upon the quant i ty  of 

i n t e r s t i t i a l  atoms i n  so lu t ion ,  measurements of inteyna? rriction o f f e r  

a very a t t r a c t i v e  way 0; fol lowjng a p r e c i p i t a t i o n  process .  

Lical aspec ts  of such 2 techniquc a r e  i l l u s t r a t e d  by s tud ie s  of Djjkstra31 

on t h e  p r e c i p i t a t i o n  of n i t rogen  i n  Fe-Mn, Fe-Cr, Fc-Mo, and Fe-V alloys. 

I t  was found t h a t  the presence of t h e  b inary  subs t i t i i t i  ona l  a l l o y  add i t ion  

g r e a t l y  influenced ihe  behavi 01- of n i t rogen  from t h a t  observed i n  p u r e  

i ron .  Addition21 peaks were obherved t h a t  were a t t i i b i L e 3  t o  t h e  stress- 

induced motion of n i t rogen  atoms i n  t h e  v i c i n i i y  of t h e  a l l o y  aLous. 

S iudies  by Stephenson and McCoy3? have shown t h a t  s i m i l a r  behavior i s  

observed when zij-conjum i s  added t o  niobium. When e i t h e r  n i t rogen  or  

oxygen i s  added t o  a niobium-zirconiulr alloy, peaks a r e  observe3 t h a i  

are  not preseril i n  p u w  niobium. A s  the i n t e r T t i t i a 1  conierit i s  increased,  

t h e  normd i n t e r s t i  t i a l -n iobium in teyac t ion  peaks are obse7.ve-l. This has 

been in t e rp re t2d  t o  mean that  t h e  i n t e r s t i t i a l  atoms are cluscered about 

i h P  zirconium aLom 

'The prac-  

KFFECTS OF IRRRDIAI'IOM ON REFRACTORY NZ'TALS 

The propose 1 use of niobium, mol yb5 enum, ianialurii, tungsten,  and 

a l l o y s  of these metds  as s t iauc t i l~-a l  components i n  n u c l e a r  r e a c t o r s  

requirps t h a t  some I r n m l e d g e  be  ga ine i  a s  t o  the ePfecis of i r r a d i a t i o n  

upoc t h e  p rope r t i e s  of t h e s e  Tsterials. The purpose of the following 

sec t ion  i s  t o  c r i t i c a l l y  analyze t h e  work -which has been ione Lo l a t e  

concerni nS t h i s  problem, 

A lirni'iei number of tube-burst  t e s t s  have been run a t  982 and 

1093°C to eval.ua.te the  p rope r t i e s  of' >he  Nb---l~$ Zr alloy. 

nal.1.y r e p o r t d  that t h e  rupture  life was l e s s  i.r, an irra-dia-tioii  fi.elc1 

1-t was o r i g i -  

31L. J-. D i j k s t r a  and R. J.  Slp-iek, r ? s n s .  hi. I n s L .  Mining 
Mei. P ~ i r o l  . Fngr., 197: 69 (1953). 

_I - 
32H. E ,  McCoy and H. T,. Stephenson, Me-La1 s an11 Ceranics Div. .....l._........_._ ~ 

An1.i. Prog. Re?.  May ?I-, 1962, ORNL-3313, p p .  4-24 . .  
--11 
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than  out of the  r e a c t o r . 3 3  

authors  t o  r e t r a c t  t h e i r  o r i g i n a l  conclusion, s ince  a l l  f a i l u r e s  occurred 

i n  the brazed j o i n t s  r a t h e r  than  i n  t h e  specimens. 3c 

r e su l t s  show tha t  t h e  rupture  l i f e  o€ niobium i s  not drasz ica l ly  reduced 

by i r r a d i a t i o n ,  since t h e  rupture l i v e s  of t h e  i n - p i l e  specimens which 

f a i l e d  i n  t h e  braze? j o i n t s  were only slightly l e s s  t h a n  t h e  out -of -p i le  

con t ro l  specimeris . 

Recent h o t - c e l l  examinations have led the 

ITowever, t h e s e  

Molybdenum 

Bruch, MeIIugh, and Hockenbury3 s tudied  t h e  mcclianical p rope r t i e s  

of commercially pure molybdenim irradizted i n  t h e  MTR for an estimated. 

exposure of 1.9 t o  5 . 9  x tkierml nvt .  ale  specimen temperature was 

rnaintainerl at  90°C. The rna-terixl used i n  this ir ivestigation was a r c  

mel.t;ecl by t h e  Climax Molybd.enum Company. Two hea ts  o f  mater ia l  were 

used having carbon contents  of' 0.661 and. 0.066 w'i 8. 
d e t a i l s  were given. 

annealed a t  1100°C i n  hydrogen, and swaged t o  1/2-in. diam. 

ca t ion  i s  that  t h i s  last fabri.cntion s t e p  w a s  car.ri.ed oul; a t  room 

temperature and represents  a reduct ion I n  area of 36%. 

had. an average hardness of 264 VPN (99.2 RB)  and an average of 

5000 grain/mm2. 

N o  other  a n a l y t i c a l  

The material w a s  ho-G worked. t o  S/h)-in. d i a m ,  

Trie inipli- 

Tlze t e s t  material. 

The t e n s i l e  specimens were  rods having a gage sec t ion  1.00 i n .  
long and 0.182 in .  i n  diameter. The s t ra i .n  r a t e  used in the temj.1.e 

t e s t s  was 1.,3 x pe-r. second. 

The results of ten.si1.e tests perfor-med i n  t h i s  program are 

summarized -in %able 4 .  "lie uni r rad ia ted  material. w a s  d u c t i l e  at -20°C 

but was comp1eCe:Ly b r i t t l e  a t  -40 and -60°C. The i r r a d i a t e d  material. 

w a s  completely .b-i-itt!..e i n  t e s t s  conducted. at; :room temperature atid 60 "C 

but wzs d u c t i l e  a-t 80°C. Hence, t he  ~uct i le- . t ;o- 'br i t t I .e  - t ;ransit ion 

33hT. E. Rrundage et zl., Sol id  Stzte I)i.v. Ann. Prog. Rep, 

34W.  E. Brunilage e t  a.].., Solid. S t a t e  .Dlv. Ann. Pmg.  Rep. 

-- 
August 1-961, ORNL-3213, pp. 124-13. 

-- 
A u s s t  1962, ORNL-3364, pp. l.A&-4S. 

35C. A. Bruch, W. E. McTS-uyh, and R ,  W .  Hoekenbury, "Fmbrittlement 
OP Molybdenum by Neutron I r r ad ia t ion ,  " T r a n s .  AIIvE, 703: 281-85 (1955).  

I_ 
I_ 



a Table 4 .  Tensi le  Proper t ies  of .Molyb&enm 

Int e gr sLt e d 

Rectiic'zion D Ther.xe.1 'Upp e 'r 
Neutron Test, Y-ield Tensi le  Frzct.ure 

PI L e r i a1 Fl.ux Tenpeza~t3m-e Poin-t Strength S t r e s s  Elongatlion i n  Area 
C o n d l t  ion (nvt J, ( " C )  (psri) (psi) ( P s i )  (k) (74 

Un i r r adi a-t e d 

U n k r  ad i  a t  e?t 

Uriirr arji a t  e& 

Unirraclizt e!?. 

Unirrc," i 2-t e (-1 

Aged 

Aged 

irr b (;_tat e d 

C 

C 

-,- 

- iyyedi G'L 

1rra:l Ia t  eci 

Iri-ati i a t e d  

Ir r ad i at e C;, 

x 1.G2Q 

-- 
5.1 

5.1 

5.85 

5.85 

5.8 

+22 

-i- 22 

-20 

-40 

-60 

+24.6 

+24.6 

+2i. 8 

i 2 2 . 4  

3.63 

+80.5 

+lo0 

x ' 3 3  

102.5 

93.8 

125.5 

I 

- -  
9it. r+ 
94.0 

151.7 

143.5 

111.5 

x ic3 

:00. E: 
96. s 
120.0 

123.0 

142.3 

97.7 

9 4 . 3  

151.7 

-39.7 

146.5 

1 4 3 . 5  

111.5 

x 103 

214. C 

193.0 

243. C 

123.0 

142.0 

182.6 

181.6 

149.0 

139.7 

148.5 

185.0 

134 .0  

45.7 

41.7 

32.8 

0 

0 

40.8 

42.5 

0 

0 

0 

14.7 
10 

72.4 

65.0 

63.8 

0 

0 

67.4 

6 5 . 3  

0.08 

0 

3 

60.7 

59.7 

- 
" C .  A. Sruch, \ J ,  E. McH~gh, arid R .  K. Hockenbary, "Embrittlement of YDlybdeam by 

EeGtron I r r sd i a t ion ,  I '  Trzns . AIXE, 203 : 281-85 (1955 :I . 
b ~ i m ~ : n w n  1.0ad ciivided by original area. 

sipi 

c Unirrziiiatei: specinen heated "or 30 days at 90°C. 
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temperature increased f r o m  zbout -30 t o  +70 "C,  

irr.a.d.ri ated specimens were not teated at comparab.le tempe:ratiures at; 

which eacii d.eforrrie:!l p l a s t i c a l l y  so  tinat 8 meaningrul cornparison of t ~ i e  
strength could be made. 

eerning the r e l a t i v e  val-ues o f  the elorig:!i.i;ion and red.uction i n  m e a .  

However, it seems +ihat an important -trend exist 3 .  11.1 'the unirrra.d.i ated 

specimens, the u n t f o r m  elongation. is over one half t h e  Tralue of i;be 

reduct ion i n  area. In t h e  irra.d.i.atei.1 specimens, t h e  elongation i s  only 

one fifth to one sixth the value of t h e  reductLon -in area. A possi.ble 

explanat ion oi' this observation is that the i r . I . n d i a t i o n - i n c l u ~ ~ ~ ~  di-.feef;:j 

p i n  the disl.ocatians i n  the  TIE^:^ s o  that  the stress t o  tau-se pl-astic 

deformation i s  quite h i g h .  Wlnen this stresr; I.s exceedcti, t b e  d . i s -  

locations break away frrorn the i r  pi-nning defec-ts w i t h  such d r i v i n g  f'orce 

that t h e  normal processes of work hardening are i h e f f e e t i  ve. Hence, 

failure occurs with very high local dej'ormat ion  and very small unif'orm 

e l  ongation. 

Unirrndiated. a d  

Bruch e t  a l .  ' do not mke any comments con- -- 

Several uictaI.lograp?iic specimens were included in t n e  t e s t s  of 

Bru.eh e t  al. 3 5  

with hardness impreessions before i n s e r t i o n  irito the  exper'imerit. Pii-iot;o- 

graphs were made n-i' the :;,me f i e l d s  af-ter :i.rrd.i at ion  without  fur ther  

pol ishing.  It, was concluded. i;liat no v i s i b l e  meta.llogrq113ic changes 

ocerrrred.. 

Tiley were polished and photographed- at pori.ni;s mrked 

The resu:l.ts of hardness t e s t s  performe4 beyore and. a f t e r  ir-radi- 

a t i o n  are given i n  Table 5. The h a r d n e s s  inel-eased. by approximately 

35 H€IN as a result of' {;he ii-radi.%tion. I n  tihe last paragraph of? t1i.ei.r 

paper, the authors i n s e r t e d  some add.itiona.l.  data coricerning i r r a d i a t i o n  

h.ardening. Few eirperi.mental details aye given. Specinens were irrad.i  - 
atetj. at L,OO"C for an estimated 3 x lo2" therma.1. nvt ( 3  x 1 ~ ' ~  f a a t  n v t )  

and f'ound t o  increase  in Iiu-rdness Ci-om It;? to 216 BKN (coaverted from 

% -values) . 
the i r rad- ia t ion at a r a t e  greater !;ban they can be anneal-ed otit at 

4CIO "C . 

These results ind.ic:_l.i;e that i;he defects ,are ini;r.odii.ced. by 
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I+dkin aid ~ i 1 1 . t ~ : ~ ~ ~  inves t iga t ed  tile e f ~ e e t s  of neu-tron i r r ad i -  

a t i o n  on the mechanical p:ro:per*'r,ies o f  molybdenum. T4-ie test, nla.tevial 

w:as ob-tained frr~im the Johnson, Matthey and Company, JXtL. , i n  t h e  form 
of 0.C)LO-in. -di,mi wire.  A complete spectrcIigrxphic analysis of -the 

rria.te-ri a1 was given, b u t  no menCion w a s  niade O S  i.n-t;er'stitial i r i q u r i t i e s .  

The w i r e s  t.re:re given 8 styes::-relief anneal.. u t  1GYjO"C for 30 min. 'The 

spe@ri.mens w e ~ c  irrad.iated for six monLhs i n  a Idindscale p i l e  at; approxi- 

ma.t;el.y LOO "C. 

the:r.maS :[-'lux was 5 X 1.019 nv t .  Tile r a t i o  of fast t o  'the-rma.1 neutrons 

was es.Li.m,r,ted. to be unity.  'Tensile tes.!;s w e r e  run on a. Hounsfield 

Tensometer at, a s t rxin rate of 8.2 x IO-' per  second. 

bI-itt1.e t r a s i t - i o n  temperature .wa:s det;e:minetJ. by bend. tr--:;ts on t,he 

0, 04O-in. -<timi wi.res. Specimens Were defined 3,s duct i . le  when they co~l.l.ti 

be bent 90 " a.roi.md a pin of 6-rrm d . i m  wiLhout fracture. The s t r a i n  rate 

i n  ,the benil teats was designated tis "slow. I t  Eight specimens w e r e  used 

t o  determine each t r a n s i t i o n  tenrC,erature t o  5 reported aecusa-cy of a2 "C. 

Yne resul.t:; of post;i.~~r.aciliatlion teri:;ile t es t s  Gver t h e  tempera-ture 

The f lux  w a s  6 X 10'' thermal  nv and the  integra-i;eci 

nie  di.ictil.e-to- 

rcwige of' 20 t o  %OO"C are given :i.n T a b l e  15. Four speei.men:; were tested 

at each conditicm. The yield stress was inc-r-eased by i r radia-Lion ove~r 

the e n t i r e  range  o f  . test  terqlt>ri:ttures, the e f f e c t  becoming Inore pro- 

nounced with incsreasing -teqe:ra.ture ~ Tne 11.1.timate s t r eng th  changed -in 

a similar manner, Yie1.d .poirrLs were observed i n  t h e  ir.rndia,ted and 

unirradfated. specimens tested ri t  20 "C. However, the  drop ln s-tress 

as:;oci.ated w i t h  t h e  yield. po in t  of t h e  irradiated material. was the 

grextegt anrl, at 83 O C ,  only the irradiar t ,ed.  material s'nowed a y i  e1.d 

po in t  , Neither msterial exhibj-ted. a y i e l d  poin t  at t he  200 "C test 

t;empere.ture. The elongation at rupture was, i n  general, d.ecreased 

s l i g h t p j  by the i r r a d i a t i o n .  

with sligh-tly greater elongat ion o c e w r h g  in. the ri_:r:rs.ii.ia.ted specimen. 

However, the elongation of .both materia.1~ was quite J.isi~ 

%ne 200°C test condition vas an excep-Lion 

J. ,&&in arld E. Gill.i.es, "The Effect, of N'eu-tron I r r a d i a t i o n  
on the 14echani.cal. Proper-Lies 03' N3iybdenwn and Tungsten, " J. Ins-t 
Metals 7 ,  56: 108-12 (1958). 



E Table 6 .  Tensi le  Tests orA Stress-Relieved KolybdenLx 

b Elongat iorL b Test 
Tempergture Y l t  e r i a i  Yieiii SLress U l t i m t e  Strengtli  

( "c) Condi5 ion  ( p s i  j ( p s i )  (%) 

x 103 x io3 

9 5.8-102.2 ( 99.4 >, 99 $5-106.3 ( 101,. 3 ) 2 0.5-24.3 ( 22 . 0 ) - 
20 

20 Unirradiated 90.645.6 (93.7) 94. blC2.3 (99.8) 20.0-26.7 (23.6) 

83 Irradiat ed 93.3 93.5 18.5 

97 'Unirracliat ec. 80.3 9ci. 5 23.8 

203 I r r a d i a t e d  85.5 85.9 5.8 

200 Unirradiated 68.572.2 (70.4) 74.6-7[+. 6 (74.6) 2.7-2.8 (2.8) 

ir r adi zt  e d 

a M. J. Makin and E .  G i l l i e s ,  "The Effec t  of Xeutron Irradiation on the  
Mechanical Prosert-ies of Pb1ybclenci-n and Tungsten, " 3. I n s t .  Metals, - !36: 108-12 (1958), - 

0 L i m i t s  of ex2erirnental results giver; w l t k  average values  ir, parentheses .  



29 

Bend t e s t s  sltio-wed t h a t  the i r r a d i a t i o n  dose of 5 X LOx9 nvt 

rat sed. t h e  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  temperature from -1.36 +_ 1 "C 

to -73 2 l0C, a rise of about 63°C. Attempts were made t o  study t h e  

recovery cha:racter i .s t ics  of t h e  r a d i a t t o n  e f f e c t  by anneal ing treat- 

nents, bu t  t h e  complexity of t h e  process coupled with the small number 

of specimens prevented conchs ive  results from being obta.ined. & k i n  

and G i l l i e ~ ~ ~  explained. t h e i r  resu1.t:; i n  terms of both impw-ity atoms 

and i r radiat ion-produced deYects. It was pos tu la ted  khat  t h e  inf luence 

of t h e  de fec t s  produced by i r r a d i a t i o n  was not f u l l y  observed u n t i l  t h e  

tesf; tempera-Lure w ~ s  increased t o  about 200°C. Since q u i t e  l a r g e  yield 

po in t s  could be pro'cluced by p o s t i r r a d i a t i o n  anneal ing at 2OO0C,  it w a s  
concluded t h a t  the defec t s  w e r e  mobile at t h i s  temperature.  

S tudies  of recovery in cold-worked nio.lybdenwn i n  a r a d i a t i o n  

fieid by Kinchin ani3 ~ h o q s o n ~ ~  reveaLet1 a. recovery s tage  at 150°C. 

From t h e  activatliori energy of 1 .3  ev, the process  w a s  felt t o  be vacancy 

niigration. T h i s  cbservation l e d  Makin and G i l l i e s  t o  coriclu.de t h a t  

vacancies were i;he important cleYect s i n  the i r  specimens - 

- 

Makin and. G i . L l i e s  d i scuss  their resul_t,s i n  l i g h t  oP those obtairied 

by Bruch  e t  a1.35 

t.we t o  increase  f r o m  -136 to -73°C (+63"C) a f t e r  a dose of 5 X 1019 r r h .  

The former authors  observed t h e  t r a n s i t i o n  tempera- - I_. 

LxLLer uuth.ors reported. an increase  from -30 t o  +7O"C ( + l O O " C )  a f t e r  

a. 3ose of 1.. 9 t o  5 .9  X 1.020 riv-L. 

t h a t  the m a g n i t u d . e  of t h e  increase in t h e  t r a n s i t i o n  temperature w a s  not 

propor t iona l  t o  the neutron dose. This seems a r a t h . e r  c'iungerous eon- 

cluslon i n  l igh- t  of t h e  d i f fe - ren t  metalkurgical  hi.s-Lories of t h e  tes-L 

umter ia l ,  poss ib l e  chemical. d i f fe rences ,  use of 0.04O-in. -diarn wires vs 

0.1%2-in. -d.ir*ni rods as  specimens, and u n c e r t a i n t i e s  i.n f l ux  measurements. 

&io-i;iner conchnsion based upon t h i s  comparison was t h a t  ' I . .  .it i s  poss ib l e  

that t h e  g m a t e s t  e f f e c t  i s  produced. in materials possessing i n i t i a l l y  

t h e  lowest t r a n s i t i o n  temperaLure. 'I 

mentioned, this conclusion i.s not supported by the iim3ilabl.e da-La. 

Although Mzkin ant3 G i l l i e s  seemed. t,o r e a l i z e  thi.s, t h i s  has been passed. 

on through t h e  l i t e ru tdu re  as a general rule. 

It was concluded by Y d - i r i  and. G i . l X i e s  

I n  l i g h t  of t h e  u n c e r t a i n t i e s  jus-L 

37G. H. Ki.nchin and M. W.  Thompsori, "Trrad ia t iwi  Damage and 
Recovery i n  MoLybtienum and Tungsten, " J. Nuc1. Energy, - 6: 27r-81+ (1958).  

, -  
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13ru.ch _ _ _ . -  et al. discuss  the general  problem of i.r-raiii.ation 3a.tiia.ge 

i n  a la ter  paper.  In t h i s  paper, an atierript w a s  made t o  assess the 

r e l a - t i ve  e f f e c t s  of 5 . r rad . ia . t  ion  on high-piiri ty copper, nickel ,  zirconium, 

and i ron ,  commercial grade 7 5 A  t i tanium, corme-i.ical.-purri.ty molybdeaii.m, 

and cold-worked and annealed Lype 3/57 s t a i n l e s s  s t e e l .  T'ne da t a  011 

molyb3.enum presen,ted i n  t h i s  pape-r a-re t h e  ;same as presented e a r l i e r  ~ 

However, some general  s ta tements  were ma5e whj~c:h have bear ing  upon t h e  

p r o p e r t i e s  of rnolybri~enm. Although it i s  no~i poss ib l e  t o  ca l cu la t e  t h e  

number of vi-a.cmcy i n t e r s t i t i a l  p a i r s  which e x i s t  i n  a J l i e L a l  i n  a rad.i.8.- 

t i o n  f i e l d  a t  a given t i m e  due t o  complex anneal ing and o-ther i n t e r -  

ac t ions ,  reasonable rnode1.s exist T o r  calculaLing t h e  t o t a l  number of 

such p a i r s  t h a t  'have been pro&ucerl by a given f l-iix. Suc'h cal.ciil.a~tioiis 

f o r  the metals nentioned above showed t h a t  only minor 5iCferences 

ex i s t ed  i n  the number of pairs produced i n  t h e  metals.  IIence, L-L \<as 

concluded t h a t  t h e  very l a r g e  d i f fe rences  i.n t h e  e f f e c t  of comparable 

doses on t h e  p rope r t i e s  of t hese  metals were due t o  f a c t o r s  sluch as 

t h e  snneal:ing of 3e Pects  o r  v a r i a t i o n s  among metals  i i i  the  property 

change prod-uced by a given defec t .  

Tan ta lum 

Fraokl in  e t  I_ a l .  3 9  have run a l imi~ ted  number of posti~t-ra~i-ati.on 

tes ts  on tantsl .mi and two t,antal_ul?z-tii!i~jst;en a?!.oys t o  evr,l ua t e  t h e  

e f f e c t  of i r r a d i a . t i o n  on the mechanical p rope r t i e s .  Besi5.es t h e  l a t t i c e  

defecLs n o r m l l y  procluced by i r r a J i e i i o n ,  tantalum i s  s l s o  converted 'Lo 

tun .gs te i i  by t h e  thermal- n e u t m n  r eac t ion  Tz18'( n, ~ ) ' l ? a . ' ~ ~  (.+)Td182. The 

int r i r is- ic  e f f e c t s  of t h e  two processes  were eva.lu,%ted by comparing the  

p r o p e r t i e s  of the irra8:Iiated specini?iis with iliose of con t ro l  specimens 

containing comparzble amounts of tuncsteii.  The ana.lysis of the ies~t 

material i s  given i n  Table 7 .  Sheet specimens were useci which had a 

3 8 C .  A. Rnich, '$7. E .  MeHugh, and 13. W. Hockcnhury, "Vsriat ions 
i n  Raliation Damage t o  b l e t a l s , "  Trans. AIMF, 206: 1362-72 (1956). 

3 9 C .  K .  Franklin,  D. Stah l ,  F. R .  Sho'oer, and R .  F. Dickerson, 
- _ L _  _- ___ 

ETfecLs of I r r a d i a i i o n  on the Mechani c a l  P r s p e r t i e s  of Tantalum 
BMT-3.476 (Nov. 18; 1960). 

- __.-.-- .---..--..---J 
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Table '7, Chemical Analysis of the Tantalum nnrl 
Tantalum-Tungsten 

Analyses f o r  Indicated Specimen (ppmj 
Unalloyed 

Impurity Tant aluni Ta-1.5 w-t; 4 W Ta-3.0 wi; $ W 

Aluminum 

Chromium 

Copper 

I ron 

Molybilenum 

Niobium 

Nickel 

S i l i c o n  

Zirconium 

W i t  rogea 

C arb on 
Hydrogen 

Oxygen 

< 5  

10 

10 

3 

-- 

-_  
i 10 

10 

0, 3 

40 

15 

4 

20 

6 

20 

300 

6 

30 

1.5 

20 

20 
7 
._I_ 

53 

20 

5 

15 
:L 5 

15 

100 

3 

60 

1.0 

35 
3 5 

L 

22 

a Average of t w o  analyses taken of the alloys a f t e r  'chey 
had been cold rolled to 0.03G-in. strip an4 vacuum annealed. 

bC. K. Franklin et g . ,  EfPects of I r radiat , ion on clie 
Mechanical Proper t ies  of Tantalum, RMI-1476 (Xov. 7.8, 1960) a 

gage sec t ion  l..OO i n .  long, 0.25 i n .  wide, and 0.030 i n .  thick. Tine 

tantalum speci.mcns were annealed at L371. "C and the  a l loy  :~peeimens xerc 

annealed. 2 hr at 1426°C p r i o r  -to t es t .  %he specimens wei-e i r r ad ia t ed  

in t h e  rvlTR at  a t1ierm.l flux level of & t o  5 X 1014 nv and a. tempera- 

t u r e  of 93°C. 'Two capsules were irradi.ated having t o t a l  thermal doses 

of 8.6 X lo2' and 1.8 X 1 O Z 1  iivt. 

tungsten content of the six irradia-ked specrimens var ied  from 0.6 -Lo 

Chemical. znaljrses showed that the 

2.2 wt $. 
The room-temperature t e n s i l e  proper.ties of t he  i r r a d i a t e d  

specimens are compared w i t h  tliose of un i r rad i  a t  ell specimens having 

comparable chemistry i n  T : L ~ I - ~  8. Tke strain rate was 5 x io-' per minute. 



Totzl Integratei;  Average of Proper t ies  Tests 
TnermcL Fiux 0.2% 

Based or; L E % - i m a t e  0: f s e t  Elongat ion 
K i ~ ~ h e r  of Dosimekry Tensi le  Yield a t  Maxlnum EloRgation Harb- 

ne s s 
Spec imen Spe c ineri s Arialys i s Strength Strength Loa.& i n  1 i n .  

(nvt 1 (psi) ( p s i )  { 7;) ( 7c KKPT Description Test, ed 

40 133 i i  -- 42,003 30,000 -- Unlirradiz L ecl 
- c  A n t   UT 

4 

-- 44, 933 31,030 -- 

-- 52 , 400 38,500 -- 

39 151 

35 170 

w tu 

7.8 x 

1.57 x 

69,500 65 , 800 

86,103 81,400 

16 2 74 

7 309 

a C .  K .  Frankijn,  3. Staill,  F. R .  Snobe-, anci R .  F. Dickerson, Ef fec ts  o€ I r r a d i a t i o n  on 

t h e  Mechanical Prope-4 i e s  of Tantalum, BMI-14'76 (Nov. 13, 1960). 
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Tab2 e 9 .  P o s t i r r a d i a t i o n  'Tensile P rope r t i e s  
of Tai i ta lum at lioom I'emperaiure 

U l t  iriiat e 
In tegra ted  Neutron Dose Tzns i le  

( nvt ) Strength  Elongation 
Tile rmal Fas't ( l b / j t i . 2 )  (P) 
x 1019 x 1019 x l o 3  

0 0 7 2 . 0  19 

0 0 65 .0  23 

I~ 5 88.0 17 

1 5 85.0 17 - ~ . _ . . . _  

t h e  na ture  of t h e  bombarding p a r t i c l e s ,  -the number of d~ef'ects produced 

by deuterons i s  approximately 1000 t imes g r e a t e r  than  the number pro-  

duced by a comparable dose of neutrons.  

0.007.5-in. -di.am tungs ten  wire suppl-ied by thc  Sylvania Company. The 

wire w a s  designate& as type NS-SO, but  no compositi.on was given. 'The 

modul.irs and in- te rna l  f r i c t i o n  measurements were made using a mechanical 

resonance system cons i s t ing  of the  tungs ten  w i r e  mounted as a can t i l eve r .  

The t e s t  ma te r i a l  w a s  

P r e i r r a d i a t i o n  i n t e r n a l  f r i c t i o n  mea.surelnents as a func t ion  of 

tenpera ture  showed t h a t  a reproducible  peak occurred a t  140%. 

peek was found t o  o c c w  a t  higher  tempePatures as t h e  frequency of 

v i b r a t i o n  was increased.  This I.s a c h a r a c t e r i s t i c  oT 2 r e l a x a t i o n  

phenomenon and i.t w a s  pos tu l a t ed  t h a t  t h i s  pe.& was due -to t h e  thermal 

a c t i v a t i o n  of d i s loca i ions .  The data of t h i s  study and. those  of 

Chambers and Schull;z4' >derF: combined t o  ob ta in  an a c t i v a t i o n  energy for 

-the process  of 0.21- t 0.05 ev. 

This 

The e f f e c t s  of i n t eg ra t ed  dose rate on tungsten were evaluated 

a t  an i r r a d i a t i o n  temperature of 295 %. 

and Young's modulus increased.  Both of t hese  e f fec- t s  were found t o  f i t  

The i n t e r n a l  f r j - c t i o n  decreased 

" 3 .  H. Clambers and J .  Schul tz ,  "Dislocat ions Relaxat ion Spectra 
of' Cold-I~Jorked Body-Centered Cubic Trans i t i on  i'lleials, 'I  Phys. Rev. Tetters, 
- 6: 273 (1961). 
_I 
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Tensi.le t e s t s  were run on a Hounsfie3.d Teilsometer 3t a s t r a i n  r a t e  of 

8.2 X lo-' p e r  second. The d u c t i l e - t o - b r i t t l e  t r a n s i i i  on. temperature 

was determined by bend t e s t s  on t h e  0. OliO-in. -diam wires. Specimens 

w e r e  defj-ned as d u c t i l e  wheri they could b e  bent  90" around a p i h  of 

60-mn diam without f r a c t u r e .  The s'c;i,ain r a t e  w a s  given as l l s l o w . l l  

E i g h t  specimens were used t o  cietcrmine each t r a n s i t i o n  temperature 

znci t h e  repor ted  accu.racy i s  + Z " C .  

The results of -tensi . le p o s t i r r a d i a t i o n  tes t s  a t  100 a n 3  200°C 

are compared with t h e  r e s u l t s  obtained from contiaol specimens i n  Table 10 

Although no s t a t anen t  i s  made of t h e  exact nurnber of specimens t e s t ed ,  

t h e  impl ica t ion  i.s Lhat t hese  are average va lues .  Both khe i r radiaLed 

and u n l r r a d k t e d  specimens were brit t]-e a t  100°C. However, t h e  f r a c t u r e  

s t ress  was raised. by t h e  i r r z d i a t i o n .  A t  200°C -the y i e l d  s t r eng th  w z s  

increased. by i r r a d i a t i o n  but  t h e  u . l t i m i e  s t r eng th  was uiiaffected.. Tile 

e longat ion a t  rupture  and re&uct-i.on i n  area at 200°C were increased. by  

i r r a d i a t i o n .  Smooth s t r e s s - s t r a i n  curves w e r e  obtained wi.th no y i e l d  

po in t  s b e ing  ob s er v e d  . Tne due t i 1.e - t o  -br i~ t t l e  ti- an s it i.on 'L emp e r  a t u r  e 

w a s  increac,ed From 118 * 2°C t o  126 2 2°C by t h e  i r r a d i a t i o n .  

a Table 1-0. Tens i le  'Tests on Kecrys ta l l ized  Tunesten 

._. ..._ ..-.. .--... _- 

U1.t i m a t  e 
T e s t  'Tens i 1.e 

Mat er i a 1. Temperature Yield S t r e s s  St reng$li Elongat ion 
( Ib/ in .  ) (l.b/in. 3 ,  (%) - -. - ~ .  

Condi t i  on ( " C )  
_-̂ .. 

x l o3  x 1-03 
0 I r r a d i a t e d  100 152 I C - ._ 

Uni-rradiated 100 137.0 -- 

I r r a d i a t e d  200 1.31.0 173.0 4.2 

Unirmdia ted  200 1A8.0 173.2 2.4 

( f r a c t u r e  stress) 

( f r a c t u r e  s t r e s s )  
0 

a M. J. Makin an3 E.  G i l l i e s ,  "The Ef fec t  of Neutron I r r a & i a t i o n  
on the Mechanical P rope r t i e s  of Molybdenum and Tungstenp" S. I n s i .  
Mctals, 86: 108-12 (1958). - 
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~utton ami ieeser4 O reportea that  t ~ i e  roam-temperature in~tirnate 
-tensile strength c:,f -tungsten i.ncrea.ses 20 to 25% a f t e r  i r r a d i a t i o n  iy7ith 

5 X 10'' fast neutrons/crn2. 

not; Seem to support the s-katement made by Sutton and Leeser.. - A l l  

specimens were t x s t e d  below the ductile-to-brittle ti-ansi.ti.o-r, tempera- 

tu_re; therefore, all. were b r i t t l e .  No s d d i t i o n a l  experirnen-La1 detai1.s 

were given. 

The reported cfata (gi.ven en Table Ll) do 

Table 1-1. P o s t i r r a d i a t i o n  Tensi le  PPoperti.es of 
Tungsten at Room Temperature 

x IO1' x lol" x 103 
0 0 145.5 0 

0 0 160.0 0 

1 5 132. Oa 0 

- 1 5 102.0" 0 

a Decrease can be a t t r i b u t e d  p a r t l y  t o  
d.ifficu.lty of al loyihg b r i t t l e  specfmens by 
remo-Le control.. 

The ~vai lab1.e  data on the mechanical behavior of niobrium., mol.yb- 

d.enum, -ta.ntnlur!l, am3 tungsten have 'been reviewed critically. Several 

important con.c?.usioiis have been reached. as a Tesult; OF t;his study - the 

m.oi-;t irnportani; one being tha t  insufficient erlgtrieering data a . r r  ava i lab le  

for the design of complex system.:? u:;Lng refractory metals arid s t ruCtur :? I .  

materials. It was al.so found tha-t; each of the  four  metals reviewed has 

cer ta- i .n  un-iquc properti.?<; that ~ m k e  .it desj.rab2.e f o r  specj.-fic apqlication. 

Molybdenim ant3 ti-mgsten liaTre 1 . o ~  c o e f f i c i e n t s  of  thermal expan::ton 

which nay more marly match those of cermet:; and. ceramic compmen!;s. 

These m t e r i a l s  also have high niodu1.i. or" e l a s t i c i t y  which c ~ e  desira-ble 



from a design s tandpoint .  However, both of t hese  xater ia ls  present  

problems wiLh respec t  t o  f a b r i c a t i l . i t y .  Niobium has a very low modulus 

of e l - a s t i c i t y  - an undesirable  f e a t u r e .  Niobium and Lantalum are 

r e l a t i v e l y  ensy t o  fa 'oricate and hzve good h c t i l i t y .  Niobium a.nd 

molybdenum have low neutron absorp tioii cross sec t ions ,  whererm tantillum 

 and^ tungs ten  a r e  an order  of magnri.tude h igher .  

Because of ilie c o q l e x i t y  of high-temperature nuclear  systems, 

materia2.s a r e  needed t h a t  have e v a r i e t y  of p rope r t i e s .  Hence, a ~ t  t h i s  

stage of refractory- metal^ techno]-ogy i t  i s  important no i  t o  l i n i t  Oui: 

s tud-ies t o  those metalh t h a t  can be  fabricate83 i n t o  Lubing o r  those  

m e t a l s  tha'i can b e  welded, s ince  Lhere may be app l i ca t ions  f o r  which 

s u c h  ma te r i a l s  can be use!-l. -in d i f f e r e n t  p a r t s  of t h e  r eac to r .  A l s o ,  

se rv ice  cond i t j - ons  such as s t r e s s ,  t e q e r a t u r e ,  tenpe-ature cycle,  and 

desired nucl ea r  prDpert ies  must be known. 

I n  order t o  expedi te  t h e  development of t h e  technol.ogy necessary 

f o r  t he  use of rer"raets1.y m e t s l s  7.n englneer ing system, it i s  f e l t  Lliat 

persons involved i n  eveluz'iing t h e  mechanical behavior of t h e s e  m e t a l s  

should cons i l e r  t h e  fol lowing fzctoies.  

1. A l o t  o? cieceptlion i s  being i n j e c t e d  i n t o  t h i s  fie1.d by t h e  

productj-on or small melts  or" a l l o y s  an3 by the  eval-uation of t hese  

z l l o y s  by s'hor-t-time t e n s l l e  t e s t s .  These small. melts o f t e n  a r e  made 

mje-r nonreproducible c o i ~ d . l i ' i i ~ r ~ ~  and a r e  f a b r i c z t  ed by unknown pro-  

cedures.  Unless t h e  app l i ca t ion  i s  one recpirj.ng a shor t  l i f e ,  LYE 

use of short- t ime t e n s i l e  t e s t s  f o r  scrcen-ing purposes e m  b e  very 

deceiving. Short  creep t e s t s  of 10 'io 100 hr  aduraiion a re  b e t t e r  

screening tes t s  f o r  m i e r i a l s  t o  be used iin long-time zppl icaLions .  

2 .  More a t t e n t i o n  needs t o  be given t o  deforciation mechanisms 

i n  refrac-Lory metal.:; I Just as 'ihe s t r eng th  o f  many superal loys f a -  

exceeds t h a t  or" pure iron and nf-ckel, so  can klie p rope r t i e s  of r e f r a c -  

t o r y  supernll.oys exce l  those of Liie pure ref-raeiory meta ls  i f  one 

lea-rns mo-re zbout t h e  d e f o r m  Lion mechanisms i n  ref-rectory mebals. 

Fabr ica t ion  proceCture and impurity content can be w e d  t o  an advankage 

i f  uri3erstaod. Dispersed phases may poss ib ly  be founc': i . q o r t a n t  in 

t hese  a l l o y s .  It may be Cound khat t hese  4-ispersions improve t h e  



s t r eng th  by impeding d i s loca t ion  motion as we31 as serv ing  as S O U T ' C ~ S  

for  ? i s loca t ions  i n  normally brittle materials. Hence, the proauct ion 

of u l t r a -pu re  a l l o y s  by electron-beam melting m a y  not be t h e  most 

p r a c t i c a l  approach t o  d u c t i l e  molybdenum arid tungsten.  

3 .  The more promising alldys need t o  be evaluated with respect  

t o  t h e i r  s t r en@h anri me ta l lu rg ica l  s t a b i l i t y  over long pertocis of t i m e .  
4. Experiments should be c a r r i e d  out t o  e v d u a t e  t h e  behavior 

of r e f r ac to ry  metals under neutron i r r a f i i a t ion  a t  ambient and el-evated 

temperatures.  These s tud ie s  should be d i r ec t ed  toward defining rriecha- 

nisms responsible  fo r  the  d i f  f e ren t  mechanical behavior under i r r a d i a -  

t i o n  and hence would make it  possible ta design alloys which a r e  not 

g r e a t l y  a l t e r e d  by i r r a d i a t i o n .  
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