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l3lTXRACTIONS OF REFRACTORY METAU WITH ACTIVE GASES 
I N  VACUA AND INERT GAS ENVDIONMETTTS 

H. Inouye 

ABSTRACT 

The s t a t e  of our knowledge of t h e  i n t e r a c t i o n s  o f  r e f r a c -  
to ry  metals with acti-ve gases i n  vaci-turn and i n e r t  gas en-vi.rcsn- 
nents  w a s  reviewed. At, temperatures from 600 t o  2000°C and 
a t  p re s su res  from 
decarburizat ion,  a.nd sublimation r e a c t i o n s  occur between t h e  
r e f r a c t o r y  metals arid absorbed gases.  

The ex ten t  and k i n e t i c s  of these r e a c t  i ~ o n s  a r e  governed 
by the devi.ation OS t h e  in te rs t . i . t  i a l  concentrat ion of the 
r e f r a c t o r y  a l l o y  from t he  equ:i l i b r ium concentrat ion d l c t a t e d  
by t h e  temperature and p res su re  of t h e  acti-ve gas. The reac-  
bion r a t e s  i n  i n e r t  gapses a r e  eq.ui.val_ent t o  vacua of npproxi- 
mately l o m 5  t o  l.0-7 t o r r .  
by minimizing t h e  surface-to-volume r a t i o  of t h e  metal and 
miximizing t h e  degree of equf1j.b-riu.m d i s p a r i t y .  Ad-ded c o n t r o l  
i s  gained by t h e  use of b a r r i e r  f o i l  envelopes and t h e  ii.:;e o.€ 
low-pressure CH4 t o  n e u t r a l i z e  t h e  0xid.i z5ng gases.  

t o  lo-'' t o r r ,  con-Lamination, degassing, 

L 

These i n t e r a c t i o n s  can be reduced 

IlITRODUCTION 

A decade of i n t e n s i v e  research and development has shown t h a t  

r e f r a c t o r y  a l l o y s  based on niobium, molybdenum, tantalum, and tungs t en  

meet maiiy of t h e  requiremesLs of high-temperature serv ice .  A remaining 

t echno log ica l  problem of considerable  importance i s  t h e i r  i n t e r a c t i o n  

wi-th a c t i v e  gases even a t  low p r e s s i r e s .  U s e  of t h e  high vacuum equip- 

ment a v a i l a b l e  has reduced t h e  ex ten t  o f  t h e  gas-me-tal r e a c t i o n s  t o  

l e v e l s  approaching t h e  l i m i t s  of detec-Lion. I n  s p i t e  of t h i s  progress  

t h e  r e a c t i o n s  s t i l l  occur, f o r  t he  i n t e r s t i t i a l  content of r e f r a c t o r y  

a l l o y s  changes when he ld  a t  high temperatures .  

Because of t h e  li.mited amounts of a c t i v e  gases a v a i l a b l e  i n  a 

vacuum furnace,  t h e  r e a c t i o n  r a t e s  a r e  correspondingly l o w  and a r e  

u s u a l l y  of l i t t l e  consequence f o r  sho r t  exposure t i m e s ;  bu t  these l o w  
r e a c t i o n  rates extended over a long time could cause i n t e r s t i t i a l  changes 



t h a t  might s i g n i f i c a n t l y  a f f e c t  the3.r p r o p e r t i e s .  'Tne purpose of thi.s 

study w a s  t o  determi~ne t h e  natu-re and t h e  sta-Le of knowledge of t h e  

i n t e r a c t i o n  of r e f r a c t o r y  metals with ac-Live gases i n  vacuum and i n e r t  

gas environments so t h a t  methods migh.1; be adopted t o  m.nimize t h i s  

u n i v e r s a l  problem. 

A review of tine published. d a t a  shows t h a t  t h e  i n t e r s t i t i a l  concerl- 

t r a t i o n  i n  r e f r a c t o r y  al-loys changes as a r e s u l t  of contamination, 

degassing, and deca rbur i za t ion .  Because many yefrac-tory a l l o y s  r e a c t  

wlith oxygen t o  Form v o l a t i l e  oxides, subl-imation i s  a l s o  encountered a t  

t h e  higher  temperatures.  Ai; temperature;:; Prom 600 t o  2000°C and a t  

ackive gas pres su res  from 1.0-' t o  

between refracLory a l l o y s  and gases absorbed on t h e i r  su r f aces  - t h a t  

i s ,  t h e  r e a c t i o n s  a r e  cha rac t e r i zed  by t h e  absence of a su r face  r e a c t i o n  

prod-uct . 

tori-  t h e s e  r e a c t i o n s  occur 

This paper i l l u s t r a t e s  by example -the p r i n c i p l e s  governing t h e  

ex ten t  and t h e  k i n e t i c s  of t h e s e  processes i n  terms of t h e  temperature, 

pressure,  r e a c t i o n  time, al.J.oying e f f e c t s ,  and specimen geometry. I n  

the f i r s t  sec t ion ,  we d e a l  w i t h  the na tu re  of  t h e  envlronment and 

consider the contamination and degassing processes  i n  terms of gas- 

metal equj.1-i-bria. The second s e c t i o n  i s  a cons ide ra t ion  of t h e  reac-Lion 

k i n e t i c s  thai; r e s u l t  from the departure  of t h e  i n t e r s t i t i a l  concent;ra- 

tlion of t h e  r e f r a c t o r y  mebal from t h e  equilibriium value.  Decarburi za- 

t i o n  i s  a s p e c i a l  case of t h e  contaminati.on process  and i s  discussed 

sepa ra t e ly  i n  the t h i r d  s e c t i o n  because of i t s  importance t o  the  use of 

carbide-strengthened a l l o y s .  Sublimation, t h e  t o p i c  of t h e  fourth 

sec t ion ,  i s  considered i n  t h i s  review because it becomes inc reas ing ly  

inpor t an t  i n  t h e  compa t ib i l i t y  of r e f r a c t o r y  al.lloys with oxides a t  t h e  

higher  temperatures.  Because of t h e  l a c k  of s u f f i c i e n t  experinen-tal  

da-La, t h e  use of i n e r t  gases as a s u b s t i t u t e  f o r  vacuum environments 

i s  considered only b r i e f l y  i n  t h e  f i f t h  s e c t t o n .  I n  t h e  f i n a l  sectlion, 

w e  suggest methods f o r  controlli.iig the above r e a c t i o n s  and desc r ibe  

techni-ques t h a t  reduce t h e  ex ten t  of contamination. 
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G a s  -Metal Equi l . lb r ia  

A knowledge of t h e  composition a.nd concent ra t ion  of t h e  a c t i v e  

gases i s  necessa-ry t o  understand t h e  high-temperature r eac t ions  between 

r e f r a c t o r y  metals  and t h e i r  environments. 

i.nert gases  and i n  t h e  r e s i d u a l  gases i n  vacuum systems a r e  HzO, 0 2 ,  N 2 ,  

(20, C 0 2 ,  H2, and CH4.  These gases ori-ginate from system l eaks ,  out,- 
gass ing  of t h e  hot  furnace  sur faces ,  t h e  p u q i n g  system, m d  the  rnetal 

being hea ted .  

by the  h i - s to ry  of the  hot surfaces and t h e  t e s t  condi t ions .  Therefore 

no s p e c i f i c  composition can be ass igned  t o  the  environment, f o r  a gi-ven 

s e t  of condi t ions .  

The major impur i t i e s  i n  

The p r e s s u r e  of each of these  gases is  g r e a t l y  i.nfluenced 

During the normal hea t ing  cyc le  of t h e  metal  i n  a vacuum, t h e  t o t a l  

p re s su re  of these gases Increases  t o  a maximum value,  t hen  decreases  t o  

8 r e l a t i v e l y  constant, l o w  va lue  c h a r a c t e r i s t i c  of the pumping system. 

If no at tempt  i s  made t o  r e g u l a t e  t h e  pressure ,  t h e  i - n t e r s t f t i a l  content  

o f  t h e  r e f r a c t o r y  metal  w i . 1 1  change i n  t h e  d i r e c t i o n  of t he  equilibrium 

concen t r a t ion  d i c t a t e d  by t h e  temperature and t h e  p a r t i a l  p re s su res  of 

t h e  var ious  gaseous components. 

The ex ten t  of the i n t e r s t i t i a l  i n s t a b i l i t y  due t o  nonequilibrium 

condi-kions can be determined precisepj  from t h e  p r e s s u r e - t e q e r a t i i r e -  

composition r e l a t i o n s h i p  of t h e  gas p res su re  Is known at a given temp- 

e r a t u r e .  A s  a n  example, F ig .  -1 shows t h e  equi l ibr ium condi t ions  f o r  
so lu t ions  of n i t rogen  i n  niobium. A Q-po the t i ca l  a l l o y  (conta in ing  

1 a t .  $ N )  i s  i n  equi l ibr ium wi.-t'n n i t rogen  at 5 x l o e 4  t o r r  and 176O0C, 

b u t  a t  a n i t rogen  pressure of approximately 1 x 
would degas u n t i l  t h e  n i t rogen  content  reached 0.1.6 a t .  5.  
temperature  but; a t  a n i t rogen  p res su re  of 10-* t o r r ,  t h e  n i t rogen  

content; of niobium would inc rease  eventua l ly  t o  4 a t .  $. !?&e n i t rogen  

i n s t a b i l i t i e s  a r i s i n g  from temperature  f l u c t u a t i o n s  a t  8 given p res su re  

can be deduced s imi la . r ly .  These da ta  also show t h a t  n i t rogen  w i l l  t end  

t o  migrate  from high t o  low temperatu-res i n  a temperature gradient. 

t o r r  t h e  alloy 

A t  t h e  same 

'J. R.  Cost and C .  A .  Wert, Acta &t. - 2, 231-2A2 (Apr i l  1963). - 



Fig .  1. Isothermal  Equil.ibrium for Niobium-Nitrogen Terminal. 
So l id  Solu t ions .  

%ne prec ip i taLion  or t h e  s o l u t i o n  of i ~ n t e r s . ' i i t i a l  phases is a form 
of i n t e r s t i t i a l  i n s t a b i l i t y  that; has an important e f f e c t  on t h e  mechani - 
c a l  p r o p e r t i e s  of r e f r a c t o r y  a l l o y s .  G a s - m e t , a l  e q u i l i b r i a  such a s  t h a t  

shown i n  Fig. 2 p r e c i s e l y  def ine  t h e  condi t ions  of s t a b l l i t y  of t h e  

Ta2N p r e c i p i t a t e d  Note, however, t h a t  i n  this case  t h e  
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_c__ 
1 x ~ o - ~  torr 

............ .- 

....... I 
0.i 0.2 0.5 7.0 2 5 10 20 50 

at. 7% NITROGEN 

Fig. 2. Pressure C o r i o s i t i o n  Rel.ati.ons?iips ai, Equi.l.ibrium for. i;he 
Tantalum-Nitrogen Sysi;ein from 1300 to 2000°C. 

ni-Lmgen pressi.wes over the 'c~.~r~ct;:_~.lurn-nitrogen a l l o y s  i n  t h e  two-phase 

regj.ons a.re cotistan-L. The d l f f  ic-ulty i~n cont,z*ollF.ng t h e  yu-aritity of 

Ta2N phase st a given temperature can be i I . lustrater l  by tl.etermini.ng .the 

equi l ibr ium ni t rogen  pressures of the circled points a t  A and. 13 at 

1.500"C. These poi.nt,s on the c1.i agrani a r e  s l ~ o ~ ~ r n  by the i3X.rOwS i.n the 

upper left corner of F-i.g. 2 ,  A hypothetical alloy cont,a.jizing Ta2N 

would not dissol-ve t-wr increase  in quantiLy so long as t h e  n i t rogen  

pressure  was equal. t o  the decomposition pressure of t h e  n i t r ide  (er;i;i - 
matei:i t o  be apprc;xj.rmtely 2.5 x 10-4  t o r r ) .  t h e  nitrogen pressure  
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were 2 . 0  x l o m 4  t o r r  as i n  p o i n t  A, t h e  ni 'irogen content would decrease 

t o  7 a t .  '$ N, and t h e  T a 2 N  would go i n t o  s o l u t i o n ;  a t  a p re s su re  of 

3 x l r 4  t o r r ,  t h e  ni t rogen content would inc rease  t o  25 a t .  $ N, and 

t h e  a l l o y  eventual ly  wouI-d be coriverted to  Ta2N. 

The aff5.nity of r e f r a c t o r y  metals f o r  gases and il-ieir soluhi.I.ity 

i~n them Ere a l t e r e d  markedly by a l l o y i n g  elements, as Table 1 ( r e f .  3 )  

i n d i c a t e s .  'These da t a  Show t h a t  oxygen s o l u b i l i t y  in niobium i s  lowered 

from 3.5 id % a t  130C"C t o  about, 0.2 w t  % by magnesium and I s  i-n t h e  range 

0 . 0 1 t o  0.02 wt  $ i n  t h e  presence o r  calcium. 

a f f i n i t y  of niobium f o r  oxygen i s  increased marked.1.y by these elements. 

Tnese da t a  f u r t h e r  show t h a t  niobium containing 100 ppm 0 would be 

contaminated by ros-t  oxides wiLh oxygen. The a l l o y i n g  components - 
zirconium, t i tanium, and hafnium - presen t  in many of t h e  cu r ren t  a l l o y s  

a r e  a l s o  expected t o  lower t h e  oxygen so1ubil . i ty s i n c e  t h e i r  f r e e  

energies  of formation are a l s o  high. 

On t h e  o the r  hand, t h e  

Table 1. Changes of t h e  Thermodynamic P o t e n t i a l s  Associ-ated 
with t h e  Formation of Nb-0 Solutions a t  1000°C" 

.....___l.,.... - -_I-..-- 

Phase i n  Equilibi-j urn Oxygen i n  92Fo (1273°K) 
with To-0 Solut ion Solut ion,  wt $ (kcal/mole 0 2 )  

CaO 

%-0 

Nbo 

0. 01.--0. 02 - 0.20 

/-.a 0.50 

242 

224 

168 

a G .  A .  Veerson and T. Segorcheanu, K T i n f t y  of Niobium 
f o r  Oxygen, USAEC Trans la t ion  AEC-tr-5910 (Aug, 22, 1963) .  

Whereas t h e  s o l u b i l i t y  l i m i L  of oxygen i n  niobium i s  3-owercd by 

zirconium, '+ t h e  n i t rogen  s o l u b i l i t y  1 imi t  i s  increased f r o m  0.43 wt $ 

I-.-- 

3G.  PA. Fkerson and T. Segorcheanu, Af f in i ty  of Nio'Dium f o r  Oxygen, 

'D. 0.  Hobson, "Aging Phenomena i n  Coludoium-Base Alloys,  'I 

USAEC Trans la t ion  AEC-tr-5910 (Auk. 22, 1963) .  

pp.  325-334 i n  High Temperature f i t e r i a l s ,  Vol  11, Tnterscience,  
New York, 1963. 
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i n  niobium5 t o  approximately 0.75 wt $I i n  Nb-0. $6, wt $ Zr a t  1400°C. 

Vie so l i i t ion  c h a r a c t e r i s t i c s  of n i t rogen  jn unalloyed niobium and i n  

Nb-l$ Zr are s i g n i f i c a n t l y  d i f f e r e n t ,  as Fig. 3 ( r e f s .  7,8) shows. These 

d a t a  show t h a t  1 wt  $I Zr lovers the equi l ibr ium ni t rogen  pressure  over 

t h e  a l l o y  a t  gFven ni t rogen concentrations. 

5W. M. Albrecht and W .  D. Goode, Jr., Reaction of Nitrogen with 

6E. de Laniotte - et  -.? a1 Equilibrium Solu t ions  of Nitrogen i n  

Niobium, BPU-1360 (July 1959) . 

Columbium Base Alloys,  A i r  Force Phteri a l s  Laboratory, Report 
No. ML-TDR-64-134, Technical Documentmy Repori (June 1964). 

7R. A .  Pasternak -- et a l . ,  J. Electrochem. SOC. .I_ 113(7), 731-735 (1966). 
I_ 

8 H .  Inouye, Equilibrium Sol id  Solu t ions  of Nitrogen i n  Nb-l$ Z r  
Between 1200 t o  18OO"C, ORNL-TM-1355 (February 1966) .  

ORNL-DWG 68-3932 

10-9 
5.0 5.4 5.0 6.2 6.6 7.0 

4 02000/, (0 K 1 

Fig .  3 .  Cornparison of t h e  Solu t ion  Eyui-librium of Nitrogen i n  
Niobium with Nitrogen i n  r;nj-l$ Zr. 
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It i s  es t imated t h a t  zircoiiri.um inc reases  t h e  concentrs t ion of 

nitrogen. i n  s o l u t i o n  by a f a c t o r  of  a’oout 4. (> 267/75) a t  a given 

temperature and p res su re .  The oxj-de:, and n i . t r i des  of molybdeilum and 

tungsten have a lower f r e e  energy of formation -than oxides and n i t r id -e s  

of niobi-um and tantalum. Therefore, t h e  i n t e r a c t i o n s  of molybdenum and 

tungs t en  wi.th oxygen and n i t rogen  a r e  expected t o  be  less extensive than  

those of t h e  lat;t,er metals.  Wlybdenum and tungsten a3.3.oyed with acti-ve 

al.l.oying elements such as t itani~um, zirconi_um, and/or hafnium, however, 

a r e  expected t o  be as r e a c t i v e  toward t h e  above gases as are t h e  a l l o y s  

of niobium and tantalum containing t h e s e  elements. 

Reaction Kinet ics  

A s  d iscussed i n  t h e  previous s e c t  ion, the condi t ions o f  equi 1-ibrium 

between a gas and t h e  i n t e r s t l t i a l  concentrat ion i n  a metal are def ined 

precise1.y. Since t h i s  s t a t e  i.s r a r e l y  a t t a i n e d  under a normal. hea t ing  

cycle ,  it follows t h a t  t h e  i n t e r s t i t i a l  concentrat ion wi.S.1 t end  t o  

change as required by thermodynamic equi l ibr ium. ‘The ra te  of t h i s  

change and t h e  parameiers t h a t  c o n t r o l  t h e  ex ten t  a r e  covered i n  this 

s ec t ion .  

The f a c t o r s  governing the reac’Glon k i n e t i c s  between low-pre-c ,,ure 

eases  and metal su r f aces  t h a t  r e s u l t  i n  contamination can be  deduced 

from a model based on t h e  k i n e t i c  theory of gases.  For example, t h e  

mass inciderit r a t e ,  

5.833 X los2 P d v .  

system inc iden t  on the metal su r f ace  i s  either absoi-bed o r  rehounds. 

The r a t e  of t h e  su r face  r e a c t i o n  i s  then  given by 

Qi, of a gas a t  a su r face  i n  a vacuum i s  given by 

Let it be assumzd that a gas molecule i n  2 vacuum 

1 
Qa = CXQi := CX[S.833 X lom2 P(.IvTI’-~)’J , 

where 
-1 Q = absorpt ion ra te ,  g sec , 

Qi = ri-nciden-t r a t e ,  g 

P = gas pressure, t o r r ,  

M = moleculay weight of the gas, g, and 

T = abso lu te  temperature, OK. 

a 
sec- l ,  
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T._e parameter,  a, i s  dimensionless  m d  i s  t h e  probabil.ity t h a t  the 

impingi rig gas wi.1.l becone absorbed; hence t h i s  parameter i s  cal led t h e  

s t i c k i n g  px-oba.bj.lj.Ly. 

when measured a t  an ambient; tempera.twe of To ( O K ) ,  i t s  p res su re  at; T 

i.s greater by -the temperature  rati.o (T/To)3; t1ia.t Tn, P = Po(T/To)F. 
Substi tutir ig t h i s  pressure c o r r e c t i o n  &JE to thei-mal t r a n s p i r a t l o n  i n  

Ey. (1) gtves  

Si-nce the pres su re  i n  the vacinim system i.s Po 

1 1 

1 

( 2  1 -1 2 Q -;I (215.833 x 1.0-2 P,(MT, ) 3 . a 

Let it be f u r t h e r  assumed t h a t  t h e  absorbed Ea.:: d i f f u s e s  i.nto the 

i n t e r i o r  of the  metal  of su-rface a r e a  A (em2) and wetght W ( E ) .  

change i.n concent rs t ion ,  ACm(g of g.as/g of metal) of' t h e  i n t e r s t i t i a l  

i n  t h e  a l l o y  f o r  a reacti .on ti-me, Ai ( s e c )  i s  then 

Tl,ie 

S h c e  A/W i s  equal  t o  A/pV arid A/V i.s equal  to 1/X, Eq. (3) can also be 

expressed by 

xm = at A / ~ V  , 

or 

Km = At/pX , 

( 4 )  

where 

p = d e n s i t y  of the  metal, p;/cm3, 

V = volume of metal  exposed t o  the  gas, cm3, and 

X = t h i ckness  of metal  exposed t o  t h e  gas, cm. 

Equations (1) and (2)  s t a t e  that the contamination r a t e  of H metal 

by a gas i s  p ropor t iona l  t o  t h e  s t i c k i n g  p r o b a b i l i t y  and t h e  t e s t  

p ressure .  Fur ther ,  the exten t  of t h e  contamination [Eqs. (3-5)1 i s  

shom t o  be proportional t o  the reaction t i m e  and surface-to-volume 

r a t i o  and i nve r se ly  p ropor t iona l  t o  Lhe t h i ckness .  The derived 

expressions do not inc lude  t h e  e f f e c t  of temperature,  which i s  known 
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t o  be an important v a r i a b l e ,  because -the i-ncident r a t e  of t h e  gas is 

independeni of t h e  temperatul-e as Eq. (2)  shows. Thus, although t h e  

so rp t ion  expressions do not e x p l i c i t l y  show t h e  e f f e c t  of temperatu-re, 

i t  i s  evid.en'i t ha t  t h i s  varisb1.e must i n f luence  t h e  value of CYJ which 

ranges be-t;ween 0 and 1. 

Equetions ( 4 )  and (5) i l l u s t r a t e  t h e  r e l a t i o n s h i p  between t h e  

ex ten t  of contamination and t h e  geometry of t h e  metal, an important 

f a c t o r  f recuent ly  overl.ooked by 'chose concerned wi.th contamination 

con t ro l .  Experimental ver i - f icat ion of t h e  geometry e f f e c t s  p red ic t ed  

by t h e s e  two expressions i s  contained i n  t h e  da t a  t a b u l a t e d  i a  Tables 2 

and 3. 

g r e a t e r  f o r  t h e  0.010- than t h e  0.020-in. - t h i ck  specimens. Mote khat 

'ihe r e s u l t s  f o r  n i t rogen  contaminati-on a f t e r  about, 1.3 h r  do no-t agree 

with t h e  p r e d i c t i o n s .  This w e  b e l i e v e  'io be due t o  t h e  attai-nment of 

equi l ibr ium between t h e  ni t rogen i.n t h e  rrgon and i n  t h e  metal, i n  which 

case t h e  geometry e f f e c t s  s t a t e d  i n  Eqs. ( 4 )  and (5) a r e  Inva l id .  The 

d a t a  i.n Table 3 show more c l e a r l y  t h e  e f f e c t s  o f  t he  specimenkhick- 

ness of Nb-1$~ Zr on t h e  ex ten t  of  contamination." I n  t h i s  case t h e  

geome'iry e f f e c t s  of t h e  specimen on contam.ination a r e  compared f o r  t h e  

same condi t ions of environment and r e a c t i o n  time. A s  i n  t h e  prev-jous 

example, t h e  ex ten t  of Contamination i s  g r e a t e r  i ~ n  t h e  t h i n n e r  spec i -  

mens than i-n t h e  t h i c k e r  specimens a-t temperatures froin approximately 

850 t o  1200°C. 

a r e l a t i o n s h i ~ p  t h a t  can be obtained from Eq, ( 5 )  f o r  specimens of 

d i - f f e ren t  t h i ckness  e:;. 

Table 2 shows thE t  tile oxygen Contamination o f  tantalum' was 

"he l a s t  column i n  Tab1.e 3 shows t h a t  L C l / C C 2  = X2/X1, 

I n  l i g h t  of t h e  var ious der ived expressions above, t h e  ki.neti_cs of 

t h e  contamination process  a r e  seen t o  depend on the value of cx? which 

i s  the  dimensionless parameter deYi.ned i n  Eqs. (1) and (2)  as t h e  

s t i c k i n g  p r o b a b i l i t y  and which i s  equal  t o  -the r a t i o  of Qa/Qi. 

t h e  values  of  CY. a r e  low at high tempera-tures and do not va iy  uniforully 

Typical ly  

'High Temperature Vaterials Program Report,, GEMP-25A, No. 25 
( J u l y  1963) .  

'OH. Inouye, "me Contamination ot Refractory lk ta l s  i n  Vacua Below 
Torr, '' pp. 871.483 i n  Refractory Metals and Alloys 111: Applied 

hspects-, V o l  30, ed. by Robert I. J a f f e e ,  Gordon & Breach Science 
Publ j  shers ,  New York, 1966. 



1.1. 

Table 2.  Coiii;aminntion of Tentalum Stress-Rupture Specimens 
i n  Argon a t  2600"Ca 

Time a.t, 
Temperature 

Spec inen Th i c kne s s Specimen Thickness 

(hr 1 
0.010 i n .  0.020 i n .  

a m m &$I 
- 

1.05 498 84 
3.45 399 78 
12.67 2 66 276 
1.10 13 1 8 7 
7.58 17 8 154 

13.60 1.87 2 59 

High Temperatu.re Paterials Program Report , GEMP-ZSA, a 

No. 25 (July 1963). 

Table 3. The Ef€ec t  of Specimen Thickness on 
t h e  Contami na t ion  of Wo-l$ Z r q  

Contamination b 
R a t  i o  

x2/x1 &/a2 
ppm (wt,) Spec irne n Th i c kne i; is, i n . T e s t  

T e-mp e r a t u re 
a1 E 2  

X1 x2 ("(3 
856 0,0201 0.0391 724- 378 1.. 94 1.91 
988 0.0200 0. 0308 9 66 646 1.54 1.50 

1135 0.0198 0.0393 1506 766 1.98 1.9'7 
1201 0.0197 0.0382 2464 1354 1.94 1.72 

1081 0.0200 0.0384 1396 696 1.92 2.01 

"13. Inouye, "The Contamina.ti.on of Refra.ctr ,ry Metals in Vacua B e l o w  
1.0-6 Torr," pp. 871-883 i n  Refractory Metals and Alloys 111: 
Aspects, Vol 30, ed. by Robert I. Jaffee,  Gordon '% Breach Science 
Pub l i she r s ,  New York, 1966. 

p re s su re  of 5 . 6  x torr over 984 hr. 

Applied 

bS.um of oxygen, carbon and n i t rogen  contamination 8 f ;  an  average 
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with temperature.  As an example, the i n j  tial r e a c t i o n  r a t e  be:;ween 

Dll~--l$ Z r  ( i n i t i a l l y  contai-ning 51 ppm N )  and ni t rogen-  expressed i n  

terms of a betwceri 800 and l~6OO"C i s  shown i n  Fig- 4 (ref. 11). A t  800°C 
t h e  values of a: are about 0.07 and decrease slowly t o  nij.niina of about 

0.05 a t  1125°C. Above 1125"C, a Tncreases t o  a maxiuluni Val-ue of 

approximately 0.09, dependi-ng on t h e  pressure, t hen  decreases rapidly 

to zero a t  'ihe h ighes t  temperatut-,es. For the t e s t  conditi.ons shown, 

t h e  maximum value of a w a s  I.ess t h a n  0.10 I- t1ia.t i-s, less  than  10% of 

Llie inc iden t  n i t rogen  was sorbed by Nb-l$ Zr. Another example i s  

llH. Jnouye, ":Ti~h-Teni~erature Sorpt ion of Nitrogen by N'b-l$ Z r  i n  
Ultrahigh Vacuum, " t o  be subrnj t t z d  f o r  pub l i ca t ion .  

ORNL- DWG 64-9325R 
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i= 0.02 
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Fig. 4.  Var ia t ion  of t h e  Sticking P r o b a b i l i t y  Versus Temperature 

f o r  tile Reaction of Nitrogen w i t h  Nb-l$ Z r  f o r  Pressures  from l o w 8  
t o  torr. Reaction time, 10 m i n ;  i n i t i a l  n i t rogen  concentrat ion,  
51 ppm. 
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;shown i.n F ig .  5. 
oxygen r e a c t s  with tungsten"2 and, l i k e  -the nit-i-ogen r c a c t i  on w i t h  

N k l $  Zr., a shows bo th  minima and. rmxfma. 

In t h i s  case a maxirnu.m of about 4-$ of t h e  incident; 

The int;er.sections of t h e  s e p a r a t e  ciirves with the abscissa c 7 t  

CX = 0 in Fi.g. 4 correspond t o  t h e  equi.l_ibri.um tempera,tures a.nd p re s su res  

f o r  Nb-l.5 Zr con ta in ing  51 ppm YT (see Fig. 6 ) .  

conditi.ons change with -the ni-trogen content  of t h e  a l l o y ,  a would be 

zero a t  o t h e r  temperatures arid presslures as t h e  n i t rogen  conteri-L -vari~?d. 

Var i a t ions  i.n t h e  i n i t i a l  n i t rogen  content  a l s o  iriflu.ence the  va lues  of 

a f o r  this a l l o y ,  as shown below: 

Since t h e  equ.ilibri.urn 

a a t  1200°C I n i t i a l  Nikrogen Content 
of. m--l$ Zr, pp~u 

10 0.08'3 
11 0.071 
51 0.057 
6'7 0.052 
90 0.0338 

Thus, Ff.g. 4 and t h e s e  data show t h a t  a i s  dependent on t h e  i n t e r s t i t i a l  

content  of t h e  a l l o y ,  the temperature,  and t h e  p re s su re  of t h e  g ~ s .  

Therefore, t h e  curves shown i n  Fig. 4 would s h i f t  t o  Lhe lef-1; and down- 

ward i f  t h e  ni-trogen content were hi.gher and t o  tbe right and upward if  

the nitrogen. content  were lower. 

With the continued s o r p t i o n  of riitrogen over an extended period. of 

L i m e ,  a continuous1.y decreases ,  as would be expected from t h e  d a t a  

t a b u l a t e d  above. The mariner by which a varies wi th  the concentrat ion i s  
i l l u s t r a t e d  i n  Fig.  7. These data r ep resen t  t h e  kinet i -cs  of t h e  r e a c t i o n  

when t h e  absorbed n i t rogen  remains i.n so lu t ion .  The la-ter stages of 

s o r p t i o n  are represented by s t r a i -gh t  l i n e s  Those equat ion i.s 

12J. H. Singleton,  J. Chem Phys. 4 5 ( 8 ) ,  2819-2826 (1966). - - 
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Fig.  '7. Re13Lionohip Between S t  icki'ng P r o b a b i l i t y  and t h e  Mean 
Nj trogen Concentration of Nb-l$ Z r  a t  a N i t r o p x i  Pressure of 
2.5 x lom7 t o r r  an3 1200°C and a t  a Nitrogen Pressu re  of 1.8 x 
a t  1450°C. 

t o r r  

where 

a, = s t i c k i n g  p r o b a b i l i t y  f o r  a hypo the t i ca l  n i t rogen- f r ee  a l l o y ,  

C, = mean n i t r o g e n  concen-tration i n  so lu t ion ,  ppm, and 

C = equi1ibriu.m n i t rogen  concentrat ion,  ppm. e 

Tfle rat i o  C,/C, corresponds t o  t h e  f r a c t i o n a l  satiirat ion of t h e  all.oy 

wi th  ni t rogen,  and the  quan t i ty  (I - Cm/Ce) corresponds -Lo khe dev ia t ion  

from equi l ibr ium. Therefore t h e  r e a c t i o n  r a t e  of a gas wi.th a metal. 

whose s u r f a c e  i s  Tree of a r e a c t i o n  product i s  seen t o  be p r c p o r t i o n a l  

t o  t h e  "equ.ilibri.um d i k p a r i t y "  - tha t  i s ,  t h e  dev ia t  j.on of the insta.nta- 

i-teous i n t e r s t i t i a l  concen t r a t ion  from the i n t e r s - t i t i a l  concentrati.on 

the a l l o y  would c0ntai.n a t  eqiii1.ibriu.m. 
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\ hen  t h e  so rp t ion  process  i s  continued so  t h a t  t h e  i n t e r s t i t i a l  

concentrat ion i n  t h e  a l l o y  exceeds t h e  s o l u b i l i t y  1-imit, t h c  kineLics 

a r e  a l t e r e d  a s  shown i n  F ig .  8. These da t a  show that, t h e  value of 0: 

f o r  t h e  r e a c t  ion between ni-obium and ni t rogen decreases  continuously 

with Cm as i n  Fig.  7; a t  t h e  so3iibi.lity limit, howevel-, t h e  smooth 

curve e x h i b i t s  a kink as a becones  ons st ant"^ because t h e  concentrat ion 

of n i t rogen  i n  so lu t ion ,  Cm, remairis constant  due t o  t h e  p rec ip i t a t i -on  

of N'b2N. Wnen this condi t ion is  a t t a i n e d ,  t h e  qiiaiitity (1 .-.- "ICe) i n  

Eq. ( 6 )  becomes constant  and t h e r e f o r e  accounts for t h e  constancy of (x 

beyond. t h e  s o l u b i l i t y  l i m i t , ,  

Since it has been determined t h a t  t h e  value of a i s  goveriied by 

t h e  "equilibrium d i s p a r i t y "  of the i n t e r s t i t i a l  Tn so lu t ion ,  t h e  

experimental  da t a  which fol low can now be explained. For example, Eq. (1) 

predic- ts  t h a t  t h e  r e a c t i o n  r a t e  of a gas wi t 'n  a meial  will incyease 

l i n e a r l y  with Lhe tes t  p re s su re .  'This r e l z t i o n s h i ~ p  i s  experimen'Lally 

v e r i f i e d  by t h e  l a t a  of Fig.  9 f o r  t h e  reactli.oii of ni t rogen with Wo--l'$ Z r  

i n  runs of 10  min ( r e f .  14) .  Simi la r  resul.ts are  obtained f o r  t h e  

r e a c t i o n  of  oxygen with Nb--l'$ Z r ,  as Fig.  1.0 ( re€.  15) shows. The reason 

for  t h e  l ineal-  r e l a t i o n s h i p  between t h e  renc-bj-on rake and -k,'ne test pres su re  

i n  Fig. 9 is 'Ghat, t h e  change i-n Cm f o r  I r e a c t i o n  t ime O f  1c lni~n under 

t h e s e  conditi-ons of temperature and p res su re  v a r i e s  from 2 . 8  X lo-"  t o  

0.W ppm f o r  t h e  geometry of the sample t e s t e d  and t h e r e f o r e  has no 

s ign?-f icant  e f f e c t  on the  quan t i ty  (1 - CJC,) i n  Eq. (6 ) .  The l i n e a r  

re1ationshi.p between t h e  reac-Lion ra te  and p res su re ,  seen i n  P i e .  10, is  

obeyed f o r  a d i f f e r e n t  reason. I n  t h i s  case w e  b e l i e v e  t h a t ,  due t o  -the 

low oxygen s o l u b i l i t y  i n  Nb--l$ Z r ,  zirconium oxide i s  be ing  p r e c i p i t a t e d  

1 3 H .  A .  Pas'iernak e t  a l .  J. Electrochem. S O C .  113(7), 731-735 (1966).  

14H. Inou-ye, "High-Temperature Sorpt ion of Nitrogen by Nb-l$ Z r  i n  
- - -._. .-I- 

Ultrahi.g:h Vacuurn, 'I t o  be submitted f o r  pub1.i ca t ion .  

I5L.  Fiosenblum e t  - a l . ,  Oxidation of Columbium, Tantalum, .__I_.. and Their  
---.- Al loys  7 NASA-SP-131, pp. 17Gld7 (Aug. 23-24, 1966). 
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wi th in  Lhe a l l o y  a t  a r a t e  equal  t o  t h e  r a t e  of oxygen iuptake. Since 

t h e  m t r i x  i s  s a t u r a t e d  with oxygen a t  a constant  coricentration, C,, 
atid s i n c e  C, i s  f i x e d  by t h e  tempersture and pressure,  t h e  f a c t o r  

(1 - Cm/Ce),  which governs t h e  r e a c t i o n  r a t e ,  i - s  a l s o  constant. 

r e s u l t  i s  analogous t o  ihe  example shown i n  Fig.  8. 
This 

The occurrence of t h e  mzxima i n  t h e  va lues  of  a a t  t h e  intermediate  

teniperaturas of approximately 1.300"C shown i.ii Fig .  4 can a l s o  be 

explained i n  t e r m s  of Eq. ( 6 ) .  

determined t o  be constant f o r  r e a c t i o n  times o f  10 min, a, t h e r e f o r e  

must i nc rease  with LeniperatLre. Above t h e  maxima, a i s  in f  1irenced 

p r i n c i p a l l y  by Ce,  whose value a t  a given p res su re  decreases  with 

inc reas ing  t,emperature as r equ i r ed  by t h e  equi l ibr ium r e l a t  fonships i n  

Fig. 6. Thus, w-hen C, i s  no'i s i g n i f i c a n t l y  l a s s  t han  C,, s m a l l  i nc reases  

Since t h e  quanLity (I - C d C e )  w a s  
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i n  t e r q e r a t u r e  r a p i d l y  cause t h e  ratto Cm/Ce t o  approach un i ty ,  and 

CX t he re fo re  correspondingly decreases .  

The r e a c t i o n  rates of a gas wi th  a netal. over an  extended perj.od 

At a given temperature and of t ime can a l s o  be deduced f r o m  Eq. ( 6 ) .  
p-r=essure, Cm will i nc rease  cont inuously w i t h  t h e  r e a c t i o n  t ime u n t i l  

i t s  va lue  u l t i m a t e l y  equals  C,. When t h e  s o r p t i o n  process  resul1;s i n  

the s o l u t i o n  of t h e  i n t e r s t i t j u l ,  Qa will decrease  sirice CI decreases; 

and, as may be see3 from Eq. 

l i n e a r l y  with t h e  reacti.on t ime as experimental ly  v e r i f i e d  by the da-La 

sliown i n  Fig. 11. 111 c o n t r a s t ,  when t h e  pressure  and temperature  

condi t ions  favor  t h e  foi?mation o f  an i n t e r s t i t i a l  conipound, Cm w i l l .  

remarin constari-t at; t h e  s o l u b i l i t y  l t m i t .  PLg~..re 1 2  shows t h e  expected 

l i .near r e l a t i o n s h i p  between 1;h.e weright gai.n of Nb-l$ Zr i n  oxygen as a 

fimc-Lion of time'' due t o  t h e  low oxygen so l iub i l i ty  ?ti t h e  a l l o y ,  

( 3 ) ,  Xrn wou1.d not be expected t o  iricrease 

I s ~ .  K. Roctie, "Effect  of Degree o f  Vacuum on t h e  ~ l o w - ~ e n i i  Creep 
Behavior of CoI.umbi.um-C 6$ Zirconium a t  1000 'C, " pp . 901-916 in 
Refrac tory  &t;a.ls and Alloys 111: 
Robert I. J a f f e e ,  Gordon ,?c Breach Science Pu-blishers, Neis York, 1.966. 

Applied Aspect;s, V o l  30, ed. by 
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Fig .  1.1.. The Increase  :in Nitrogen Content, of TJb--l.% Zr a t  a Nitrogen 
P res su re  of 1.1 x torr and- Temperatures of 1200, 1300, and 1450°C. 
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The expecied e f f e c t s  of a l l o y i n g  elements on the r e a c t i v i t y  of 

r e € m c t o r y  metals with gases can be deduced from t h e  above examples. 

If t h e  a l l o y i n g  element lowers t h e  s o l u b i l i t y  l i m i t ,  it i s  more probable 

t h a t  t h e  gas-metal i n t e r a c i i o n  f o r  a given ierrqerature and p res su re  

condi t ion .dill r e su l t  i n  t h e  p r e c i p i t a t i o n  of a second phase. Figures  8 

and 1 2  show t h a i  when t h e s e  condi t ions p r e v a i l  t h e  react,ion rates remain 

constant ;  and over a l o n g  react ion period, i t  would be  expected t h a i  

t h e  a l l o y  would be contaminated t o  a g r e a t e r  e x t e n t  t han  the pure metal. 

b r e o v e r ,  a l l oy ing  elements t h a t  lower t h e  s o l u b i l i t y  l i m i t  i nc rease  the  

thermodynamic p o t e n t i a l  of the i n t e r s i i t i a l  i n  t he  a l l o y ,  as i l l u s t r a t e d  

i n  Table 1, and t h e r e f o r e  would l i k e l y  inc rease  t h e  r e a c t i o n  rates.  On 

t h i s  basis,  zirconium, t i t a n i u m ,  and hafnium, which a r e  the p r inc ipa l  

c o n s t i t u e n t s  i n  many of our  cu r ren t  a l l o y s ,  would be  expected t o  

inc rease  t h e  r e a c t i v i t y  of t h e  base a l l o y  toward oxygen. Table 4 



compares t he  oicygrn contami nab ion of unalloyed molybdenum, niobium, and 

tantalum with t h e  corresponding alloys cori.i;ai.ni.ug t he  r e a c t  ive elements 

t i t an ium,  zi-rconium, and hafnium. I n  each case, t h e s e  data confirm the 

a.l.loyi.ng ef feet,s postul_ated "'Dove . 

Table 4.. Effect; of Alloying Elements on the Oxygen Contaminatlon 
of Mnl.ybdenum, Niobium, and Tantalum a t  1200 "C" 

Alloy Al.loying El.ement ( B ) Alloy Oxygen. Contarri:ina-t j.oti, b ppm 

Designsti on (wt 3) Ba.se Alloy Base 

TZM 0 . 5  Ti 3. 0.08 Z r  No 340 -9 

F:;-80 1. zr m 320 100 

T - l l l  2 Ilf -1- 8 w Ta 180 29 

aH. Triouye, ""lie Contaminstioa of Refractory Metals i n  Vacua Below 
Torr;" pp. 871-883 i n  Refrac tory  Metals and Alloys 111: Applied 

Aspects, Vol 30, ed. by Robert I. Jfif'fee, Gordon R Breach Science 
Publ i shers ,  New Yorlr, 1966 ~ 

b l O O G  h r  a t  2.5 x t o r r .  

It  i s  obvious that  t h e r e  are k e s t  CondiLliorls t h a t  could also CBuse 

dega.s:;irig of the TntLerstiti-al. According t o  Ey. (6) degsssi.ng w o u l d  

occur when C, > Ce, and negati-ve values of a woluld be obtai.ned. An 

example of the r c v e r s i b i l i t y  of t h e  n i t rogen  r e a c t i o n  with 

i s  given. by Fig. 13.  In this experiment n i t rogen  w a s  e.l.lowed t o  react 

wi.t'n ni(1bi.u.m a t  2 x t o r r  a-t; 1367°C almost to saturation. The 

r e a c t i o n  r a t e  ex-pressed. i n  terms o f  a d-eerea.setI as in segment (a), men 

the ni-trogen p res su re  was increased  to 4 x 
gen I-escted w i t h  a.iobi.uri as i n  @); then, when the n i t rogen  p res su re  was 

decreased to  t,he ini . t ia l .  p re s su re  of 2 X I ; o ~ r ,  t h e  sample degassed 

as i n  segment ( c ) .  

t o r r ,  ad.di.tional. n i t r o -  

CI. 

1 7 R .  A. Pas-ternak e.l; g . ,  J. Electrochem. Soc .  ll3(7), 731-735 - - (1966). 
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Fig .  13. S t i c k i n s  P r o b a b i l i i y  as a Function of Nitrogen Content 
f o r  ;he Reaciion oP Nitrogen .vith Niobium a t  1367°C. 

Decarburi z a t  Lon 

A l l  r e f r a c t o r y  a l l o y s  contain carbon as an inFiiri.ty, and s e v e r a l  

con ta in  up t o  0 . 1  I J ~  $ a s  an in t en t i -ona l  a l l o y i n g  component t o  enhance 

tkiei~r streng-Lh through t h e  formation of carbides .  Although t h e  car'oon 

concentrati-on can be control  l e d  vi-Lhin s m a l l  v a r i a t i o n s  i n  the f a b r i -  

ca t ed  s t a t e ,  t h i s  element can 'le most d ; f f i c u l t  t o  maintain a t  t h e  

desj-red l e v e l  at high temperatures i f  t h e  environment i s  not umder 

c o n t r o l .  R p r i ~ n c i p a l  v a r i a j l e  affecti lng carb t . )~  s t a b i l i t y  accord.ing t o  

Table 5 i s  t h e  t e s t  pressure.18 

ti.on occurred under a l l  test condi t ions and w a s  iflost severe  a t  t h e  

For t h e  examples given, decsrbui-iza- 

"D. T .  Bourgette,  Trzns. Vacuum Y e t .  Conf. 8 t h  New York 1965 . -----.2. -2--.-' 
57-73 (1966) . 
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Table 5. E f fec t  of P res su re  and Temperature on t h e  
S-tabi l i  t y  of I n t e r s t i t i a l s  j.n RePractory Alloysa 

Change i n  I n t e r s t i t i a l  
Concentrat;ion, ppmb 

Carbon Oxygen Nitrogen Hydrogen 

Alloy Temperature Pres  su re  
Designat ion ("C) ( t o r r )  

D-43 1500 
1500 

1300 
1300 

1500 

FS-SO 1500 
1500 
1300 
1300 

T-111 1500 
1500 

2 x 10-9 
2 x 10-8 

1.5 x 
1 x 
5 x 

3 x io-' 
6 x io-? 

5 x 
5 x 

2 x 10-9 
5 x 

-50 
-so 
-400 
-20 
-380 

-'7 0 
-97 
-10 
-48 

-10 
-3 0 

-16 
-13 
+lo1 
-12 
I-347 

-175 
0 

-137 
-40 

-56 
+40 

-5 6 
-66 

+351 
-63 
+244 

-53 
i-92 
-32 

i-6 

-8 
+171 

-3 
-3 
-3 
-4 
-fe 

-4.5 
-6 
-7 
-4 

-3 
-3 

aD. T. Boun-gette, Trans. Vacmm k t .  Conf. 8th, New Yorlr, 1965, 

b500- Lo ?5O-hr t e s t s .  

57-73 (1966). 

'nigher t e s t  p re s su res  of approximately 1 . c ~ ~  t o m .  

l a t e d  d a t a  t h a t  t h e  l a r g e  carbon losses a t  t o r r  a r e  aceorqmnied by 

a. corresponding inc rease  i.n t h e  oxygen and n i t rogen  con ten t s .  P o s t t e s t  

cbemi-cal zlnalyses showed t h a t  t h e  carbon and t h e  oxygen con ten t s  of t h e  

a l l o y s  expressed a s  a carbon-to-oxygen r a t i o  was a f imc t ion  of p re s su re  

(F ig .  14) and temperature  (Fig. 1 5 ) .  Note i n  Fig. 14 t h a t  D-43 wi.-t;h an 

i a i t  i -n l  carbon-to-oxygen r a t i o  of 15.5 will decarbur ize  a t  1500°C when 

t h e  p re s su re  i.n t h e  vacuum system exceeds 1 x lom8 t o r r ;  F ig .  15 shows 

t h a t  t h e  carbon-oxygen i n t e r a c t i o n  i n  Nb-l$ Zr, which inc reases  with 

temperature,  becomes a s ig r i i f i can t  f a c t o r  above 1.200"C ( r e f s  18). These 

c o r r e l a t i o n s  suggest t h a t  decarbur iza t ior?  i s  due t o  t h e  foi-mati-on of 

carbon monoxide t h a t  i s  removed from t h e  furnace by the  vacuum pumps. 

Note from the  tabu-  

A carbon-oqrgen i n t e r a c t i o n  has been establri shed t o  be a mechanism 

f o r  t h e  deca.rburizat ion of t ungs t en  by Becker e t  a l .19 who s tud ied  -- 

"J. A. Becker rt 2., J. Appl. Phys. 32(3), 411-423 ( h r c h  1961). - - 
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Fig.  14. The Variation of the Carbon-Oxygen :?aiio of D-43 as a 
Function of the Test Pressure at 1500°C. 
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Fig. 15. The Variation of the Carbon-Oxygen Ratio of Nb--l$ Zr as 
a Function of the Test Temperature at I.O-' and I O w 7  torr. 
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the f a c t o r s  govern-ing t h e  r e a c t i o n  r a t e .  ‘Bieir r*esi-ilt;s a r e  simmirized 

i n  F igs .  16 and 17. Figure 16 shows that, t h e  P and P r e s u l t i n g  

from the deca rbur i za t ion  react ior is  decrease w i t h  t h e  t i m e  of heat; tt-eat - 
nant even though t h e  oxygen pressure I m r e a s e s  . The d.ecarburi zati.on 

r a t e  under condi t ions where suff i c ie r i t  oxygen is a v a i l a b l e  i o  governed 

by the diffusi .on r a t e  of carbon i n  the  alloy. 
rity of carbon i n  tungs t en  increases  with temperat,ure, 2 o  t’ne r a t e  of 

CO gemrat ion  shoiild a l s o  inc rease  w i t h  temperature, as siiom i n  Fig. 17. 
111 t h i s  exa.nipI.e, t h e  generat ion r a t e  of CO approaches a seturatl ion 

value a t  the  h igher  temperature,  sirice the  r a t e  is now governed by the 

pressure of oxygen - t h a t  is, by t h e  ?-ate of a r r i v a l  of oxygen t o  the 

su r face .  

co co2 

Inasmuch as t h e  d i f f u s i v -  

Subl. imat i on 

T‘ie phenomenon of sub3.imati.on. results from t h e  i n t e r a c t i o n  of 

r e f r ac toxy  al.I.oys wi.th ox id iz ing  Gases t o  form vo1at;ile oxides and. i.s 

t h e r e f o r e  a competit ive rea.cti.on wi.th the deca rbur i za t ion  arid t h e  con- 

tam-ination processes .  The process  i s  complex because the amount and. 

spec ies  of volatile oxides -that a r e  formed depend. on t he  temperature arid. 

the ox ida t ion  precc ,,ure . 
Figures 1.8, 1.9, and 20 i d e n t i f y  t h e  v o l a t i l e  oxide species formed 

by t h e  reactiozls of oxygen with  tungsten,  mQlybdeaum, and tantal .um, 
r e s p e c t i v e l y ,  over a wide range of temperatures .  2J---23 I n  each example, 

{;he generat ion r a t e  of a s p e c i f i c  v o l a t i l e  oxide i s  seer1 t o  be tempera- 

t u r e  depeiident arid t o  pass chnracter i . : ; - t ical~y through. a n?axirniim. 

The decrease i.n the  reaction r a t e s  a t  t e q e r a t u - e s  above those at which 

201. I. Kovenskii, Diffusion i n  Body-Centered Cubic k t a l s ,  American 
Socri.ety f o r  Metals, Metals Park, Ohio, 1964, p. 283. 

21P. 0. S c h i s s e l  and 0. C .  T m l s o n ,  J. Chem. Phys. - 43(2),737-743 - (July 1965). 

22J. B. Berkowitz-%{;tuck 5 &. , J. Chem. Phys. - 39(lO), 2722-2730 - (November 1963). 
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Flg. 16. Pressures of C02 an4 CO a s  a Function of Time Due t o  t h e  
Deca~.buri  z a t i o n  of ‘lkngs1,en with Oxygen. 
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Fig .  1‘7. Generation Rates of CO as a Fclnction of 1/T Due t o  t h e  
Decarburization of Tungsten with Carbon. 
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Fig.  20.  Sub l ima t ion  ol" Tantalum a t  1 .7  X t o r r :  Pressiires 
of V o l a t i l e  Tantalum Oxides as a Function of Temperature. 

t h e  maxima occur i s  a t t r i -bu ted  t o  8 decrease i n  t h e  number of adsorbed 

oxygen atoms a t  the su r face .  

of sublimati.on occurs i n  molybdenum and tungsten i nc reases  with 'ihe 

oxygen p res su re  i.n t he  manner shown i n  Fig. 21. 

note t h a t  molybdenum a-t 'iains i t s  maximurn subI.i.ma-tion r a t e  at a lower 

temperature thaii tungsten.  

The terrrperature a t  whi~ch t h e  naximm rate 

For a griven pressure,  

The subli~mation rates of tungsten and molybdenum a r e  constant  a t  a 

given temperature and p res su re  - t h a t  i s ,  the  ex ten t  of t h e  r e a c t i o n  

inc reases  l i n e a r l y  with time. I n  c o n t r a s t ,  the  sublimation ra te  of 

tantalum v a r i e s  markedly with t i n e .  24 Typical examples of t h e  

241. I. Kovenskj j, Diffusion i n  Body-Cen1,ered _.. Cubic bktal.s, American 
Society f o r  Metal.s, Metals Park, Ohio, 1964, p .  283. 
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Rates of Tungsten and  blybdenurn. 

subl imat ion behavior  a r e  given i n  Pig. 22. 
r a t e  of TaO(g) increases cont inuously with t h e  reacti .on i;l.me -to a 
satirrati .on value (. 

the s o l u t i o n  of oqygen i n  Lantalum and t h e  formatlon of a volati1.e 

oxid-e. When the oxygen p res su re  i s  increased  as i n  Fig. 22(b) ,  addi-  

t i o n a l  oxygen i s  taken  i n t o  s o l u t i o n ;  arid when s a t u m t i o n  i s  reached, 

t h e  sublimati-on rate again becomes cons t an t .  When t h e  temperature i s  
changed as i n  Fig. 22(c )  and (d), a momentary change jn t he  TaO i.nten:;i.- 

In Fig. 22(a )  -Yne genera-tion 

'This behavior r e s u l t s  from t h e  competi t ion between 

L .  bl.es r e s u l t s  from changes i n  t h e  ox;rgen concent ra t ion  on t h e  su r face  
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Fig. 22.  Var i a t ion  of i he  P res su re  of  TaO(g) with Time:  ( a )  on 
F i r s t  Exposure of Tantalum t o  Oxygen; (S) on Increasing Oxygen P res su re  
A f t e r  Attainment of a Steady S t a t e :  ( e )  on Lovering the Temperaiurc 
Af t e r  Attainment of a Steady S t a t e :  and ( d )  on lnc reas inp  t h e  Tempera- 
t u r e  Af t e r  Atiainment of a Steady S t a t e .  

and i n  sol_ution. The sublimztion phenomenon i 7 of minoi- consequence i n  

%ems of m a t e r i a l  l o s ses  i n  t h e  Liormal course of hea t  treatment under 

ul t rahi 'gh vacuum cond i t ions .  But i n  a p r a c t i c a l  a p p l i c a t i o n  i n  whi eh 

the  metal js exposed i o  an oxygen source such as an oxide fxl o r  o t h e r  

ceramic oxides,  t h e  s a t u r a t i o n  of t h e  metal with oxygen and the s u b l i m -  

t i o n  process can, over an extended r e a c t i o n  t ime, be seen t o  D e  a 

p o t e n t i a l l y  s e r i o u s  problem a t  very high temperatures.  

I n t e r a c t i o n  of' Refractory Metals i n  Inert Crases 

I n e r t  gas envlronments a r e  being consldered as the working media i n  

advanced high-temperature power p l a n t s  t h a t  use r e f r a c t o r y  metals.  

Inert, gas environments a r e  also a logical s u b s t i t u t e  for vacuum 
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environments. Unfortunately,  t h e  l a c k  of su f f i c i - en t  d a t a  prec1ud.e.s a 

de - t a i l ed  c h a r a c t e r i z a t i o n  of t h e  i . n t e rac t ions  sirni1.a-r t o  t h a t  p resented  

i n  t h e  prevF0u.s secti .ons.  From some avai-lable da ta ,  it appears  that 

the  parameters t h a t  govern the  i n t e r a c t i o n s  of re f rackory  metals wri.th 

t h e  impur i t i e s  i n  vacua a l s o  apply i n  t h e  case  of t h e  i n e r t  gases ( see  

Table 2 ) .  Some d i f f e r e n c e s  do e x i s t ,  however, and a r e  d iscussed  

q u . a l i t a t i v e l y  below. 

A major disadvantage of t h e  use of an i n e r t  gas i s  t h e  greait 

d i f f i c u l t y  of measuring p r e c i s e l y  t h e  concentrati.on.s of t h e  a c t i v e  

i.rxpurity gases .  For example, i f  t h e  deca rbur i za t ion  of D - 4 3  i s  t o  be 

prevented. dur ing  annea1in.g at 1500°C i n  1 a t m  p re s su re  of i a e r t  gas, 

the perrnj-ssible p re s su re  or" a c t i v e  ga.ses according t o  F ig .  14 i s  

1. x loe8 t o r r .  This concent ra t ion  i.n t h e  i n e r t  gas i s  approximately 

a t m  o r  1-0-5 ppm. It i s  r e a d l l y  apparent  t h a t  impuri ty  concentra- 

t i o n  i n  t h i s  range cannot be de t ec t ed  e a s i l y .  

Exclinding the  t echno log i~ca l  d i f f i c u l t y  of impuri ty  gas ana lys i s ,  

t h e r e  i s  an advantage i n  t h e  s1se of fner-t  gases. According t o  

theory  t h e i r  presence w j I I .  lower t h e  r e a c t i o n  r a t e  between t h e  r e f r a c -  

t o r y  alloys and t h e  a c t i v e  gas impur i t i e s  s i n c e  t h e  impuri ty  gases  

c o l l i d e  with and must, di.ffu.se through t h e  i n e r t  gases t o  reach t h e  a l l o y  

su r face  - that; i s ,  t h e  inc iden t  r a t e  f o r  a given p res su re  of an a c t i v e  

gas a t  t h e  alloy su r face  i s  lower in an  i n e r t  gas t,han i n  a vacuum. 

Ta73l.e 6 compares t h e  r e a c t i o n  r a t e s  of niobium and tantalum i n  

helium, i n  argon, and i n  vacua. Die t o  t h e  d i f f i c u l t y  of ana lys i s ,  

t h e  impuri ty  con ten t s  of t h e  i n e r t  gases f o r  t h e  examples given a r e  

urlknown a t  t h e  t e s t  temperatures .  By conrpari-ng t h e  r e a c t i o n  r a t e s  i n  

the  va r ious  environmen-ts, we can see tha-t  t h e s e  i n e r t  gas environments 

c0rrespon.d t o  vacua i n  the range between loe5 t o  

l x t o r r  is about 1 ppm, t h e  e f f e c t i v e  impuri ty  gas p re s su res  i n  

tkx? argon t e s t s  are cal.cul.ated to be between 

fner t  gases a r e  not u sua l ly  t h i s  pure, we conchded  Lhat t h e  iacj-dent 

r a t e s  of t he  a c t i v e  gases a r e  lowered by t h e  i n e r t  gas.  

t o r r .  Since 

t o  lom4 ppm. Because 
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Table 6. Comparison of ihe Contzmination Rates of 
Niobium and Tsntalum i n  Helium, Argon and Vacua 

....... ~ ._.._ ...I_I.._ .. --..__ 

Reaction Raie Exposure 
Envi conment ( m e  cme2 sec- ' ->  

Test 
Material  

Test  
Temperature 

(hr i ("C) 
.......... __. ... .._. .......... 

982 P\lb 2538 S t a t i c  argon 8 x 
101~0 m 56 St a t  i.c a r son  1 x 10-za 

1.1.50 Nb end. Ta 500 300 p s i  :€e, high 4 x l_O"3b 

= I x 10-5 t o r r  1 x 1 0 - 2 ~  1000 m 5 
veloc i . ty 

0 2  

P = 2 x 1 . 0 - ~  t o r r  

P 
1000 Nb and Ta 1000 Vacuum, 5 x 10-5d 

-. . ....... .... ....... 

"H. E. McCoy and 13. A .  Douglas, "EffecL of Vari.ous Gaseous Contami- 
nants  on t h e  S-trength anit Formabil~i.ty of Columbium," pp. 85-118 i n  
Columbium Metal-, __._I.. ed. by D. L. Douglars and I?. W. Kunz, In t e r sc i ence ,  
New York, 1941. 

bT1. 4 .  Charloi  - - * J .  e t  a1 Corrosion of SLperalloys and Ref'ractory 
ll__l_______ Yetals i n  High 'llemperature Flowing H e l l U g ,  BDWL-SA-?i-??37 ( b r c h  1967). 

CK.  Inougie, "Tke Oxidation of Col.umbium at Low Oxygen Pressures ,  I '  

pp. 64-65 i n  Col.un;bium Metallurgy, _.._ ed .  by D.  TJ. Doug1;iss and 
F. W. Kunz, In t e r sc i ence ,  New York, 1-961. 

1.0m6 T o T T , ' ~  pp. 871-883 i n  ----..-- Refractory Mctals and AlKLoys -. 111: 
Aspects, Vol 30, ed. by Robert T. J a f f e e ,  Gordon 8~ Breach Science 
Publi-shers, New York, 1966. 

fill. Inouye, "The Contaminat:-on oi" RefracLory Metals i n  Vtlcua 3elow 
Applied .- 

Control l ing Gas -&ta l  Reactions 

A gaseous e n v i r o n x e n i  t h a t  i s  i n  zquil  ibrium with the i n t e r s t i t i a l s  

i n  t h e  r e f r a c t o r y  a l l o y  a t  t h e  h e a t - t r e a t i n g  condi t ions i s  probably an 

unat ic ;  Liable t o a l .  Since myny of ilie parameters that, c o n i i o l  t h e  r e a c t i o n  

k i n e t i c s  a r e  now known, however, some p r a c t i c a l  methods can be  employed 

i o  suppress many o f  t h e  undesirable  r e a c t i o n s .  

F i r s i  i s  the geomctry v a r i a b l e  and i t s  inf luence on t h e  exteiit of 

t he  r e a c t i o n .  Experimental d a t a  conclusiveJy confirlaed that t h e  ex ten t  

of contaminat ion uas p ropor t iona l  t o  t h e  surface-to-volume r a t i o  and 

inve r se ly  p ropor t iona l  t o  the  thickness .  Thiih, i f  it i s  known t h a t  non- 

equi l ibr ium cond i t ions  prevail, the surface-to-volume ratio of t h e  rcfrac-  

to ry  a l l o y  shoiild be he ld  t o  a minimum and i t s  t h i ckness  io a maximum. 
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Secondly, t h e  h e a t - t r e a t i n g  condi t ions  should be chosen, i.f 

possibl.e, t o  mi~nimize t h e  degree of equi l ibr ium d i s p a r i t y .  To do t h i s  

it wou.ld be  necessary t o  have gas-metal equi l ibr ium d a t a  and t h e  i n t e r -  

s t i t j . a .1  a n a l y s i s  of t h e  a l l o y .  Data f o r  most a l l o y s  do not ex i s - t ;  

hoiqever, it i s  pointed out  t h a t  maxima. i n  t h e  r e a c t i o n  rates occur a t  

in te rmedia te  temperatures .  Therefore,  t h e s e  temperatures  a r e  not 

d e s i r a b l e .  

Fu r the r  reduct ions  i n  the  i n t e r a c t i o n s  of a c t i v e  gases with refra.c- 

t o r y  a l l o y s  a r e  p o s s i b l e  through the use of p r o t e c t i v e  foil wraps on 
r e f r a c t o r y  meta ls .  Metals t h a t  are t h e  most r e a c t i v e  tom. rd  t h e  a c t i v e  

gases would appear t o  be t h e  s u i t a b l e  choice.  A s  an  exanipl-e, Table 4 

suggests  t h a t  t h e  p r e f e r r e d  f o i l  ma te r i a l s  should con ta in  t h e  more 

r e a c t i v e  e l e m n t  s, such as t itani-um, zi rconium, and hafnium, so t h a t  

t hey  wi1 .1  r e a c t  p r e f e r e n t i a l l y  with the  noxious gases .  

Figure 23 compares t h e  e f f e c t s  of molybdenum, tantalum, and lYb-l$ Zr 

eiivelopes on t h e  ex ten t  of contamination of Nb--.l_% Z r  a t  2.7 x loB7 t o r r  

f o r  1000 h r  ( r e f .  25 ) .  These d a t a  show t h a t  f o i l  wraps markedly reduce 

t h e  ex ten t  of contanii na t ion ;  note ,  however, t h a t  t h e i r  e f f i c i e n c y  with 

r e spec t  t o  minimizing t h e  ex ten t  of contamination was i n  t h e  order  

molybdeninm, tantalum, khen Nb-l$ Z r ,  which i s  t h e  reverse  of t h e  o rde r  

of t h e i r  r e a c t i v i t y  according t o  Table 6. FYrther eva lua t ion  of t h i s  

technique showed t h a t  t h e  e f f e c t i v e n e s s  of p r o t e c t i v e  envelopes was 

independent of t h e  f o i l  composition b u t  dependen-t on t h e  ex ten t  of t h e  

l e a k s  i n  t h e  seams of t h e  envelope. Therefore,  t he  functiori  of a foil 

idrap i s  not t o  g e t t e r  t h e  a c t i v e  gases bu t  t o  se rve  as a phys ica l  b a r r i e r  

t o  t h e  inc iden t  noxious gases .  This concept of p r o t e c t i v e  f o i l s  

n e c e s s a r i l y  r e q u i r e s  t h a t  t h e  s t i c k i n g  p r o b a b i l i t y  must be low as vas 
shown t o  be t h e  case  i n  an e a r l i e r  s ec t ion .  

The dominant presence of carbon monoxide i n  t h e  h e a t - t r e a t i n g  

envi-ronment, t h e  prevalence of oxygen contamination, and t h e  observed 

phenomenon of decarbur iza t ion  above 1200°C and 1 x 
Figs .  14 and 15) i n d i c a t e  t h a t  t h e  oxid iz ing  gases  a r e  t h e  most 

t o r r  ( s ee  

25H. Inoilye, "The Contamination of Ref rac tory  Metals i n  Vacua Below 
Torr, " pp. 871-883 in Refrac tory  kktals and Alloys 111: 

Aspects, Vol 30, ed. by Robert 1. J a f f e e ,  Gordon kk Breach Science 
Publ i shers ,  New York, 1966. 

Applied 
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Fig .  23.  Influence of F o i l  Wraps on Reducing the Contamineti.oo 
of Nb--7.% Z r  a t  2.7 x t o r r .  

aggress  ive ac Live eases with r e spec t  i o  t h e  refract ,ory a l l o y s .  Perkins  

and LyttonZ6 were successful  i n  preventing deca rbur i za t ion  o r  r e s t o r i n g  

t h e  carbon content of molybdenum a l l o y s  during atiiieali ng by introducing 

low-pressure C H 4  i n t o  t h e  vscuum environment. On t h e  o t h e r  hand, 

CR4 has been used t o  rer?uce t h e  ex ten t  of oxygen coniamination of 
TZM ( r e f .  25) as shown i n  Fig.  24.  

6 x lom7 t o r r  iwas czpable of lowering t h e  ex ten t  of i h e  oxygen contami- 

na t ion  a t  a base p re s su re  of 2 x loa7  t o r r  by a f a c t o r  of approximately 

3 a t  1200°C but, wzs not e f f e c t i v e  i n  pi-eventing deca rbur i za t ion  of t h e  

alloy. 

These da t a  show t h a t  CH/> a t  

Summary and Conclusions 

A review of t h e  published d a t e  shows t h a t  t h e  i n t e r a c t t o n s  of  

r e f r a c t o r y  a l l o y s  based on niobium, tantalum, molybdenum, and tungsten 

*%. A. Perkins  and J. L. Q t t o n ,  Effect  of Processing Vai-jabler, on 
t h e  S t ruc tu re  and P r o p e r t i e s  of Refractory Met,-sls, -. P a r t  I, 
AFML-733-65-234 ( J u l y  1965). 
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Fig.  24. Effec t  of CH4 on t h e  Oxygen Contamination of TZM. 

with t h e  a c t i v e  g m e s  i n  vacua and i n e r t  gas environments can be 

grouped lint0 processes  t h a t  r e s u l t  1:.n contamination, degassing, decarbu- 

r i z a t i o n ,  and sublimat5.m o f  the r e f r a c t o r y  a l l o y  as v o l a t i l e  oxides.  

From 600 t o  2000°C these  react?-ons occur i n  t h e  pressure  range between 

los3 and 10-l' t o r r  without, t h e  formati.on of a sur face  r eac t ion  product.  

Tine ex ten t  and kinebrics of t hese  r eac t ions  are governed precj-sely by 

t h e  degree of equi1ibriu.m d i s p a r i t y  - t h a t  i s ,  -the devia t ion  of t h e  
i n t e r s t i t i a l  concentrat ion of t h e  a l l o y  from the  concentrat ion t h e  

alloy would have when equi l ibr ium ts obtained at, a given tempera-tire 

and pressure .  

For t h e  Contamination process, t he  r eac t ion  r a t e  is given by 

Qa = aQi, where a i.s t h e  s- t icking p r o b a b i l i t y  and Q i  i.s t he  inc ident  
r a t e  of t h e  gas a t  t he  alloy sur face ,  

i i icident gas renc-ts with r e f r ac to ry  a l l o y s  a t  high temperatures - t h a t  

is, a has a maxlmun value of approximately 0.10. Since t h e  r eac t ion  

proceeds toward equi l ibr ium, Q: i n i t i a l l y  i s  a maximum f o r  a given 

temperature and pressure  but  decreases  a.s equilibri-um i s  approached i n  

I n  general ,  less than  10s of t h e  



accordance wi-Lh t h e  eii ipirical  r e l a t i o n s h i p  G! =: a, (3. .... CJC,), where 

a, is t h e  s t i c k i n g  p r o b a b i l i t y  f o r  a n  i n t e r s t i t i a l  fyee a l l o y  and C, 

and Ce are t h e  mean and equ i l ib r ium i - n t e r s t i t i a l  conten t ,  r e s p e c t j v e l y .  

The e f f e c t s  of p re s su re ,  temperature,  r e a c t i o n  t ime, and a l l o y i n g  

coniponents on t h e  r e a c t i o n  kinet , ics  are explained i n  terms o-f" t 'nis 

r e l a t i o n s h i p .  

A deca rbur i za t ion  process resu . l t s  from an oxida-Lion r e a c t i o n  -t;hat, 

produces carbon monoxide as t h e  r e a c t i o n  product and. i s  encountered 

above 1200°C and appr.oximate1.y lo-' t o r r .  

p ropor t iona l  t o  t2ie diffusi .on r a t e  o f  carbon i n  t h e  a l l o y  a t  t h e  low 

temperatures  and i n  t h e  presence of s u f r i c i e n t  amounts of oxygen, bu t  a-t; 

h i  gh temperatures  i s dependent on the oxygen pressure .  

The decarbur?za t ion  r a t e  i s  

Sublimation of r e f r a c t o r y  alI.oys as vo1atj.l.e oxides resillts from 

t h e i r  i ~ n t e r a c t l o n  wi th  oxidizi i lg  gases  a-i the  h igher  temperatures  and 

i s  a competi t ive r e a c t i o n  wi.th tile deca rbur i za t ion  and contamination 

processes. The r e a c t i o n  rates inc rease  with p re s su re  but c h a r a c t e r i s t i -  

c a l l y  go through maxima f o r  a given pi-essure as t h e  t e n p e r a t u r e  i s  

increased .  For each metal-oxygen r eac t ion ,  s e v e r a l  v o l a t i l e  oxide 

spec ies  are  formed. 

The contamina-tion rates of r e f r a c t o r y  a l l o y s  by the  a c t i v e  gases  i n  

helium and argon are eqiuivalent t o  the ra tes  observed i n  vacua i n  t h e  

range loL5 t o  

ab le  t h a t  i n e r t  gases  s i g n i f i c a n t l y  lower t h e  inc iden t  r a t e  of t h e  

a c t i v e  gas a t  the a l l o y  sur face ,  as pred.ic-Led by theory.  

- t o r r .  It appears from t h e  experimental  d a t a  a v a i l -  

Tne p r i n c i p l e s  governing the  reacti ion k i n e t i c s  suggest t h a t  t h e  

e x t e n t  of t h e  s e v e r a l  r eac t ions  can be  reduced by mi.ni~mizitig t h e  su r face -  

to-volume r a t i o  and s e l e c t i n g  h e a t - t r e a t i n g  condi~t ions  t o  minimize t h e  

degree of equilibrLum dispar i t iy .  

success fu l  a r e  t h e  use of pro-Lective foil envelopes and Lhe use o f  low- 

p res su re  CH,, t o  neu - t r a l i ze  the oxi.dizing gases"  

Other  techniques t h a t  have been 
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