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C O N T N N A T I O N  OF REFRACTORY METALS BY RESIlWAL GASES 

VACUUMS BELOW TORR 

H. Inouye 

ABSTRACT 

The contamination of niobium, molybdenum, tantalum, 
Nb-l$ ZT, FS-85, D-43, Cb-752, T724, and T-311 r e s u l t i n g  
from t h e i r  extended exposure t o  t h e  r e s i d u a l  gases i n  high 
vacuums w a s  measured by chemical analyses.  This contami- 
na t ion  was charac te r ized  i n  terms of t h e  system pressure ,  
m e t a l  temperature, exposure time, meta l  surface-to-volume 
r a t i o ,  and alloy composition. A second phase of t h e  study 
was concerned with developing techniques f o r  lowering the  
contamination of N&l$ Zr with  r e f r a c t o r y  m e t a l  envelopes, 
vapor-plated molybdenum, and i n t e n t i o n a l  addi t ions  of n i t r o -  
gen or C& t o  vacuum atmosphere t o  counterac t  t h e  noxious 
gases. 

The r e s idua l  gases i n  t h e  vacuum system opera t ing  
a t  pressures between 
hydrogen, HzO, CO, CHq, ni t rogen ,  and CO;?. The oxid iz ing  
gases a t  these  pressures  caused s i g n i f i c a n t  amounts of 
oxygen contamination of t h e  above a l l o y s  when heated for 
1000 hr between 600 t o  1200°C. Although ca rbur i za t ion  
also occurred, a competing carbon-oxygen r eac t ion  became 
important a t  t h e  h igher  temperatures and caused decar- 
b u r l z a t i o n  of some of the a l l o y s .  The presence of 
t i t an ium,  zirconium, and hafnium i n  t h e  above a l l o y s  
promoted oxygen contamination while add i t ions  of tungsten 
and tantalum had no in f luence .  
contaa ina t ion  was not a problem. 

and 10'' t o r r  were mainly 

Hydrogen and n i t rogen  
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Refractory mztal  envelopes e f f e c t i v e l y  s t a b i l i z e d  the  
carbon content of Nh-l'$ Zr but m:ee e r r a t i c  i n  t h e i r  a b i l i t y  
t o  lower t h e  oxygen contamination. 
< 5 X i n .  t h i c k  produced by t'ne reduct ion of M O C I . ~  pro-  
vided complete p ro tec t ion  of tile a l l o y  up t o  1.062"C. hw 
concentrat ions of CHtk added t o  t h e  residu-a1 gases i n  t h e  
vacuum system lowered t h e  oxygen contamination of TZM and 
niobium. 

Mol.ybdeilwn depos i t s  

It w a s  concluded t h a t  t h e  contaninat ion of r e f r a c t o r y  
metals w a s  controlled.  by f oux test  va r i ab le s  : pr?ssure, 
temperature, t i n e ,  and szmple th ickness  . For t h e  -temperature 
ranee i -nvest igated,  t he  maxLrnuTn permissib1.e pressures  are 
est imated t o  be near  lom9 torr f o r  t h i n  metal.. s ec t ions  
exposed f o r  extended per iods.  Through the  add-i t ionsl  use of 
second.ary con t ro l  measures, suxh as metal  b a r r i e r s ,  metal  
sur face  deposi-ts,  and gas addi t l o n s  .Lo t h e  r e s i d u a l  gases ,, 
t h e  permissible  atmospheres for niobium and tantalum 
a l l o y s  cou1.d be expanded t o  h igher  impurity concentrat ions 
and environments of i n e r t  gases .  Furthermore, t h e  present  
r e s u l t s  i nd ica t e  t h a t  i.t may be f e a s i b l e  t5 control. t he  
i n t e r s - t i t i a l  content  ol" t h e  a l l o y s  du_ring hea t  t reatment  
with s u i t a b l e  gas additions. 

INTROLaTCT TON 

The i n t e r s t i t i  a1 el.ei-nents, oxygen, carbon, ni t rogen,  and hydrogen, 

i n  refrac-Lory metals a r e  now accepterl as important cons t i t uen t s  i n -  

f luenc ing  t h e i r  mechanical p rope r t i e s .  S ign i f i can t  advances i n  t h e  

technology of con t ro l l i ng  i n t e r s t i t i a l s  have been made i n  connection 

with melting and f a b r i c a t i o n  v h i l e  concern over i n t e r s t i t i a l  cnntrol.. 

dur ing extended se rv ice  a t  e leva ted  temperature has not  been emphasized 

unt  i 1 r e  cent l y  . 
Currentl.y, high vacuums a r e  used to  p ro tec t  r e f r a c t o r y  mzta1.s a-t 

e l eva ted  temperature ; however ,, t he  tendency f o r  t hese  me"ia1s t o  be 

contaminated by t h e  resi-dual  gases i n  vacuum systems I s  well known by 

inves t iga to r s  i n  t h e  f i e l d .  Beyond this observat ion,  t he  var iab7.e~ 

which inf luence the  ex ten t  of contamination have not  been documented.. 

It w a s  t h e  purpose of this invest iga, t ion t o  measu.re t h e  exf,eni. 
of gaseous contamination of several a l l o y s  of i n t e r e s t  rez-,il t ine;  from 

t h e i r  extended exposure t o  vacuums below 10- ' t o r r  and t o  cha rac t e r i ze  

t h i s  contamination i n  terms of t he  alJ.oy composition and the t e s t  



3 

condi t jons.  A second objec t ive  was concerned with explor ing techniques 

f o r  con t ro l l i ng  contamination by i n t e r s t i t i a l s .  
This r epor t  p re sen t s  t he  r e s u l t s  of a study of the  contamination 

c h a r a c t e r i s t i c s  of molybdenum, TZM (Mo-o.5$ Ti-0.07$ Z r )  , niobium, 

e l %  Z r ,  D-43 (Nb--lO$ ;S-l$ Zl-0.14 C ) ,  Cb-752 (Nb-lO$ W2.5% Z r ) ,  
FS-85 (Nlr27$ Ta-lOZ W-1% Z r ) ,  tantalum, and T-111 (rCa-8$ 

the  range 690 t o  12OO0C, pressures of 

up t o  1000 h r .  

vapor-plated molybdenum, and i n t e n t i o n a l  low-pressure gas addi t ions  on 

con t ro l l i ng  the  contamination of molybdenum, TZM, niobium, tantalum, 

and Nb-l$ Z r .  

Hf+) i n  

t o  torr, and test t imes 

Data a re  a l s o  presented on t h e  inf luence o f  f o i l  wraps, 

The me-thocl used t o  measure contamination w a s  chemical analyses. 

Specimen weight changes w e r e  a l s o  determined t o  ind ica t e  whether bulk 

t r a n s f e r  (e.g.j evaporation) of spec ies  o the r  than the  gases had occurred. 

Both hardness and mechanical property changes were considered t o  be 

un re l i ab le  clue t o  t h e  known aging tendencies of r e f r a c t o r y  metals and 

also undesirable  because t h e  measurements were incapable of i den t i fy ing  

the  s p e c i f i c  contaminants. 

The tes t  apparatus consis ted of a 2 1/4-in. -diam porce la in  tube 

which was heated by a r e s i s t ance  furnace.  Vacuum and access p o r t s  of 

pyrex were fused t o  t h e  open ends of the  porce la in  tube. The system 

w a s  cold trapped with Liquid ni t rogen and pumped by a 25 l i t e r l s e c  

g l a s s  o i l  d i f fus ion  pump, backed up by a 15 l i t e r / s e c  metal d i f fus ion  

pump and a mechanical pump. Following system bakeouts with f l e x i b l e  

hea te r  tapes ,  pressures  of 5 X lom8 t o r r  could be a t t a i n e d  a t  12OO0C 

during a r u n .  
Mechanically pol ished shee t  specimens, 1/2 X 3/4 i n .  and up t o  

0.040 i n .  t h i ck ,  were wired with tantalum t o  a 1 1/2-in.  - d i m  inner  

porce la in  tube which was perfora ted  with fou r  rows of 1/4-in. - d i m  

holes a t  1-in. i n t e r v a l s  along its 113-in. l ength .  To minimize t h e  

temperature grad ien t  o f  a specimen, each specimen was wired t o  the 

holder with i t s  1/2-in. dimension i n  t h e  d i r e c t i o n  of t he  tube a i s .  
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The s,pecimen holder  w a s  then  pos i t ioned  i n  the furnace tube such 

t h a t  t h e  specimen l o c a t i o n  i n  t h e  n a t u r a l  temperature g rad ien t  of t he  

furnace w a s  known wi th in  1/8 i n .  Temperatures w e r e  measured with a 

t r a v e l l i n g  Pt vs Pt--LO$ IZh thermocoupJ.e i i l  a, porce la in  thermocouple 

p ro tec t ion  tube which exLend.ed throughout t he  length  o f  the hat zone 

on i t s  a x i a l  cen ter  line. T h i s  desi.gn permit ted t h e  t e s t i n g  of up t o  

GL specimens between 600 t o  1200°C i n  a sing1.e run. 

System pressures  were measured with a IC-75 Veeco ion iza t ion  gage 

a t  leas t  twice i ia i ly .  Knen it was des i r ed  t o  maintain a pressure  

higher  than  t h e  minimurn f o r  t he  sys ten ,  t he  pumping speed was rzduced 

by lowering t h e  power input  t o  t h e  d i f f u s i o n  pumps. 

gas addi t ion  w a s  required,  it w a s  b l ed  i n t o  t h e  system through a high 

vacuum valve. The repoyted test pressures  were computed by dividirrg 

the s a m  of t h e  instantaneous pressure  times t h e  time i n t e r v a l  between 

readings by the  t o t a l  exposlue tiiiie. 

Tdien an i n t e n t i o n a l  

The cornposttion of t he  r e s i d u a l  gases i n  the vacuum system w a s  

determined by adsorpt ion on Unde  1% z e o l i t e  or ac t iva t ed  charcoal  a t  

-1.95"C, r e l eas ing  the gases by hea'cling t o  300°C i n t o  a pyrzx a.mpoule 

with proper valving, then  analyzing t h e  sample with a m a s s  spectrometer.  

For the system pressures  inves t iga ted ,  gas c o l l e c t i o n  per iods of about 

200 hi- gave sample pressures  between 0.2 t o  1.0 torr. 

RESULTS EiND DISCUSSION 

P a r t  1.. Contamination Charac t e r l s t i c s  of Refractory Metals 

Composition of t h e  Residual I_ Gases 

The compositions of -the r e s i d u a l  gases i.n the sys-tern containing 

20 Nb-l$ Z1- specimens between SO0 t o  1200°C and pressures  of 1..0 x lo+, 
1..0 x IOm6, and 3.0 x lo-'? t o r r  are shown i n  'Table 1. 

show t h a t  t h e  major componenks were hydrogen, 1120, and n i t rogen  pl.us CO. 
The l a r g e r  di .ffercnce no-Led i n  t h e  hydrogen and t h e  hydrocarbon contents  

i n  t h e  ana lys i s  f o r  gases  a t  3 x lom7 t o r r  compared t o  those for 

pressures  0-T I-O+ and lom6  torr was probab1.y a r e f l e c t i o n  of t h e  d i f f e r -  

ence i n  t h e  a-dsorbing abi. l i t ies of ac t iva t ed  charcoal  and z e o l i t e .  

These analyses 



5 
P 

Table 1. Composition of Residual Gases 
i n  a Vacuum System 

Average G a s  Species Composition ( v o l  $) 

Wdrogen 

CQ 

H2O 
Hydrocarbon 

Nitrogen p lus  
co 

Oxygen 

co2 

( t o r r )  

44 

4.4 

18.0 

6.2 

21.4 

1 .o 
5.0 

( t o r r )  

61 

0.2 

7.3 
5 . 1  

24 

0.16 

2.2 

( t o r r )  

4 .8 37 

3.1 2.6 

13.7 13 

36.5 16 

34 26 

0.8 0.65 

4.8 4.0 
_ _  - _~ 

%esidual  gases adsorbed on ac t iva t ed  charcoal  a t  
-195 "C. 

'Residual gases adsorbed on Linde 1% z e o l i t e  a t  
-195 "C. 

These analyses were considered t o  be only approximations due t o  the  

sampling method used and were not ca r r i ed  out i n  a l l  t he  tests f o r  

t h i s  reason. 

Assuming t h a t  these  analyses were representa t ive  of t h e  t e s t  

atmosphere, it i s  seen t h a t  t h e  r e s i d u a l  gases could cause oxygen, 

ni t rogen,  hydrogen, and carbon contamination of t h e  a l loys .  

Ef fec t  of t h e  Metal Surface-to-Volume Rat io  

The sorp t ion  of t he  r e s i d u a l  gases by t h e  heated metal  specimens 

mrty be cont ro l led  by the  k i n e t i c s  of t he  so rp t ion  arid d i f f u s i o n  pro- 

cesses o r  by t h e  attainment of equi l ibr ium between the  gases and the  

metal  i f  given s u f f i c i e n t  t i m e .  If contamination i s  governed by 

r eac t ion  k ine t i c s ,  t he  ex ten t  of contamination would be dependent on 
tlte metal  surface-to-volume r a t i o .  If gas-metal e q u i l i b r i a  descr ibe  

the  s i t u a t i o n  after extended exposure, then  the  ex ten t  of contamination 

would be independent of t he  su-dace-to-volume r a t i o .  
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SEtt-ing AC represent  t h e  increase  i n  t h e  coacentrat ion of the gas 

i n  t h e  mztal  of v-ol.ume, V, and surface area, A, and assiming non- 

equi l ibr ium condi t ions ( i . e . ,  t h e  k i n e t i c a l l y  con t ro l l ed  case) :  

m - A / V  - l / X  . (1) 

For metal thicknesses  of X1 and Xz ( the  th ickness ,  X ,  i s  assuned t o  be 

<< width and length ;  t he re fo re  X = th ickness  of a shee t  o r  thin-i.rslled 

tube), t h e  corresponding values of AC1 and are r e l a t e d  by Eq. ( 2 ) :  

The measured contamination of specimens 0-T Nb-l$ Zr ranging i n  

th ickness  from 0.020 t o  0.04@ i n .  cxprsssed a s  percent  increase ,  con- 

tamj.nation r a t i o ,  a,nd by weight p e r  u n i t  of area a r e  t abu la t ed  i.n 

Table 2. An examrination of t h e  d a t a  c l e a r l y  show t h a t  At! depended on 

A/V - 1/X (surface-to-volume rat5.o) and t h a t  equi l ibr ium w a s  not  

a t t a i n e d  f o r  times approaching 1000 hl-. 

I n  order  t o  compare t h e  ex ten t  OP contaminatjon of refrac-Lory 

mekals f o r  t h e  va r io ix  t e s t  condi t ions employed, it w a s  necessary t o  

express t h e  contamt.nation on a uni . t  of area ( e . g . ,  mtg/cm2) basis 

i.f expressed on a weight basi.s (e.g., ppm) , Lo normalize the  data t o  

equal  metal th icknesses .  I n  t h i s  s tudy the chemistry changes i.n t h e  

specimens i n  weight percent  were converted t o  mill igrams per cen-ti-  

meters squared from a knowledge of Lhe specimen a z a s  and weights. The 

contamination if  expressed on a weight b a s i s  (ppm) was computed by 

d iv id ing  the  s p e c i f i c  weight change (mg/cm2) by the  weight of metal. 

having t h e  dimensions I X 1 X 0 .1  cm tloi-ck. The normalized da ta ,  

t he re fo re ,  represent  the conta.mi.nation from one s i d e  of a metal  specimen 

0 . 1  ern (0.03% i n . )  t h i c k .  

o r ,  

To account for the  deposition and/or evaporation of' ma, te r ia l  o the r  

than  t h e  gaseous contaminants, t h e  contamina-Lion w a s  measured by w e i  gh-t 

changes as well as by chemistry changes. A s  shown i n  Table 3, these  
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Table 2.  The E f f e c t  of t h e  Specimen Thickness on the Contanination of W l $  Z r a  

Weight Increase b Test Specimen Thickness Contanination 
Temp ( In . )  i* $1 Ratio em (m/ 2) 

( “e> x1 x2 AC 1 A22 mx1 nc,/ac2 X1 x2 

856 0.0201 

988 0.0200 

0.0391 0.0724 0.3378 1.94 1.91 G .  138 0.132 

0.0308 0.0966 0.0f346 1.54 1.50 0.185 0.183 

1081 @.020@ 0.0384 0.1396 0.0696 1.92 2.01 0.266 0.243 

1135 0.0198 

1201 0.0197 

G.0393 0.1506 0.0766 1.98 1.97 0.292 0.27L 

0.0382 @.2LG 0.1354 1.94 1.72 @.54@ 0.552 

984 hr a t  5.6 x t o r r .  a 

bSum of oxygen, carbon, and n i t rogen  contamination. 
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Table 3. A Comparison of t h e  Conta.minatlon of Nb--l$ 7,r 
by Weight Change nnrl by Chemical Analysisa 
- - . . ~ ~ ~ . . ~  _I ~ 

T e s t  By Weight Ry Chemical 
Temperature Change Analysis 

( "C> ( PPffl) (PW> 

578 -2 1 15 

744 40 58 

896 40 105 

100 9 195 192 

1130 252 254 

11 82 482 287 

1.190 492 404 
---._. ._...._.-. 

1000 111- a t  2.7 x 10"~ t o r r .  a 

e f y e c t s  were 1ieglj-gibl.e s ince  weight changes arppeared t o  be mainly due 

t o  i n t e r s t i t i a l  changes. The d a t a  contained. i n  t h i s  r epor t  are based 

on chemical ai?al.yses normalized as described. above. When t h e  specimen 

th ickness  i s  given, t he  contaainat ion on a weighb b a s i s  i s  from both 

s ides .  

E'fect of flllov Comoositi on and TemDeYature 

A comparison of t h e  t o t a l  chemistry change of iVb-l$ Zr, niobium, 

tantalum, and molybdenum resu?.ting from t2iei.r exposure t o  the r e s i d u a l  

gzses f o r  1000 hr at 2.7 x lo'*' t o r r  i s  iiiade rin F ig .  1. 

630 "C , contarninstion war, neg l ig ib l e  f o r  a1.l. compositions. 

t he  d i f f e rences  i n  t h e  r e a c t i v i t y  of t hese  metals became apparent and 
were observed t o  decreasc i n  t h e  order  IV!F~$J Zr, niobium, -tantal.u:m, and 

molybdenum. 

Up t o  about 

Above 600 "C 

The cont r ibu t ion  of t h e  specif i -c  contami.na,nts t o  t h e  t o t n l  contami- 

na t ion  of Nb-l$ Z r  i s  shown i n  Fig, 2.  

t i o n  accounted f o r  over 80% of t h e  t o t a l ,  while carbon contamination 

essent-i .al ly accounted f o r  the balance-  Table 4 compares t h e  chemistry 

changes i n  molybdenun, ta.[i-talum, and niobiuua u:c*d.er t h e  same condi t ions 

and shows t h a t  molybdenw, w a s  p u r i f i e d  vhi1.e oxygen w a s  t h e  p r i n c i p a l  

contaminant oP tanta1.im and riiobi.um e 

I n  t h i s  t e s t ,  oxygen contamina- 
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Y'able 4.  Tba Contarninat"Lon of Molybdenum, Tantalum, 
and Njobium by llesidual Gases i a  1000 h r  a t  3.7 x t o r r  

Chemistry ~ h a n g e ~ ' ~  (ppm) .._i._____l Tenperatiire 
("C> Lx) A?? AC 

7 5  7 -66 < -1 -4 
916 4 < --I -4 
1023 -10 < -1 -G 
1088 -9 < -1 c. 

11-33 Jl < -1. -5 
1195; -2 < .-.-I 

-3 

-6 
Tantalum 

757 
91.6 
1023 
1088 
1133 
1195 

Nj.obium 

578 
74.4. 
896 
1009 
1130 
1190 

-7 
7 
14 
13 
14 
29 

12 
16 
39 
62 
35 
93 

< -1. 
< -1. 

0 
-2.. 
-3 
-1. 

-2 
17 
-5 
-3 

-1. 3 
--I 

-4 
0 
15 
12 
0 
8 

a Data normalized, actual chemistry change between 2 .5  to 
4 times above values. 

bm w a s  approximately -1 ppm. 
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The s i g n i f i c a n t  increase in t h e  r eac t - iv i ty  of N b l $  Z r  by- a f a c t o r  

of about 3 over unalloyed ni.obium was undoubtedly due t o  t h e  zirconium 

i n  t h e  a l l o y .  To f u r t h e r  c l a r i f y  t h e  inf luence  o f  zirconium on Yne 

r e a c t i v i t y  of niobium alloys, binary  niobium-zirconium a l l o y s  containing 

0.62, 1.03, and 2.63 w t  3 Zr were t e s t e d .  

'these a l l o y s  r e s u l t i n g  from a n  exposure of 501 h r  at 1.0 x t o r r  

d i d  riot show a c l e a r  dependence on t h e  zirconium content according t o  

t h e  data presented  i n  Table 5. These r e s u l t s  i n d i c a t e  t h a t  as l i t t l e  

as 0.6 w t  3 Zr i s  s u f f i c i e n t  t o  markedly inc rease  t h e  r e a c t i v i t y  of 

ni.obiwn a l l o y s .  

The oxygen contamination i n  

The contarnination c h a r a c t e r i s t i c s  of t h e  more complex a l l o y s  a re  

ind ica t ed  i.n Tables 6 and 7. 
vacuu~ns w a s  confirmed, as shown i n  Table 6 ,  while TZM w a s  contaminated 

with oxygen a t  a l l  temperatures.  An abrupt i nc rease  i.n the oxygen 

contamination from 60 ppm t o  over 300 pprn occurred. i n  TZM between 1100 
.to 1.200 "C. 

of t h e  a l l o y  i n  bend tests a t  room temperature. The increased  suscep t i -  

b i l i t y  of TZM f o r  oxygen contamination. w a s  concluded t o  be due t o  t h e  

t i t an ium and zirconium i n  t h e  a l l o y .  

w i l l .  c l e a r l y  show tha,t decarbur iza t ion  increased  i n  s e v e r i t y  wi th  t h e  

oxygen contaxinution. This aspec t  of contamination w i l l  be discussed 

i n  Put 2 of t h i s  r e p o r t .  

The p u r i f i c a t i o n  of molybdenm i n  high 

This contarnination w a s  confirmed by t h e  b r i t t l e  behavior 

Examination of t h e  d a t a  on TZM 

The oxygen contaminations resul. t ing f r o m  a 9132-ktr exposure ~f the  

advanced tantalum and niobium a l l o y s  a t  a n  average pressure  of 

7.2 x lom8 t o r r  are compared i n  Table 7. 
contamination between t h e  a l l o y s  when expressed as "parts  p e r  million" 

w a s  mainly due t o  the dens i ty  v a r i a t i o n s  of t h e  all.oys. A more accura te  

and r e p r e s e n t a t i v e  comparison can be made using t h e  weight change d a t a  

(computed from t h e  anal.ysis) which i s  independent of t he  a l l o y  dens i ty .  

With a few exceptions,  t h e r e  appear t o  be no s i g n i f i c a n t  d i f f e rences  i n  

t h e  r e a c t i v i t y  of t h e s e  a l l o y s  on t h i s  basis. 

The r a t h e r  wide range of 
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Table 5. The E f f e c t  of Zirconjum Content 
on the  Oxygen Contamination of Niobium-Zi rconiim A1 loys 

T e s t  
Tempera Lure 

( "c> 
761 0.0202 0.035 0.048 
929 0.0287 0.050 0.079 
1053 0.0254 0.072 0.059 
1.133 0.0860 0.127 0.068 
1172 0.12% 0. J-36 0.070 
1197 0.143 0.170 0.162 
1205 0 -230 0.258 0.183 

T e s t  condi t ions:  501 hr a t  1.0 x t o r r .  a. 

Table 6. The Contamination of 0.020-in.  Molybdenum 
and TZM Sheet i n  1000 hr a t  2.4 X lom7 t o r r  

I n t e r s t i t i a l  Content Change i n  lnterstitials 
Temperature Oxygen Carbon A0 Ac 

( "C> (PP4 ( P P 4  (PPm) ( PP4 

Molybdenum 

con t ro l  
914 
10 3 2 
110 9 
11%1 
1196 

TZN - 
con t ro l  
740 

1032 
1109 
1193 
1196 

9 14 

77 
61 
49 
63 
86 
68 

10 
51 
48 
65 
62 
330 
350 

50 
20 
20 
70 
20 
20 

180 
240 
210 
15 0 
90 
60 
40 

- - I  

-16 
-2% 
-17 
4-9 
-9 

41 
38 
55 
52 
320 
340 

--- 
-30 
-30 
4-20 
-30 
-30 

--- 
60 
30 
-30 
-90 
-120 
-140 



Table 7. Oxygen Contamination of Niobium and Tantalum Alloys 
After 902 hr at 7.2 x lo-' t o r r  

Test 
Temper a t i x e  

( " C )  -1% Zr T-111 FS-85 Cb-752 D -43 

Weight Increase (mg/cm 2 ) 

--- --- --- --- 0.036 964 
1018 0.082 0.026 --- 0.062 0.053 
1129 0.099 0.060 0.076 0.093 0.120 
1187 -..- --I --- 0.286 --- 
1195 0.146 0.132 0.151 --- 0.137 

a Oxygen Increase (pp m ) 
--- --- --- - -"  34 964 

1018 95 15 69 58 
1129 11 5 36 71 103 132 
118 7 --- -- --- 317 --- 
1195 171. 79 142 --- 150 

Normalized; d e n s i t i e s  of alloys u s e d  i n  calculation: 

I-- 

a 

-1% Z r  - 8.57; T-111 - 16.7; FS-85 - 10.6; Cb-752 - 9.02; 
D-43 - 9.08. 
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I n  comparing t h e  oxygen contamination between Z r  and D-43 

and between FS-85 and D-43, it w a s  concluded tinat 10 w t  $ W and 

27 wt $ Ta i n  niobium have l i t t l e ,  i f  any, e f f e c t  on the r e a c t i v i t y  of 

t h e  a l l o y s .  By compa;sing the contamination i n  D-43 wlth Cb-752, it i s  

suggested t h a t  increas ing  the zirconium content  from 1. to 2.5% s i g n i -  

f ican . t ly  increases  t h e  oxygen contamination - an effect  .that w a s  not 

observed f o r  t h e  b inary  niobtum-zirconiim al.l.oys. ThTs apparent 

a1ioma.l-ous behavior tni.ght be related t o  the inf luence of t h e  t e s t  

pressure  (1 x 
more t e s t s  would be requi red  t o  show t h i s .  The oxygen contamination 

of T1-ll.l was cons i s t en t ly  lower than the niobium al.I.oys suggest ing 

that hai”niuin i n  tantalum i s  less r eac t ive  than  zirconium i n  niobiim. 

Fur ther  experimen-La.t;ion i s  requi red  t o  prove t h i s  po in t .  

vs 7 x l o m g  t o r r ) ;  however, t h e  d a t a  are l imi t ed  and 

Eff’ec-t; of Time and Pressure - _ -̂- _I 

From t h e  kinetic theory of gases ,  t h e  mass of gas, G, i nc iden t  upoii 

a u n i t  of siirface area per u n i t  t i m e  i s  given by Eq. (3 ) .  

The increase  i n  t h e  concentrat ion,  AC, of t h i s  gas i n  a metal due t o  

i t s  so rp t ion  by the m s t a l  i s :  

o r  more conveniently f o r  a s h e d  of metal. or- tube contarflTnated from one 

s i d e  

1/2 t 
x l o6  ppm 82.5  W(M/T) AC = - 

XP 
where 

P = gas prcssure ( t o r r )  

M = molecular weight of t he  gas ( g ) ,  

A = area exposed t o  t h e  gas (ern2), 

t = exTosure (h r )  and 

X = specimen thickness  ( i n . ) ,  T - temperature (OK).  

a = s t i c k i n g  pro’uabj 1 i t y ,  

p -- a l l o y  dens i ty  (g/cm3>, 

v = volume of m e t d l  (em3>, 
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. 

For a s p e c i f i c  

Eci. (5) reduces t o :  
metal  exposed t o  a p a r t i c u l a r  gas and temperature, 

kPt AC = - X PPm 

where k i s  a constant  having t h e  dimensions ppm.in./torr-hr and could 

be considered t o  be propor t iona l  t o  t h e  r eac t ion  r a t e  constant f o r  the 

metal.  

The dependence of AC on 1/X has been demonstrated by the  da t a  i n  

Table 2.  To check t h e  dependence of on P and t, the  contamination 

of Nb-l$ Z r  a t  four pressure-time levels  was determined and t h e  atits 
a re  summarized i n  Table 8 .  

not  a func t ion  of t h e  pressure-time product e 

By examinatioq, it i s  apparent t h a t  aC= was 

11 t he  contamination was assumed t o  depend on t(P)1/2, the contami- 

na t ion  r a t i o s  should be i n  t h e  proportions 50:52:74:93. The a c t u a l  

r a t i o s  averaged out  t o  be 32:52 :78 :99 .  

t he  dependence of AC on t(P)1/2 i s  a remmkable resemblance t o  S ieve r t  ‘s 

gas s o l u b i l i t y  l a w ,  C = S(P)1/2, :&ere S i s  the s o l u b i l i t y  l i m i t .  

This may be for tu i tuous ;  however, 

The da ta  i n  Table 8 can ’oe approximated by the  empir ical  expression 

k t  P) 
X N : = -  

The average values of k ca lcu la ted  from the d.ata increased exponent ia l ly  

with temperature according t o  t h e  curves shown i n  Figs .  3 and 4 .  The 

appropriate  expressions f o r  t h e  contamination of Nb-l$ Z r  as 8 func t ion  

of temperature, pressure,  and t i . m e  can be expressed by e i t h e r  of the  

two equat ions l i s t e d  below, depending on the  temperature. 

90.6 t(P)1/2 exp - 5500/RT 
X AC (750-1000°C) = - 

or 

(3) 
6.89 x lo4 t(P)’-/2 exp - ~ , ~ O O / R T  

X Ac (1000-1200°C) = 

where 

K = increase i n  oxygen concentrat ion (ppra), 

t = exyosure (h r )  , 
P = system pressure ( t o r r ) ,  

X = thickness  ( i n . ) ,  and 

T = absolute  temperature. 
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I 1  I h r  exprcssj  ons 

taminat ion of tubing 

from both s ides ,  the  

f o r  E q s .  ( 8 )  and (9) a r e  appl icable  t o  t h e  e m -  

o r  shee-t from one side only.  For contamination 

h s l f  - thickness  s h o i ~ l d  be used. 

Part 2 .  Contamination Control  

n lhere  are a t  I-eas’t t h r e e  methods by which the  contamina-tion of 

r e f r a c t o r y  metals by t h e  r e s i d u a l  gases can be cont ro l led  i n  a s p e c i f i c  

t e s t  (-t;iiickness and. exposure f i x e d ) .  The most obvious method i s  t o  

reduce the  residual.  gas pressure  by the proper design of the vacuum 

system. It i s  expected., however, t h a t  conditi-ons may arise where t h e  

neczssary l o w  pressures  cannot be a t t a i n e d  or are not desirab1.e f o r  

o t h e r  reasons.  

A Second method, which might accortlpl~ish the same end resu1.t as 

high vacuums, i s  t o  wrap t h e  metal  t o  be pro tec ted  with a t h i n  r e f r a c t o r y  

m e t a l .  envelope. When t h i s  technique becomes imprac t ica l  due t o  geonet r ic  

complexities,  vapor-plated metal  coat ings t h a t  are compatible with the  

s u b s t r a t e  metal may be b e n e f i c i a l .  
The t h i r d  method depends upon the neutral . izat ion of t he  noxious 

resl-dual  gases by t h e  add i t ion  of s e l e c t e d  gases a t  low pressures. 

purpose of t h e  gas ad.di-i;ions would. be t o  cause t h e i r  p r e f e r e n t i a l  

so rp t ion  on t h e  rnetal su- face  o r  t o  combine wlth t h e  de l e t e r ious  gases 

t o  form a gaseous r eac t ion  ,product which i s  pumped from the  vacimm 

system. Exploratory experiments on the  last  two methods were conducted 

and. showed some i n t e r e s t l n g  p o s s i b i l i t i e s  as wj .11  be discussed below. 

Inf luence of Refractory Metal _. Barriers on I_.- t h e  Contamination __I. of *l’$ Zr 

I-I; w a s  considered t h a t  metal envelopes surrounding t h e  metal  t o  be 

The 

proLccted would serve as a ge- t te r  f o r  t h e  gaseous contaminants and/or 

as a phys ica l  b a r r i e r .  

t o  absorb t h e  contaminants, t h e  e f f i c i e n c y  ( i n  terms of reducing con- 

tamination) of t h e  var ious metal f o i l s  would be expected to lncrcase  

with t h e i r  r e a c t i v i t y .  If, however, t h e  s t i c k i n g  probabl l.i.ties of t h e  

If the  main func t ion  of -the metal envelope was 



gases on the  f o i l s  a r e  l o w ,  t h e i r  e f f ec t iveness  would increase a s  t h e  

conduct,ance ( l eaks )  of t h e  envelope decreased. I n  the  l a t t e r  case, t h e  

p ro tec t ive  a b i l i t y  of' t h e  envelope would be r e l a t i v e l y  independent of 

t h e  type of barrier used. 

The inf luence of f o i l  wraps of molybdenwn, tantalum, and W l $  Zr 

on reducing the  contamina,tion of I%-%$ Zr a t  2 .7  x 
i n  Fig.  5 .  This t e s t  shoved -that F o i l  wraps s i g n i f i c a n t l y  reduced the 

contamination above 6 0 0 ° C  and became more e f f e c t i v e  as t h e  temperature 

increased.  The p re fe r r ed  envelope metal  appears t o  be molybdenum, 

followed by tantalum, then Ntrl$~ Zr. 

the reverse order of t h e i r  r e a c t i v i t y  (see Fig. 1). 

t o r r  i s  shown 

The order of e f f i c i ency  was i n  

UNCLASSIFIED 
ORNL-LR-DWG 76566R 

500 

400 
h 

E 
5 300 
w 
W z 
6 
6 200 

IG 
5 100 
t- cn 

w 
I 
0 

0 

-100 

TEST CONDITIONS-RUN NO. 4 
DURATION: 1000 hr 
PRESSURE: 2.7 x torr 
A Nb- lZ r  (BARE)  

Ta WRAPPED 
Nb-1Zr WRAPPED 
rdo WRAPPED 

500 600 700 800 900 1000 4i00 1200 
TEMPERATURE ( "C 1 

Fig. 5 .  Influence of F o i l  Wraps on Reducing t h e  Contamination 
of ~ b - 1 4  Zr at 2.7 x 1-0'~ t o r r .  
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Since it appeared t n a t  fo i l .  wraps were b a r r i e r s  r a t h e r  than s inks  

f o r  t he  r e s i d u a l  gases,  care  was taken t o  dup l i ca t e  t h e  wrapping pro- 

cedure i n  subsequent t e s t s .  The f o i l  dimensions i n  the  l a t t e r  exper i -  

ments provided f o r  an overlap of one speclmen width i n  one d i r e c t i o n ,  

while a f o l d  of 1/8 i n .  w m  rnade a t  the  narrow ends. 

The t e s t  results a t  3..0 x t o r r  shown i n  Table 9 were obtalined 

f o r  f o i l  th icknesses  as fol lows:  

0.003 i n . ;  tanta1.m - 0.003 in . ;  and tlmgstell - 0.005 i n .  Based on t h e  

chemistry changes, t h e  f o i l  wraps e f f e c t i v e l y  elimina-Led carbon contami- 

nat ion,  were e r r a t i c  i n  the reduct ion  of t h e  oxygen contaninat ion which 

ranged from a f a c t o r  of 2 t o  98, and appeared t o  be of minor b e n e f i t  i.n 

lowering t h e  n i t rogen  contamination. 

Nb-l$ %r - 0,005 i n . ;  molybdenum - 

Tab1.e 9. The Effect  o f  Foil Wraps on t h e  Contamination 
of Nb-l$ Z r  a t  1 x lo-' t o r r  and 1000 hr" 

Temp Type of F o i l  
( "C> Control Mo T a  W Nb-im 

734-770 25 
902-936 60 
1029-1045 265 
1109-1113 -I- 

115C-1176 215 
1189-1202 90 

724-770 200 
902-936 490 
3.029-1045 4-55 
1109-1113 --- 
11.50-1176 980 
1189-1202 1280 

724170 1 
902-936 1. 
1029-1045 10 
1104-1113 --- 
11.50-1.176 25 
1189-1202 33 

AC (ppm) 

-30 -5 
-30 -10 
-15 -2.0 
-30 _-_  
-20 -20 
-10 -10 

(ppmr 
25 45 
25 65 
30 65 
70 --- 
10 240 

155 640 

(ppmr 

5 - 5  
13 3 
10 7 
15 --- 

10 
13 1.0 

I 

--- 

0 
-20 
-10 
-5 

-15 
--- 

65 
60 
90 
85 

135 
--- 

14 
14 
16 
6 

10 
I-- 

-33 

-30 
-25 
1-30 
--I 0 

- - -  

55 

55 
65 
55 

J-0 5 

-I- 

2 

8 
6 
26 
24 

- -- 

a Contamination based on 0.040-in. shee t  (both s ides) .  
S t a r t i n g  ana lys i s :  
67 ppm N. 

1.03 wt $ Z r ,  80 ppm C,  130 ppm 0, and 
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Although t h e  s u p e r i o r i t y  of one metal  f o i l  over another w a s  not 

c l e a r l y  ind ica ted  by the  present  tests,  it w a s  concluded t h a t  the  

primary func t ion  of the  envelope w a s  t o  a c t  as a b a r r i e r  for t h e  

r e s i d u a l  gases i n  t h e  vacuum system. Because of t h e  wide d i f f e rence  i n  

the  r e a c t i v i t y  of t he  f o i l s  evaluated,  one m u s t  f u r t h e r  conclude 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 i e s  are s m a l l  numbers. 

c h a r a c t e r i s t i c  i s  an economic advantage because t h e  l e a s t  cos t ly  metal  

would perform as e f f i c i e n t l y  a s  t he  more expensive metals .  

Fortunately,  t h i s  

When r e l i a b i l i t y  i s  des i red  through the  use of a p ro tec t ive  l aye r ,  

t he  incons i s t en t  performance of metal  envelopes would be a d i s t i n c t  

drawback. The requi red  r e l i a b i l i t y  can b e t t e r  be a t t a i n e d  with vapor- 

p l a t ed  metals because such coat ings c h a r a c t e r i s t i c a l l y  r e s u l t  i n  t o t a l  

coverage due t o  t h e i r  high Lhrowing power. 

To demonstrate f e a s i b i l i t y ,  molybdenum w a s  vapor p l a t ed  from MoCl5 

onto -1% Z r  specimens which were subsequently exposed t o  t h e  residual 

gases i n  t h e  vacuum system. Vapor-plated molybdenum depos i t s  ca lcu la ted  

from t h e  weight increase  of t h e  tes t  specimen t o  be about 3 x 1.016 i n .  

t h i c k  were obtained a t  a MoCl, p l a t i n g  pressure of 2 x lo”* t o r r  f o r  

20 hr a t  950°C. 

molybdenum w a s  obtained below 750°C i n  a 500-hr t es t  at 4 x lom7 torr. 
Complete p ro tec t ion  of Nts-l$ Zr by t h i s  thickness  of 

By p l a t i n g  molybdenum a t  a MoCl5 pressure of 5 x t o r r  p lus  

1 . 2  x low3 t o r r  hydrogen t o  a i d  i n  t h e  reduct ion of t he  compound, 

p l a t i n g  thicknesses  between 2 t o  5 x i n .  t h i c k  were obtained after 

a 20-hr p l a t i n g  run and decomposition temperatures between 800 t o  900°C. 

For t h i s  th ickness  of rmolybdenwn, complete p ro tec t ion  of -1% Zr up t o  

temperatures of 1062°C w a s  observed f o r  an exposure of 1000 h r  a t  

9.4 x t o r r ,  as shown i n  Table 10. 
These encouraging r e s u l t s  were based upon the  change i n  the  

chemistry of t h e  specimens due t o  t h e i r  exposure t o  t h e  vacuum atmo- 

sphere and do not include the  oxygen contamination r e s u l t i n g  from t h e  

v o l a t i l e  impur i t ies  i n  t h e  MoC15 powder. 

It i s  pos tu la ted  t h a t  t he  increase  i n  the  oxygen contamination a t  

t h e  higher t e s t  temperatures r e s u l t s  from d e t e r i o r a t i o n  of t he  depos i t  

due t o  the  inward d i f f u s i o n  of t he  molybdenum i n t o  W l $  Z r .  &cause 
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Table 10. The E f f e c t  of Vapor-Plated Molybdenum 
on t h e  Contamination of TTb-l'$ Z r a  

Tes t  Thickness of 
Temperature Molybdenum Molybdenim -Plate  d Control 

( "c> ( m i l )  A0 (pp-ra) AC (ppnl) AO (ppm) AC (ppm) 

966 0.019 -30 none 320 -20 

1062 0.044 -70 -10 580 20 

1117 0.038 130 10 880 40 

1151 0.048 330 -20 1180 4 0 

1163 0.029 980 50 1180 50 

a 0.040-in. shee t  exposed 7000 h r  a t  9.4 x l om7  t0i-r. 

the  i n t e g r i t y  of t h e  protect-ive coa t ing  depends upon i t s  th ickness ,  

g r e a t e r  p ro tec t ion  a t  t h e  higher  temperatures would be ex,pected i f  -the 

p l a t i n g  th ickness  w a s  increased.. A s  an ind ica t ion  of 'che th ickness  

requi-red, Ogli.lvie and Moll' have shown t h a t  wi th in  0 . O O . l l  i n .  .tile 

composition of a molybdenum-niobium d i f fus ion  couple changes from 

1004 Mo t o  100% Nb a f t e r  1728 h r  a t  1300°C. 

t h a t  a vapor-pl.s.ted molybdenum depos i t  approxiinatel..y 0.001 i n .  th ick  

would a f fo rd  complete p ro tec t ion  of Nb--l$ Zr a t  1~200°C Cor 1030 h r .  

It is expected, t he re fo re ,  

Inf luence of Nitrogen on -the Contamination of Refractorv Meta1.s 

The oxidabion rates of niobium i n  a i r  a t  5 X lom4 t o r r  arz about oine 

The t e n t h  the r a t e  i n  oxygen a t  1 X lo-' . torr  as shown i i i  F igs .  6 and 7. 
ni t rogen  contaqinabion i n  tlic. a i r  tes ts  above w a s  about 1%~ of the  oxygen 

contarnination. Since v i s i b l e  r e a c t i o n  l a y e r s  d id  not form during t h e  

ear l ier  s tages  of t h e  t es t ,  these  resul.ts were thought .to be due Lo a 

chemisorbed n i t rogen  l a y e r  which inhibi-Led t h e  oxidat ion r a t e  of the 

a l loy .  

&cause t h e  contamihation data presented i n  Pa r t  1 of t h i s  repor-t 

showed t h a t  n i t rogen  contamination w a s  sl.i.ght o r  did not  occur a t  t h e  

pressures  inves t iga ted ,  i - L  appeared tha-t oxygen contamination migh-t be 

'R. E. Ogilvie  and S. II. Moll, Research bo Cetermine the  Compositioi* 
..- of Dispersed - Phases i n  " Refmetory  1963). 
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U N C L A S S I F I E D  
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Fig. 6. Contarnirlation of Niobri urn at 1000 "C . 
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Fig .  7 .  Contamhution of' Nriobilm- at 1200 " C  . 
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reduced with a ni t rogen overpressure a t  a s l i g h t  r i s k  of ni t rogen con- 

'karriination. To de'krmine whether t he  t o r r  da-ta cou1.d be extrapo- 

l a t e d  t o  lower pressures ,  specimens of N b l $  Z r ,  TZM, niobiurn, 

molybdenum, and tantal.um were exposed f o r  1.000 h r  t o  t h e  r e s i d u a l  gases 

i n  a system wit'n a base pressure of 2.4 x l o m 7  t o r r  p l u s  a n i t rogen  

overpressure of 6.6 x l.0-7 t o r r .  

"he oxygen contamination of Nb-l$ Zr, niobium, and tantalum, 

r e s u l t i n g  from t h e  exposure t o  t h e  above atmosphere, i s  shown i n  

Table 1-1. 

4 c l e a r l y  ind ica ted  t h a t  t h e  intent ional .  n i t rogen  add i t ion  t o  the  

r e s i d u a l  gas atmosphere d id  not func t ion  as intended. S imi la r ly ,  t h e  

oxygen contamination of molybdenum and TZM was unaffected by t h e  

presence of t h i s  concentrat ion of ni t rogen.  

A comparison of t hese  da,ta with those  s h o m  i n  Tables 3 and 

Table 1 2  ].is-ts the  n i t rogen  contaninat ton i n  Nb-l.$ Zr, niobium, 

and tantalum due t o  t h e  ni t rogen overpressure.  It vas observed t h a t  

the ex ten t  of ni 'trogen contarninatioii of Nb--l$ Z r  was about equal  t o  
ni.obium a t  t h e  higher  temperatures.  I n  addi t ion ,  ne i the r  molybdenum 

nor TZM w a s  contaminated with n i t rogen  i n  t h i s  t e s t .  "hese results 

show t h a t  zirconium and/or t i t an ium do not  promote t h e  a f f i n i t y  of 

these alloys f o r  n i t rogen  as they do for oxygen contamination. 

Ap,proximate nitr.ogeii stickling probabi l i t i e c  ( a )  fo.r W1$ Z r ,  

niobium, and tan1;alu.m were ca l cu la t ed  from t h e  n i t rogen  conta;mination 

a.nd t h e  n i t rogen  overpressure t o  be those i n  Table 1 2 .  Generally, 

t hese  da t a  show tha-1; C y  values a r e  low and increase  with temperature 

except i n  t h e  case of tstntalim where Q appea:ed t o  be i n s e n s i t i v e  t o  

temperature.  

Inf luence of CRh on the  Contamination I__ of Refractory Metals ll.__l__ - 
A t  high temperatures,  t'ne carbon i n  metals w i l l  r e a c t  with oxygen 

to form CO as  a reac t ion  product.  Because the end po in t  of t'nis 

r cac t ion  i s  the  equili.briurri concentrat ions of carbon and oxygen, t h e  

eI.ement which i s  i n  excess will remove t h e  o the r .  A s  an example, 

seri~oiis decarbur iza t ion  occurred i n  TZM when it became contmina ted  

with oxygen (Ta,bl.e 6 ) .  
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Table J 1 .  Oxygen Contamination of fTb-l$ Zr, Niobium, 
am3 Tantalum in 1000 hr at a Base Pressure ol" 2 * 4  x t ~ r r  

Plus 6.6 x lom7 "err Nitrogen 

T e s t  
Temperature Oxygen Increase (ppm) 

N- Niobium Tafitalm 
-- "C) 

618 19 -- 
780 4 '7 19 21 
934 94 53 35 
1040 18 '7 64 25 
1113 268 ...- 19 
1154 361 -- 
115 5 378 69 
1178 408 -I 36 
1191 465 10 7 
1195 495 e- 

1202 513 1% '74 

Table 12. Nitrogen Contamination of W l $  Zr, Niobium, 
and Tanta lum in 1000 hr at a Base Pressure of 2.4 x torr 

Plus  6.6 x lo-? t o r r  Nitrogen 

Test Nitrogen Increase Sticking Probability 
Temperature ( P P d  ( a) 

( "C) N73-1$ Zr Nb Ta Nb--l$ Zr m Ta 

6 18 
780 
934 
1040 
1113 
1154 
1155 
1178 
1191 
1198 
1.20 2 

5 
4 
7 

23 
28 
33 
43 
40 
48 
55 
53 

0.92 
0 .71  
1.5 
4.7 
5.6 
6.6 
8 . 6  
8 .0 
9.6 
11.0 
11.. 0 

x 1.0'4 

-- 
2.5 
2.8 
1.4 
1 .7  

-- 
1.4 

-- 
2.2  



Tn theory,  it i s  poss ib le  t o  remove oxygen fl-oin mctals or con t ro l  

t'ne oxygen contamination by providing a, source of carbon. I n  -those 

a l l o y s  t h a t  depeild on carbon f o r  high-temperature s-LrengYh, decai-buri - 
za t ion  may also be cont ro l led  by the  n e u t r a l i z i n g  i.nf7-uence of a 

carburj-zing gas 

St i s  apparent from the  abovz s ta tements  t h a t  -the con t ro l  of t h e  

carbon-oxygen r eac t ion  may be a necess i ty  i n  -the hea t  treatrileat and 

t e s t i n g  of carbide-strengthened al-loys such as D - 4 3 ,  TZM, T-222, TZC, 

and s i m i l a r  a l l oys .  'The probl.em becornes e s p e c i a l l y  acute  i n  the  hea t  

t reatment  of t h i n  gage shee t  because of 'che surface-to-volume e f f e c t  

discussed! previously.  'The f e a s i b i l i t y  of con t ro l l i ng  oxygen con- 

tamination and decarburizat ion with CH,< w a s  t he re fo re  determined. 

Specimens of TZM, Nb-?$ Z r ,  and niobiim were t e s t e d  i n  a va,cuum 

system a t  a base p r e s s i r e  of 1 .9  x t o r r  t o  vhich a CHk over-  

p ressure  of 6.3 x l o m 7  - tor r  w a s  introduced. 

t h e  oxidat ion and decarbur iza t ion  of TZM, Wl.$ Z r ,  and. niobiurrn i s  

shown i n  F igs .  8 ,  9, and 10, r e spec t ive ly .  I n  t h e  case of 'TZM, C&+ 

e f f e c t i v e l y  el iminated oxygen contamination up La ab0u.t 1100 "C. 

t h i s  temperature,  oxygen contamination occurred b u t  was about one t h i r d  

of t h a t  measured f o r  an equiva len t  t e s t  i n  t h e  absence of (2114. With 

r e spec t  t o  the  decarburi .zation of TLM, t h i s  concentrat ion of CH4 was 

apparent ly  t o o  low t o  prevcnt it. 

mens t r e a t e d  i n  CRr, could be bent  YnrGugh seve ra l  90" bend reversa1.s 

a t  room temperature without fracture. Under the same t e s t  condl t lons,  

t h e  oxygen contamination of niobium w a s  reduced but with Nb--l.$ Z r  the  

improvement w a s  marginal.  Surpr i s ing ly ,  t h e  da t a  on the carbon analyses 

sugges Led t h a t  CIQ loweyed t h e  carbon contamination. 

The inf luence of CHb on 

Above 

A t  a l l  temperatill-es, t h e  TZM spec i -  

CONCLUSIONS 

The r e s i d u a l  gases i n  a high-vaciium system a t  pressures  beiween 

loe6 and 

The H20, CO,  and COP caused s i g n i f i c a n t  amounts n f  oxygen contamination i n  

r e f r a c t o r y  m e t a l  a l l o y s  when heated between 600 and 1200°C i'or per iods 

of 1000 h r .  Although carbur iza t ion  was a l s o  obse-t-ved, a competing 

t o r r  are mainly hydroecn, HzO, CO, CH4, COz, and nitroget:. 
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UNCLASSIFIED 
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Fig. 8 .  Effec t  of CJ& on the  W g e n  and Carbon Contamination of TZM. 
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Fig.  9. Effect of C H q  on the Oxygen and Carbon Contamination of 
Niobium. 
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Fig.  10. E f f e c t  of CH4 on the  Oxygen a.nd Carbon Contamination 
of Nb-l$ Zr. 

carbon-oxygen i n t e r a c t i o n  becane signiPica,nt  a t  the higher  temperatures 

and caused severe decarbur iza t ion  i n  a l l o y s  depending on carbon f o r  

s t r eng th .  Hydrogen contatnination was not encountered w h i  1.e ni t rogen  

cantaninat ion was negl-lgible I 

Alloying elements such as t i t an ium,  zirconium, and hafnium, which 

form oxides t2iermodyna;rnically more s t a b l e  tham t h e  base me-tals niobium, 

t a n t  aluii , and molybdeiiurn , promoted oxygen eo n t  am i n a t  i on . 
and t i t an ium d i d  not in f luence  t h e  n i t rogen  contaminati.on. Tungsten 

addi t ions  appareritly had no e f f e c t  on t h e  contamination of niobium o r  

tantalum a l loys .  

Zi. rconium 

A more d e t a i l e d  s tudy of t h e  contamination c h a r a c t e r i s t i c s  of 

Nb--l$ Zr showed t h a t  t h e  ex ten t  of oxygen contamination was l a r g e l y  
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governed by t h e  system pressure,  temperature, exposure time, and the  

metal  surface-to-volume r a t i o .  These va r i ab le s  a r e  r e l a t e d  t o  each 

other  by the  expressions: 

90.6 t(€')'j2 exp - 5500/RT 
(750-1000°C) = X 

or 
6.89 x i o4  t(q 1/2 e* - 22,4OO/RT 

X nc (1000-1200"c) = 

where 
AC = increase  i n  oxygen concentrat ion due t o  contamination from 

one s ide  (ppm) , 
t = exposure time (hr), 

P = system pressure ( t o r r ) ,  and 

X = specimen thickness  ( i n . ) .  

In  addi t ion  t o  the  above con t ro l l i ng  va r i ab le s ,  it was determined 

t h a t  -napping the  a l l o y  with r e f r ac to ry  metal  envelopes, such as 

molybdenum, tantalum, tungsten,  and Nb-l% Z r ,  provided f o r  an e f f e c t i v e  

method of s t a b i l i z i n g  the  carbon content of t h e  a l loy  as w e l l  as 

lowering t h e  oxygen contamination. 

r e f r a c t o r y  metal envelopes i n  lowering t h e  oxygen contamination was 

e r r a t i c  and appeared t o  be independent of t h e  type of metal  used, it 
w a s  concluded t h a t  t he  s t i c k i n g  p r o b a b i l i t i e s  of t h e  r e s idua l  gases on 

molybdenum, tantalum, tungsten,  and -1% Z r  were low. Under these  

condi t ions,  t he  p r i n c i p a l  func t ion  of t h e  envelopes was t o  serve as a 

phys ica l  b a r r i e r  t o  gas f l o w  toward the  metal  t o  be pro tec ted .  Pre- 

l iminary experiments i nd ica t e  t h a t  a very t h i n  l aye r  of vapor-plated 

molybdenum on N'b-l% Z r  provides complete p ro tec t ion  from the  r a s i d u a l  

gases i n  vacuum systems a t  l e a s t  t o  1050°C f o r  1000 h r .  

Because t h e  e f fec t iveness  of t he  

In t en t iona l  Low-pressure gas addi t ions  of ni t rogen t o  the  r e s i d u a l  

gases d i d  not lower the  oxygen contamination as hoped. 

hand, CIIr, a t  6 x t o r r  e f f e c t i v e l y  lowered the  oxygen contaniination 

of TZM and niobiuri bu t  was less e f f e c t i v e  f o r  lYb-15 Z r .  
experiments ind ica ted  t h a t  higher CH4 pressures  a re  des i r ab le  and may 

a l so  be e f f e c t i v e  i n  preventing decarburizat ion i n  a l l o y s  l i k e  D-43, 

T-222, and TZM. 

On t h e  o ther  

The present  
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R e  cormendat ions  

The metallurgy of ref r ac to ry  meta1.s ultimate]-y becomes coriceriied 

with problems a s soc ia t ed  with the  i d l u e n c e  of t h e  i n t e r s t i t i a l s  oxygen, 

carbon, ni t rogen,  and hydrogen. Complete documentation of t he  a l l o y  

p rope r t i e s  .under a v a r i e t y  of condi t ions cannot be made u n k s s  t h e i r  

high-vacuum s t a b i l i t y ,  so l .ub i l i ty  l i m i t s ,  :phases which they  form, 

t h e i r  d i f fus ion  rates, and t h e  gas-metal r eac t ion  k i n e t i c s  a:re known. 

Because t h e  a l l o y s  of cur ren t  i n t e r e s t  are not  lndependent of t h e  above 

f a c t o r s ,  it i s  recommended t h a t  fukure inves t iga t ions  be directed- 

toward obta in ing  such i n f o m a t i o n .  

It i s  t h e  opinion of the author  -khat it i s  e s p e c i a l l y  important 

to e s t a b l i s h  t h e  carbon s t a b i l i t y  i n  high vacuums because many e x i s t i n g  

a l l o y s  and -khose being d.evel.oped depend. upon i.ts pyresence f o r  s t r eng th .  

Because carbon s t a b i l i t y  i s  d i r e c t l y  r e l a t e d  t o  oxygen contamination, 

a f r u i t f i l l -  area of study l i e s  i n  .the determinat ion of the carbon- 

oxygen equi l . ibr ia  f o f  carbide -strengthelled a l l o y s .  

Along t h e  sane l i n e s ,  es tabl ishment  of t h e  H2-CH/,--C re1aLionshi.ps 

i n  these  a l l o y s  would be 3.nvaluabl.e i n  con t ro l l i ng  t h e  carbon content 

i n  a l l  s tages  of hea t  t reatment  as vel1 as duri-ng extended. s e rv i ce  

times. The tendency toward decarbur iza t lon  i n  high vacuums may not  

become neg l ig ib l e  unt i l .  p ressures  are reduced t o  t h e  range lo-' t o r r .  

Although unambiguous q u a n t i t a t i v e  data do not  e x i s t ,  it i s  

suspected t h a t  t h e r e  i s  only one condi t ion of  temperature and przssure 

a t  which t h e  i n t e r s t i t i a l s  a r e  i n  equi l ibr ium with the  atnosphere.  A t  

any o the r  condi t ion,  degassing or contarnination occurs and migrat ion 

of' t h e  i n t e r s t i t i a l s  i s  a d i s t i n c t  poss ib i - l i t y  i n  a temperature grad ien t .  

I n  t h i s  respec t ,  t h i n  1-ayers of molybdenum o r  tungs ten  m e r i t  s p e c i a l  

cons idera t ion  because tile t o t a l  chemical chamc-ker of t he  a l l o y  can be 

altered by such a3 adherent l a y e r  and (my func t ion  as e f f e c t i v e  barriers 

toward i n t e r s t i t i a l  migrat ion.  It is  further reasoned tha t  such l a y e r s  

due t o  t h e i r  i n e r t  charac te r  may expand t h e  pe-nnissib1.e atmosphere f o r  

niobium and tantalum a l l o y s  t o  t h e  i n e r t  gases and. rediicing atmospheres. 
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The main conclusions of t h i s  r epor t  r e l i e d  e n t i r e l y  on the  r e s u l t s  

of t h e  chemical analyses .  Because t h e  analyses were i n  complete accord 

with the  expected behavior of the  various alloys, it i s  a strong argu- 

ment i n  favor of t1iej.r accuracy, W. R. h i n g  and H. Davis of t he  

An,dy-tical Chemistry Divis ion are t o  be commended f o r  t h e i r  exce l l en t  

s e rv i ce .  
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