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CHAPTER I 

SUMMARY 

The pure metals niobium, tantalum, vanadium, titanium, and 

zirconium exhibi t  excellent res is tance t o  d isso lu t ive  at tack by l i thium 

at  temperatures even i n  excess of 800°C. However, t he  presence of 

small quant i t ies  of oxygen i n  e i the r  niobium or tantalum can cause 

the  rapid penetration of these metals by l i thium over a wide range of 

temperatures. Vanadium, titanium, and zirconium, on the  other hand, 

do not show t h i s  suscep t ib i l i t y  t o  l i thium penetration even at oxygen 

concentrations i n  excess of 2000 pa r t s  per mill ion.  

Penetration of niobium or tantalum by l i thium r e s u l t s  i n  t h e  

formation of a complex corrosion product i n  grain boundaries or  along 

ce r t a in  crystallographic planes.  

s t rength and d u c t i l i t y  of niobium. 

This reduces both the  t e n s i l e  

Oxygen w a s  get tered from niobium, tantalum, and vanadium by 

l i thium i n  a l l  t h e  t e s t s .  

oxygen red is t r ibu t ion  occurred; but t he  direct ion,  from so l id  metal t o  

liquid metal or vice  versa, depended on i n i t i a l  concentrations i n  the  

so l id  and l i qu id  metal. 

I n  the  case of t i tanium and zirconium, 

A t  oxygen concentrations above 500 pa r t s  per million, tempera- 

ture and grain s i z e  were t h e  most s ign i f icant  var iables  a f fec t ing  

depth of penetration. 

penetration along ce r t a in  crystallographic planes while high temperature 

and s m a l l  grain s i ze  favored grain-boundary at tack.  

Low temperatures and la rge  grain s i z e  favored 

In  t e s t s  with 



single  c rys ta l s ,  penetration 

temperature. This was shown 

2 

was observed t o  decrease with increased 

t o  be r e l a t ed  t o  the  r a t e  at which oxygen 

diffused out of t h e  niobium and was get tered by t h e  l i thium. 

var iables  such as time, heat treatment, p r i o r  deformation, and l i thium 

pur i ty  were a l so  investigated but were not found t o  be s ign i f icant  i n  

t h e  corrosion process. 

Possible solutions t o  t h i s  problem were afforded by t h e  addi t ion 

Other 

of a l loying elements t o  niobium. 

zirconium could be e f fec t ive  i n  eliminating l i thium penetration. 

heat t r ea t ed  such t h a t  oxygen w a s  t i e d  up as the compound Z r O 2  did not 

corrode. Vanadium, on t h e  other hand, was  not e f fec t ive  i n  providing 

corrosion protection, presumably because it does not p re fe ren t i a l ly  

t i e  up oxygen present i n  the  al loy.  

It w a s  shown tha t  t he  addi t ion of 

Alloys 



INTRODUCTION 

I n  reactor  systems requiring t h a t  a la rge  amount of heat be 

removed from a r e l a t ive ly  small volume, it i s  of ten necessary t h a t  a 

l i qu id  metal be considered as the  heat- t ransfer  medium. Some l iqu id  

metals have many of t he  desirable  physical  and nuclear propert ies  

needed i n  a coolant t o  be used f o r  t h i s  type of application, such as: 

(1) low melting point,  (2) high boi l ing  point,  (3) low vapor pressure, 

( 4 )  high heat capacity, (5) high thermal conductivity, (6) l o w  density, 

(7) low viscosi ty ,  and (8) low neutron absorption cross section. 

of the  l i qu id  metals tha t  has been considered i s  l i thium because it 

possesses a good combination of these propert ies .  However, a serious 

problem which has l imited i t s  use i s  the  severe corrosion which has been 

encountered i n  systems operating a t  high temperatures. 

1950's some preliminary s tudies  (1,2) indicated t h a t  niobium and other 

refractory metals* were more r e s i s t a n t  t o  liquid-metal corrosion than 

t h e  previously t e s t e d  conventional materials and al loys.  In  addition, 

t he i r  high melting points  and po ten t i a l i t y  f o r  high s t rength a t  ele- 

vated temperatures made them excel lent  prospects fo r  high-temperature 

reactor  systems. Therefore, fur ther  invest igat ion of t he  compatibility 

of refractory metal-lithium systems was  begun. 

One 

I n  t h e  ear ly  

* 
In  t h i s  report ,  those metals i n  Groups 4A, 5A, and 6A of the 

Periodic Table are considered as re f rac tory  metals. 
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Studies of the interactions between liquid and solid metals have 

led authors (3-7) to classify the various types of phenomena that have 

been observed. One such classification (8) was given for refractory 

metal-alkali metal systems as follows: 

I. Dissolutive corrosion mechanisms. 
A. Dissolution of solid metal by liquid metal. 
B. Dissimilar-metal mass transfer. 
C. Temperature-gradient mass transfer. 

A. Liquid-metal impurities. 
B. Solid-metal impurities. 
C. 

11. Impurity reaction mechanisms. 

Partitioning of impurities between solid and liquid 
metal. 

Although the early investigations indicated good resistance of 

the refractory metals to dissolutive attack by lithium (Mechanism l), 

later tests showed that impurities in the system can deleteriously 

affect the corrosion behavior of these materials (Mechanism 2). Reac- 

tions by which compounds or complexes of the impurity with the solid 

metal and/or liquid metal are formed can cause a deterioration in 

properties of the solid metal. In addition, when an element such as 

oxygen is in solution in both the solid and liquid metal, then it will 

redistribute itself until it has the same chemical potential in each 

phase. At a particular temperature, the equilibrium ratio of the con- 

centration of oxygen to be found in each phase should be constant and 

can be calculated from an expression* such as the following: 

*See Appendix A for derivation. 
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0 - 0 

@f (A oxide) AFf (B oxide) 
RT 'A 

where 

C = concentration of solute in phase A, 

C = concentration of solute in phase B, 

= standard free energy of formation of the oxide 

A 

B 

aFf(A Oxide) 

0 

of A which can be in equilibrium with a solu- 
tion of oxygen in A, 

0 
= standard free energy of formation of the oxide @'(' Oxide) of B which can be in equilibrium with a solu- 

tion of oxygen in B, 

( C  ) 

( C  ) 

= solubility of oxygen in B, 

= solubility of oxygen in A. 

B s  

A s  

At 500 and 800°C the following ratios were calculated from this 

e quat ion. 

'oxygen in solid metal 

'oxygen in lithium 

System 500 "C 800 "C 

Niobium-oxygen-lithium 5 x 10-11 1 x 10-7 

Vanadium-oxygen-lithium 7 X 3 x ioW9 

Tantalum-oxygen-lithium 3 X 3 x 10'8 

Titanium-oxygen-lithium 5 X lom2 2 x 10-2 

4 Zirconium-oxygen-lithium 3 

Although, as discussed in Appendix A, these values may be incorrect by 

several orders of magnitude, they do indicate that lithium should 

getter most of the oxygen present in niobium, tantalum, or vanadium. 
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Titanium and zirconium, on t h e  other hand, w i l l  e i t h e r  gain or lose 

oxygen i n  l i thium depending on the i n i t i a l  concentrations present i n  

each. 
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CHAPTER I11 

OBJECTIVE OF TKE STUDY 

The purpose of t h i s  study was t o  invest igate  more thoroughly 

the  r o l e  of impurit ies i n  determining the compatibil i ty of re f rac tory  

metal-lithium systems, the primary objective being t o  understand the  

mechanism by which corrosion occurs. In  addition, methods by which the  

corrosion resis tance of these po ten t i a l  reactor  materials t o  l i thium 

could be improved a l so  were sought. 

In  order t o  determine t h e  pr inc ipa l  var iables  a f fec t ing  cor- 

rosion i n  the  niobium-oxygen-lithium system, the  following were 

determined : 

1. Effect of oyygen, nitrogen, and carbon i n  niobium. 
2. Effect of temperature. 
3. Effect of time. 
4.  Effect of grain s ize .  
5. Effect of heat treatment. 
6. Effect of deformation. 
7. Effect of l i thium pur i ty .  
8.  Effect of a l loying additions.  

It w a s  hoped t h a t  from an evaluation of t h e  e f f ec t  of these 

variables,  even if t h e  mechanism by which corrosion occurs could not 

be completely defined, a b e t t e r  understanding of t he  nature of t h e  

corrosion processes might be gained. 
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CHAPTER Iv 

REVIEW OF PWIOUS EXPERIMEXTS 

S t a t i c  corrosion t e s t  data (1) and s o l u b i l i t y  s tudies  ( 2 , 9 )  

indicated the  re f rac tory  metals t o  be more r e s i s t a n t  t o  d isso lu t ive  

corrosion than the  more common metals and a l loys .  

s ive s tudies  of corrosion by lithium conducted i n  both s t a t i c  and 

dynamic t e s t  systems showed that  only the  re f rac tory  metals are s u i t -  

able  for appl icat ion i n  dynamic, nonisothermal systems operating a t  

temperatures i n  excess of 650°C (10). 

are summarized i n  bar  graph form i n  Figure 1. 

In addition, exten- 

Results of these ear ly  s tudies  

Because of i t s  ava i l ab i l i t y  and good f ab r i cab i l i t y ,  niobium w a s  

selected f o r  fur ther  study since, as shown i n  Figure 1, it apparently 

a l so  possessed good resis tance t o  a t tack by l i thium at elevated t e m -  

peratures. However, some la ter  tes ts  showed t h a t  under ce r t a in  con- 

d i t ions  l i thium penetration could occur. One such example w a s  a 

na tura l  c i rcu la t ion  loop t e s t  conducted at 871°C (1600°F) f o r  23 hours. 

Metallographic examination of various sections of t he  t e s t  system 

revealed general a t tack i n  welded regions and a more random type of 

corrosion i n  ce r t a in  areas of the base mater ia l .  

the random at tack observed i s  i l l u s t r a t e d  i n  Figure 2. 

of penetration, especial ly  i n  nonwelded regions, w a s  not discovered 

u n t i l  cross sections f romthe  loop were polished and allowed t o  age i n  

air  f o r  several  days at room temperature. The specimen surface became 

stained, as shown i n  Figure 3, when l i thium i n  the  corroded areas 

A t yp ica l  example of 

The full extent 

. 
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Figure 2. Example of random attack observed in niobium exposed 
to lithium for 23 hours at 871°C. As-polished. Reduced 6%. 
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reacted with moisture i n  the  a i r .  The corrosion observed metallo- 

graphically w a s  ve r i f i ed  by chemical analysis  t o  be associated with 

l i thium penetration. Analysis of turnings machined from a sect ion 

taken from the  niobium t e s t  loop showed a l i thium concentration 

gradient i n  the  tube wal l  t h a t  was i n  agreement with metallographic 

observations of c o r ro  s ion. 

Further s tudies  by Hoffman (ll), t o  determine the  reason f o r  

t h i s  corrosion behavior, demonstrated t h a t  t h e  oxygen concentration 

i n  niobium w a s  a pr inc ipa l  var iable  determining t h e  amount of pene- 

t r a t i o n .  It was previously pointed out t h a t ,  although a t tack  by 

l i thium appeared t o  be random, it did occur more of ten i n  welds and 

other areas  subject t o  Contamination by gaseous impurit ies such as 

oxygen or nitrogen. It w a s  found, as shown i n  Figure 4 ,  t h a t  the  

addition of 0.134 per cent nitrogen t o  niobium did not a f f e c t  t he  cor- 

rosion resis tance of t he  niobium, but very severe corrosion occurred 

when 0.527 per cent oxygen was added. Hoffman fur ther  demonstrated 

t h a t  t he  amount of l i thium penetration increased with increasing 

oxygen i n  t h e  niobium (Figure 5 ) .  

the  corrosion process w a s  proposed, it w a s  suggested t h a t  l i thium 

penetration could have occurred i f  oxygen segregation i n  t h e  niobium 

resu l ted  i n  the  formation of niobium oxide i n  the  grain boundaries and 

t h i s  phase were reduced by l i thium. 

Although no spec i f ic  mechanism f o r  

Based on these preliminary data, a more de ta i led  study of t h i s  

phenomenon was undertaken. The major port ion of t h e  current 
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at 816°C. As-polished. Reduced 9%. 



I r 

I 

0.040 in. 

- -  
(d10.237 YO 0, ADDED 

I 

(610.056 Yo 0 2  ADDED 

UNCLASSIFIED 
ORNL-LR-DWG 34981 

-+ 
. c'"\ 

(~)0.111 Yo 0 2  ADDED 

(elO.371 Yo 0, ADDED ( f I O . 5 2 7  Yo 0 2  ADDED 

Figure 5. 
for 100 hours at 816°C. 

Weld zones of oxygen-contaminated niobium specimens after exposure to lithium 
As-polished. 
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investigation deals with niobium and niobium alloys with some cursory 

work reported on tantalum, vanadium, titanium, and zirconium. 

. 
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EXPERIMFNTAL PROCEDURE 

. 

Mater i a1 s 

Lithium used i n  these s tudies  w a s  a low-chloride grade obtained 

from t h e  Foote Mineral Company. A t yp ica l  analysis  of t h i s  material, 

as specified by the  manufacturer, i s  l i s t e d  i n  Table I. Pur i f ica t ion  

procedures as described i n  the  l i t e r a t u r e  (12) were used t o  reduce t h e  

oxygen concentration f rom approximately 2000 p a r t s  per mil l ion t o  

100-200 pa r t s  per  mil l ion and the  nitrogen content from approximately 

3000 pa r t s  per mil l ion t o  l e s s  than 20 pa r t s  per mill ion.  

of s teps  taken t o  pur i fy  t h e  l i thium consisted of (1) f i l t r a t i o n  a t  

250°C through a s t a in l e s s  s t e e l  f i l t e r  with a 10-micron pore s i ze  t o  

reduce gross  amounts of nitrogen and oxygen contamination, ( 2 )  ge t te r -  

ing with t i tanium sponge f o r  24 hours at 800°C t o  reduce t h e  nitrogen 

concentration t o  l e s s  than 100 p a r t s  per million, and (3) cold trapping 

for 100 hours t o  reduce t h e  oxygen concentration t o  t h e  100-200 p a r t s  

per mil l ion range. 

White (13) and Sax (14), and oyygen w a s  determined by ac t iva t ion  

analysis  (15).  Good reproducibi l i ty  was found i n  determining nitrogen, 

but considerable sca t t e r  w a s  observed i n  oxygen analysis .  

The sequence 

Nitrogen w a s  determined by the  method described by 

The refractory-metal samples were obtained from high-purity 

electron-beam-melted stock. 

niobium i s  given i n  Table 11. 

spectrographic techniques and gaseous impurities by vacuum fusion (16). 

A t yp ica l  chemical analysis  of a heat of 

Metal impurit ies were determined using 
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TABU I 

TYPICAL LITHIUM PURITY A S  SPECIFIED BY THE MANUFACTlTRER 

Element 
Concent rat ion 

Lithium 

Sodium 

Pot ass ium 

Calcium 

Iron 

Aluminum 

Si l icon  

Chlorine 

Nitrogen 

99.88 

0.013-0.016 

0. O W .  07 

0.0001 

0.0005 

0.0005 

0.001 

0.04 

0.012 
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TABLE I1 

ANALYSIS OF TYPICAL HEAT OF NIOBIUM 

Element 
Concentrat ion 

( %) 

.. 

I ron 

S i l icon  

Titanium 

Tantalum 

Zirconium 

Boron 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 

< 0.01 

< 0.01 

< 0.015 

0.076 

< 0.1 

< 0.0001 

< 0.0001 

0.005 

0.006 

0.016 
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Polycrystal l ine specimens were usually obtained from cold-rolled sheet.  

These were deburred a f t e r  cutt ing,  degreased w i t h  acetone or other 

su i tab le  solvents, and then vacuum annealed a t  temperatures from 1000 

t o  1600°C. Single-crystal  specimens were cut from electron-beam-melted 

ingots and then e i t h e r  mechanically polished or electropolished t o  pro- 

duce a su i tab le  surface f in i sh .  During the  course of t h i s  inves t i -  

gation, specimens having various surface f in i shes  were t e s t ed  but t h e  

r e s u l t s  i nd ica t ed tha t  t h i s  w a s  not a s igni f icant  var iable  i n  the  

corrosion process. 

Procedure 

Individual additions of oyygen, nitrogen, and carbon were made 

t o  t h e  so l id  metal i n  order t o  evaluate the  e f f ec t  of these impurities 

on corrosion. 

and 1 X t o r r  i n  t h e  apparatus shown schematically i n  Figure 6. 

The react ion chamber consisted of a mull i te  combustion tube 2 inches i n  

diameter and 36 inches long. An e l e c t r i c  res i s tance  furnace using 

s i l i con  carbide elements surrounded the  mull i te  react ion tube and 

w a s  capable of operation up t o  about 1300°C. Inside t h e  react ion 

tube, the niobium specimen w a s  contained i n  a quartz cylinder, open 

t o  t h e  downstream end of t he  oyygen flow and having numerous one- 

eighth-inch diameter holes i n  i t s  lateral  surface. This design w a s  

found t o  r e s u l t  i n  a more uniform oxygen pickup i n  specimens longer 

than one-half inch. The quartz container and specimen were moved i n  

and out of t h e  constant temperature hot zone of t h e  furnace with a 

Oxygen o r  nitrogen, i n  gaseous form, was added at 1000°C 
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Figure 6. Schematic drawing of system used t o  add oxygen or nitrogen t o  re f rac tory  metals. 
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magnet which moved an i ron  s lug attached t o  the  quartz cylinder.  Times 

of 15 minutes up t o  several  hours were required t o  provide the  desired 

oyygen concentrations. Evacuation of t he  system was accomplished by 

a Welch Duo Seal mechanical pump and a three-stage o i l  diffusion pump, 

Model, GF-25 from Consolidated Vacuum Corporation, i n  which Octoil  S 

diffusion pump o i l  w a s  used. 

combustion tube was controlled by manual operation of a metering valve. 

Tank oxygen (99.5 per cent minimum pur i ty)  was used a s  t h e  oxygen 

source, and tank nitrogen as the  nitrogen source. The specimen temper- 

a tu re  w a s  measured by a platinum versus platinum-10 per cent rhodium 

thermocouple placed i n  a thermocouple well  which extended in to  the  con- 

s t an t  temperature zone of t he  furnace. The temperature of t he  furnace 

was controlled by a platinum versus platinum-10 per cent rhodium 

thermocouple attached t o  the  outside of t h e  mull i te  combustion tube i n  

t h e  constant temperature zone and connected t o  a Wheelco control  

The oxygen (or nitrogen) pressure i n  the  

system. 

Unless otherwise indicated, each specimen w a s  homogenized a f t e r  

oxidation f o r  2 hours at 1300°C t o  ensure more random d i s t r ibu t ion  of 

t h e  element. The amount of each addition w a s  measured by weight change 

i n  t h e  sample a f t e r  oxidation as wel l  as by chemical analysis,  and 

good cor re la t ion  w a s  generally found. In  order t o  determine the  homo- 

geneity of specimens t o  which oxygen had been added, a r e l a t ion  between 

oxygen concentration and hardness of niobium w a s  determined as shown 

i n  Figure 7. Hardness w a s  then used as a measure of t he  oxygen con- 

centrat ion i n  niobium, and t h e  oxygen d i s t r ibu t ion  before and a f t e r  
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homogenization a t  1300°C was determined as shown i n  Figure 8 .  

be seen tha t  t h e  homogenization treatment produced a uniform oxygen 

d i s t  r ibu t  ion. 

It can 

The method f o r  adding carbon t o  niobium involved electron-beam- 

melting niobium and various amounts of  niobium carbide. 

were subsequently cold ro l l ed  t o  sheet and annealed at 1400'C f o r  

2 horns. 

The al loys 

Corrosion t e s t i n g  w a s  performed i n  an assembly maintained i n  a 

s ta t ionary posi t ion a t  a controlled constant temperature. The t e s t  

system, shown schematically i n  Figure 9, consisted of a refractory-  

metal specimen i n  a capsule of t h e  sane re f rac tory  metal. 

outer capsule was used t o  protect  the  re f rac tory  metal from oxidation 

during t e s t .  

An addi t ional  

Because of t h e  extreme reac t iv i ty  of l i thium i n  air, it w a s  

handled under vacuum or i n  an iner t -gas  atmosphere at a l l  times. The 

atmosphere chamber shown i n  Figure 10 was used t o  open t h e  l i thium con- 

t a i n e r  and t o  m e l t  and cas t  it in to  "s t ick" molds f o r  loading in to  the  

refractory-metal  capsule. It w a s  a l so  used t o  weld the  t e s t  assemblies 

since refractory metals can become contaminated when welded i n  environ- 

ments containing oxygen and nitrogen. 

I n  the  ear ly  stages of t h i s  investigation, t he  tes t  system as 

shown i n  Figure 9 w a s  placed i n  a furnace already being maintained a t  

the  t e s t  temperature. However, because of the extreme rap id i ty  of t h e  

corrosion process, it became necessary t o  r e s t r i c t  t h e  specimen t o  the  

opposite end of t he  container from the  l i thium u n t i l  t he  e n t i r e  system 
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Figure 10. Inert-atmosphere chamber. 
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was a t  t he  t e s t  temperature. 

t o  allow l iqu id  l i thium t o  contact t h e  specimen. 

temperature w a s  controlled by a Brown Pyr-0-Vane type control ler  and 

w a s  recorded on a multipoint recorder. 

a t ion  w a s  +lO"C. 

inverted and quenched i n  o i l .  The capsule w a s  cut open i n  the  atmos- 

phere chamber and any l i thium remaining on the  specimen surface was 

i-emoved e i the r  by d i s t i l l a t i o n  under vacuum at 700°C or by immersion 

i n  alcohol. 

The container was then quickly inverted 

During the  t e s t ,  t he  

The m a x i m u m  temperature var i -  

To terminate the  t e s t  t he  container w a s  again 

Evaluation 

The methods used t o  determine the  extent and nature of l i thium 

penetration included weight change, dimensional change, chemical analy- 

sis, x-ray analysis,  mechanical propert ies  change, hardness change, and 

metallography. 

Weight Change. Weight determinations were made on specimens 

before and a f t e r  t e s t .  These data did not prove useful  i n  determining 

the  amount of l i thium penetration since both l i thium increase and 

oxygen decrease i n  niobium generally occurred. 

Dimensional Change. Specimen dimensional changes were deter-  

mined by micrometer measurements but were too  small t o  be of value i n  

evaluating t h e  extent of corrosion. 
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Chemical Analysis.* Chemical analyses of specimens before and 

after t e s t  were useful  i n  determining the  amount of l i thium pickup 

which had occurred as w e l l  as the  amount of oxygen t h a t  had been 

get tered by the  l i thium. 

X-Ray Analysis. X - r a y  d i f f r ac t ion  methods were used t o  deter-  

mine c rys t a l  or ientat ions,  and t o  ident i fy  surface layers  which some- 

t i m e s  formed on t h e  niobium. It w a s  a l so  used i n  an unsuccessful 

attempt t o  ident i fy  the  corrosion product which formed i n  the  niobium- 

oyygen-lithium system. 

Mechanical Properties Change. To determine the  e f f ec t  of cor- 

rosion on the  mechanical propert ies  of niobium, i t s  room-temperature 

t e n s i l e  s t rength and per cent elongation were measured before and 

a f t e r  exposure t o  l i thium. Subsize specimens, die-punched from niobium 

sheet and having a gage-length-to-width r a t i o  of e ight ,  were used f o r  

t h i s  purpose. Data reported a re  a r e s u l t  of duplicate t e s t s  and a 

cor re la t ion  between depth of a t tack  and corrosion w a s  found. 

Hardness Change. Microhardness measurements were useful  i n  

evaluating the  r a t e  of oxygen removal from the  niobium. 

hardness were found t o  be important i n  explaining the  e f f ec t s  of some 

Changes i n  

*All chemical analyses were performed by t h e  Analytical  
Chemistry Division, O a k  Ridge National Laboratory, unless otherwise 
indicated.  
mil l ion by weight. 

All concentrations a re  reported as per cent or p a r t s  per 



29 

variables  such as temperature and grain s i ze  on t h e  corrosion process. 

Hardness measurements reported a re  the  average of th ree  or more deter-  

minations fo r  each point p lo t ted .  

Metallography. Metallographic methods were by far  the most 

usef’ul i n  determining the  amount of l i thium penetration. 

for polishing refractory-metal specimens w a s  tha t  reported by Gray and 

Long (17).  Careful techniques were required because of t h e  s e n s i t i v i t y  

of t he  corrosion product t o  polishing and etching. 

b r i t t l e n e s s  of the  corrosion product, corrosion along grain boundaries 

of ten caused grains t o  become dislodged during polishing. Grain- 

boundary corrosion e f f ec t s  were generally observable i n  specimens i n  

t h e  as-polished condition. Transgranular attack, on the  other hand, 

of ten could not be detected u n t i l  the  specimen w a s  etched. 

The method 

Because of t he  
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CHAPTER V I  

RESULTS AKD DISCUSSION 

I. UNALLOYED NIOBIUM 

Effect of Oyygen, Nitrogen, and Carbon 

Individual additions of oxygen and nitrogen t o  niobium ve r i f i ed  

the  general  conclusion previously reported by Hoffman (18) t h a t  l i th ium 

penetrat ion of niobium can be r e l a t ed  t o  the  i n i t i a l  oxygen concen- 

t r a t i o n  i n  the  so l id  metal. Additions of up t o  0 .1  per cent carbon 

and 0.135 per cent nitrogen did not r e s u l t  i n  corrosion of niobium 

by l i th ium a f t e r  100 hours exposure at 816°C. 

marized i n  Table I11 which shows t h a t  oxygen i n  niobium i s  the  p r inc ipa l  

i n t e r s t i t i a l  impurity responsible f o r  l i th ium a t tack .  

These r e s u l t s  a r e  sum- 

I n  addi t ion t o  the  grain-boundary penetrat ion reported by 

Hoffman (18), transgranular a t tack w a s  a l s o  observed. 

corrosion occurred along a ce r t a in  crystal lographic  plane (or planes) ,  

t he  corrosion product being i n  the  form of p l a t e l e t s .  Both types of 

penetrat ion are i l l u s t r a t e d  i n  Figures 11 and 12. The depth t o  which 

the  p l a t e l e t s  extended in to  the  metal a l s o  increased with increasing 

oxygen i n  the  niobium as shown i n  Figure 12 .  I n  order t o  iden t i fy  t h e  

habi t  plane of t he  corrosion product, a s ing le  c r y s t a l  w a s  polished on 

two faces  having indices  c lose t o  (110) and [loo). 

steps of pol ishing and making x-ray photographs of these  faces with 

the  back-ref lect ion Laue technique, c r y s t a l  faces  within 2 degrees of 

I n  t h i s  case, 

By successive 
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TABU I11 

. 

DEPTH OF ATTACK AS A FUNCTION OF OXYGEN, NITROGEN, 
AND CARBON I N  NIOBIUM EXPOSED TO LITHIUM 

FOR 100 HOURS AT 816°C 

Maximum Depth 
of Attack 

( m i l s )  
I n i t i a l  Concentration (ppm) 

Ovgen Nitrogen Carbon 

0 160 80 30 

1 500 80 30 

3 

4 

650 80 30 

1000 80 30 

10 1700 80 30 

0 60 50 7 

0 60 600 7 

0 60 1350 7 

0 40 60 500 

0 40 60 1000 
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Figure 11. Transcrystal l ine and grain-boundary penetrat ion of 
niobium containing 1500 pa r t s  per million oxygen and exposed t o  l i thium 
f o r  100 hours at 500°C. Etchant: HF-HNO3-H2SO4-H20. Reduced 7%. 
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Figure 12.  Effect of i n i t i a l  oxygen concentration, 150-1700 
p a r t s  per mill ion,  i n  niobium on the  depth of a t tack  by l i thium. 
conditions: 816°C for 100 hours. Following t e s t ,  t he  room-temperature 
t e n s i l e  s t rength var ied from 26,600 t o  7,300 pounds per square inch, 
t he  elongation i n  2-inch gage length var ied from 13 t o  1 per cent, and 
the  oxygen concentration var ied from 90 t o  650 p a r t s  per  mil l ion.  
Etchant: HF-HN03-HzSOr,-H20. 

Test 
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(llO} and (loo} were developed. The c r y s t a l  w a s  oxidized t o  1000 p a r t s  

per mil l ion oxygen and then t e s t e d  i n  l i thium f o r  5 hours 

produce a crystallographic corrosion pa t t e rn .  Standard stereographic 

techniques were then used t o  ident i fy  t h e  habi t  plane as (llo]. 

at 500°C t o  

The e f f ec t  of l i thium penetrat ion on the  mechanical propert ies  

of niobium was invest igated by measuring t h e  t e n s i l e  s t rength and 

elongation before and a f t e r  exposure. After the  addi t ion of various 

amounts of oyygen, one s e t  of specimens was heat t r e a t e d  i n  argon f o r  

100 hours at $16"C and another s e t  w a s  exposed t o  l i thium f o r  100 hours 

at $16 "C. 

although the t e n s i l e  s t rength of heat- t reated niobium increased and 

the  per cent elongation remained constant w i t h  increasing oxygen, 

exposure t o  l i thium resu l ted  i n  a decrease i n  both t e n s i l e  s t rength 

and elongation. This l o s s  i n  s t rength and d u c t i l i t y  increased with 

the  depth of l i thium penetrat ion (Figure 12, page 33). 

The r e s u l t s  are p lo t ted  i n  Figure 13 which show t h a t ,  

The small s i ze  and amount of  t he  corrosion product made it d i f -  

f i c u l t  t o  recover suf f ic ien t  amounts f o r  quant i ta t ive  analyses and 

hence prevented pos i t ive  ident i f ica t ion .  It w a s  found, however, that  

t he  solut ion used t o  e tch the  niobium (HF-HN03-H2SO4-H20) very rap id ly  

dissolved the  corrosion product. A corroded niobium specimen w a s  

d i s t i l l e d  a t  700°C t o  remove any f r e e  lithium and then etched i n  t h i s  

solut ion.  Analysis of t he  solut ion indicated t h a t  l i thium w a s  a com- 

ponent of t he  corrosion phase. In  addition, chemical analyses (Fig- 

ure 12, page 33) and hardness measurements (Figure 14) always indicated 

tha t  t h e  niobium l o s t  oyygen during t h e  exposure t o  l i thium. However, 

c 
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exposure t o  l i th ium at 816°C. Specimen thickness: 0.040 inch. 
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Figure 14. Hardness p r o f i l e  across niobium specimen before and 
a f t e r  exposure t o  l i thium f o r  100 hours at 816°C. 
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as shown i n  Figures 14, page 36, and 15, t h e  a rea  i n  the  v i c i n i t y  of 

the  corrosion "front" exhibited a peak i n  hardness. 

the  hardness has been p lo t ted  on a photomicrograph of a cross sect ion 

of t he  specimen re fer red  t o  i n  Figure 14, page 36. When 0.010 inch 

was removed from each surface of t h i s  specimen, reanalysis showed a 

lower oxygen concentration than before t h i s  material w a s  removed. 

(See Table V I I I ,  page 69, f o r  similar data  on a se r i e s  of specimens 

t r ea t ed  i n  t h i s  manner.) 

component of t he  corrosion product. 

from a specimen such a s  shown i n  Figure 16 w a s  recovered and an x-ray 

pa t t e rn  obtained. The d i f f r ac t ion  l i n e s  were found t o  be consistent 

w i t h  a rhombohedral un i t  c e l l  having hexagonal parameters a E 7.49 A 

and c E 7.97 A. 

but no s imi l a r i t y  w a s  found. 

such a s  LiNbO3, Lif\sbO4, and Li2NbO3 were then synthesized according t o  

direct ions outlined i n  t h e  l i t e r a t u r e  (19-21) and x-ray pa t te rns  made. 

These were a l so  compared with t h e  pa t t e rn  of t he  corrosion product, 

but again no close s imi l a r i t y  w a s  found. 

cluded that the corrosion product was probably a lithium-niobium-oyygen 

compound, no pos i t ive  iden t i f i ca t ion  could be made. 

In  Figure 15 

These data indicated t h a t  oxygen i s  a l so  a 

Some of the  corrosion product 

This r e s u l t  w a s  compared with data f o r  Li20 and Li202 

Compounds* of various niobates of l i t h ium 

Thus, although it w a s  con- 

In  addition t o  oxygen concentration, other t e s t  var iables  inves- 

t i ga t ed  were temperature, t i m e ,  grain s ize ,  heat treatment, deformation, 

*Compounds were made by Analytical  Chemistry Division. 



UNCLASSIFIED 
ORNL-LR-DWG 67382 - 130 n a s 

cn 
0 
W 

(I: 

I 

110 n 
a 

g 90 
0 
3 
5 
n 

80 
0 5 10 15 20 25 30  35 

EDGE CENTER 
DISTANCE FROM EDGE (mi ls )  

Figure 15. Microhardness profile across niobium specimen after 
exposure to lithium fo r  100 hours at 816'C. As-polished. 

. 



39 

po1 

002 

003 

v) 
W 
.I- 
o 
5 - 
008 

007 

.008 

PPB 

010 

012 

013 

014 

011 

X 
0 
In- 
N 

- 

UNCL ASS1 F I E D 

. Figure 16. Niobium specimen from which corrosion product w a s  
obtained for x-ray analysis .  As-polished. Reduced 5%. 

. 



40 

and l i thium pur i ty .  Although oxygen i n  niobium w a s  found t o  be t h e  

control l ing var iable  i n  t h e  corrosion process, other var iab les  were 

s ign i f icant  i n  determining the  depth of l i thium penetrat ion a t  a con- 

s t an t  i n i t i a l  oxygen concentration. 

niobium w a s  l e s s  than a threshold value of approximately 400 par t s  

per mill ion,  then, as shown i n  Table IV, l i thium penetration did not 

occur under various t e s t  conditions. A t  concentrations above 500 pa r t s  

per mil l ion oxygen, temperature w a s  t he  most important addi t iona l  

var iable .  

If the  oxygen concentration i n  

Effect of Temperature 

The e f f ec t  of temperature on depth of penetrat ion depends on 

i n i t i a l  oxygen concentration, time, grain s ize ,  and t e s t  procedure. 

These var iables  determine what so r t  of e f f ec t  temperature w i l l  have 

because there  a re  e s sen t i a l ly  two processes which occur when niobium 

i s  i n  contact with l i thium: 

red is t r ibu t ion .  The process which has been discussed thus far i s  t h a t  

of l i thium penetration. However, s ince l i thium penetrat ion depends on 

t h e  amount of oxygen i n  niobium, ge t te r ing  of oxygen from niobium by 

l i thium can a f f ec t  t he  depth of penetrat ion.  

important a t  high temperatures where oxygen d i f fus ion  r a t e s  i n  niobium 

a re  a l s o  high. The importance of oxygen removal can be shown by solu- 

t i o n  of Fick 's  l a w  with the  appropriate boundary conditions f o r  oxygen 

d i f fus ing  out of niobium i n t o  the  l i thium. 

t h e  r a t i o  of the  oxygen concentration at a depth 0.005 inch f r o m t h e  

(1) li thium penetrat ion and (2 )  oxygen 

Gettering i s  more 

I n  Figure 17, a p l o t  of 
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TABLE IV 

LITHIUM PENETRATION OF NIOBIUM CONTAINING 
I 5 0 0  PARTS PEL3 MILLION OXYGEN 

I n i t i a l  Oyygen Test Variables Depth of 
Concentration Temperature Time Pre t e s t  Attack 

(PP4 ( "C) ( h r )  Heat Treatment (mils) 

150 

180 

190 

200 

250 

260 

290 

330 

410 

410 

450 

460 

500 

500 

500 

816 

816 

816 

816 

816 

982 

816 

982 

816 

816 

982 

816 

816 

816 

982 

100 

100 

100 

100 

100 

100 

100 

100 

24 

100 

100 

100 

100 

500 

100 

Annealed 1 hr  at 
1000°C i n  vacuum 

Annealed 1 hr at 
1000°C i n  vacuum 

Annealed 1 hr at 
1000°C i n  vacuum 

Annealed 1 hr  at 
1000°C i n  vacuum 

Annealed 1 hr  a t  
1000°C i n  vacuum 

Annealed 1 h r  at 
1000°C i n  vacuum 

Annealed 1 hr  a t  
1000°C i n  vacuum 

Annealed 1 h r  at 
1000°C i n  vacuum 

Annealed 2 hr  at 
1800°C i n  vacuum 

Annealed 2 hr at 
1800°C i n  vacuum 
Annealed 2 hr at 
1300°C i n  vacuum 

Annealed 2 hr  at 
1600°C i n  vacuum 
Annealed 2 hr  a t  
1600°C i n  vacuum 

Annealed 2 h r  at 
1600°C i n  vacuum 

Annealed 1 hr at 
1000°C i n  vacuum 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

1 

1 

1 

1.5 
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surface t o  t h e  i n i t i a l  concentration has been made as a function of 

time f o r  t he  temperatures 500, 816, and lOOO"C.* A t  500°C t h e  con- 

centrat ion would be unchanged from the  i n i t i a l  value even a f t e r  20 

hours exposure. However, the  concentration can be reduced t o  half  i t s  

i n i t i a l  value after approximately 75 minutes at 816°C and 5-10 minutes 

a t  1000°C. 

mill ion oxygen, a point 0.005 inch from the  surface would be reduced 

t o  500 pa r t s  per mil l ion i n  75 minutes at 816°C and i n  l e s s  than 10 

minutes at 1000°C. If l i thium penetration had not occurred at l e a s t  

t o  t h i s  depth p r io r  t o  these times, then no fur ther  penetration would 

be expected since t h e  oxygen concentration would be too  low t o  support 

fur ther  penetration. Consequently, somewhat d i f fe ren t  r e s u l t s  were 

obtained when polycrystal l ine specimens (Figure 18) and s ingle-crystal  

specimens (Figure 19 )  were exposed t o  l i thium a t  increasing tempera- 

t u re s .  

l i n e  samples occurred as the  t e s t  temperature w a s  increased f r o m  260 

t o  1100°C. However, the  s ingle-crystal  specimens exhibited l e s s  a t tack 

at 815 and 1040°C than at t h e  two lower temperatures. 

i s  believed t o  be r e l a t ed  t o  t h e  difference between t h e  rate of l i thium 

penetration and t he  rate of oxygen removal from the  niobium. 

noted tha t  t he  transgranular a t tack observed i n  the  polycrystal l ine 

specimens t e s t ed  a t  260 and 540°C no longer occurred i n  the  specimens 

Thus, f o r  a s t a r t i n g  concentration of 1000 pa r t s  per 

An increase i n  t h e  depth of l i thium penetration of polycrystal-  

This difference 

It w a s  

%See Appendix B f o r  equations used t o  make these calculat ions.  
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Figure 18. Effect of temperature on the  depth of a t tack  by 
l i th ium of polycrys ta l l ine  niobium specimens containing 1000 p a r t s  per  
mil l ion oxygen. Test duration, 100 hours. Etchant: HF-HNO~-H~SOL-H~O. 
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Figure 19. Effect of temperature on the  depth of a t tack  by 
l i thium of a niobium single  c r y s t a l  containing 1500 par t s  per million 
oxygen. Test duration, 100 hours. Etchant: HF-HNO3-H2SO4-H20. 
Reduced 17%. 
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t e s t e d  at 800 and 1100°C. Corrosion of s ing le-crys ta l  specimens w a s  

necessar i ly  r e s t r i c t e d  t o  the  transgranular type of a t tack a t  a l l  

temperatures. It i s  postulated, therefore,  t h a t  at high temperatures 

oxygen concentrations i n  the  s ing le-crys ta l  specimens were rapidly 

reduced t o  l eve l s  too  low t o  support fur ther  l i thium penetration. On 

the  other hand, penetrat ion of t h e  polycrystal l ine samples occurred 

en t i r e ly  along grain boundaries a t  800 and l l O O ° C ,  which indicated 

t h a t  t he  r a t e  of grain-boundary penetration was more rapid than t h e  

oxygen removal r a t e  from these areas .  Since grain-boundary d i f fus ion  

r a t e s  a re  generally more rapid than bulk d i f fus ion  ra tes ,  it appears 

t h a t  it was t h e  

boundaries t h a t  

Effect  of Time 

f a s t e r  r a t e  of  penetrat ion by l i thium along grain 

w a s  responsible f o r  t h i s  e f f ec t .  

The e f f ec t  of time on the  r a t e  and depth of a t tack  w a s  the  next 

var iab le  t o  be invest igated.  It w a s  found t h a t  t he  r a t e  of l i th ium 

penetration of niobium i s  i n i t i a l l y  very rapid - react ion product 

formation generally reached a maximum depth i n  less than 1 hour over 

a wide range of temperatures. An i l l u s t r a t i o n  of t h i s  e f f ec t  i s  seen 

i n  Figure 20. The 0.040-inch-thick specimen i n  t h i s  f igure  w a s  com- 

p l e t e ly  penetrated during a 0.5-hour exposure t o  l i thium vapor a t  

1100°C. (The grain s i ze  and i n i t i a l  oxygen content [1900 par t s  per 

mil l ion]  of t h i s  specimen were such t h a t  t he  oxygen l e v e l  remained 

r e l a t ive ly  high throughout t he  t e s t . )  
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Figure 20. Effect of time on depth of a t tack  by l i th ium vapor of po lycrys ta l l ine  niobium 
specimen containing 1900 par ts  per mil l ion oxygen. 
ana lys i s  showed oxygen decreased t o  1400 p a r t s  per mil l ion a f t e r  0.5  hour and 240 p a r t s  per mil l ion 
a f t e r  50 hours. Etchant: HF-J3N03-H2S04-H20. 

Test temperature, 1100 "C. Pos t t e s t  oxygen 
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The depth of a t tack,  as discussed i n  the  previous section, i s  

strongly a f fec ted  by those var iables  which a f f ec t  oxygen removal r a t e ,  

such as grain s i z e  and i n i t i a l  oxygen concentration. In  a s e r i e s  of 

t es t s  i n  which exposure times were var ied from 1 t o  500 hours, no 

difference i n  depth of a t tack  w a s  observed at 816°C i n  niobium speci-  

mens i n i t i a l l y  containing 1000 p a r t s  per mil l ion oxygen. Typical 

r e s u l t s  f r o m t h i s  s e r i e s  are shown i n  Figure 21. Chemical analyses, 

however, showed t h a t  oxygen removal i n  these  t e s t s  continued up t o  

100 hours. 

pared (Figure 2 2 ) ,  a sharp gradient i s  evident i n  specimens t e s t e d  f o r  

less  than 100 hours. I n  each case, t he  f i rs t  hardness measurement w a s  

made at a dis tance approximately 0.005 inch f r o m t h e  edge of t he  

specimen. The hardness at t h i s  point  f o r  t h e  specimen exposed f o r  

only 1 hour w a s  l e s s  than 110 diamond pyramid hardness. From the  p lo t  

of oxygen concentration versus hardness (Figure 7, page 2 2 ) ,  it can be 

seen t h a t  t h i s  corresponds t o  an oxygen concentration of less than 

500 p a r t s  per mil l ion - which i s  near t he  "threshold" concentration 

required f o r  corrosion t o  occur. Therefore, depth of a t tack  reached 

a maximum sometime within 1 hour, t he  exact time corresponding t o  the  

time when t h e  oxygen content dropped below t h e  c r i t i c a l  l e v e l .  

Accordingly, t he  i n i t i a l  r a t e  of a t tack  w a s  not measurable from t h e  

r e s u l t s  of these t e s t s .  

If t h e  hardness p ro f i l e s  across these  specimens a re  com- 

Other tes ts  i n  which depths of penetrat ion were measured as a 

funct ion of time are summarized i n  Table V .  It can be seen t h a t  

. 
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TABU V 

EFFECT OF TIME ON THE DEPTH OF PENETRATION OF 
OXYGEN-CONTAMINATED NIOBIUM BY LITHIUM 

Oxygen Depth of 
Conc en t r a t  ion Type of Temperature Time Attack 

( P P d  Specimen ( "C) ( h r )  ( m i l s )  

Polycrystal l ine 

Polycrystal l ine 

Polycrystal l ine 

Polycrystal l ine 

2 60 

260 

538 

538 

1 

100 

7 
16 

9 

12 

1000 

1000 

1000 

1000 

1 

100 

Single c rys t a l  

Single c r y s t a l  

Single c r y s t a l  

816 

816 

816 

0.1 

1 

100 

3 

5 

30 
(complete) 

30 
(complete) 

1700 

1700 

1700 

1000 Single c r y s t a l  816 1700 

0 

13 

Single c r y s t a l  

Single c r y s t a l  

1093 

1093 

0 .5  

50 
1800 

1800 

Single c r y s t a l  

Single c r y s t a l  

538 

538 

0.5 

30 

6 

13 
1200 

1200 

Single c r y s t a l  

Single c r y s t a l  

816 

816 

0.1 

1 

12 

33 
(complete) 

33 
(complete) 

4475 

4475 

~ 

I .  
816 100 4475 Single c r y s t a l  
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differences i n  depths of penetrat ion of s ing le-crys ta l  specimens were 

observed only for times less than 1 hour. Thus, t he  point  i s  made 

once again t h a t  t he  r a t e  of l i th ium penetrat ion i s  rapid,  but  t h e  

maximum depth of penetrat ion which w i l l  occur depends on t h e  rate at 

which oxygen i s  removed f r o m t h e  niobium. Since similar depths of 

penetrat ion were observed at various temperatures, t he  corrosion 

process must be control led by the  r a t e  at which l i thium can reach the  

unattacked niobium and a l s o  by the requirement t h a t  the  l o c a l  oxygen 

concentration remain greater  than approximately 400 p a r t s  per  mil l ion.  

Effect of Grain Size 

Three d i f f e ren t  grain sizes were produced i n  niobium specimens 

by annealing f o r  1 hour at 1000, 1300, and 1600°C, respect ively.  

Oxygen addi t ions of 1300-1600 p a r t s  per mil l ion were then made a t  

1000°C, a f t e r  which the  specimens were exposed t o  l i th ium f o r  20 hours 

a t  both 400 and 1000°C. Results a r e  shown i n  Figure 23. Although 

some grain-boundary at tack occurred at both 400 and 1000°C f o r  a l l  

grain s izes ,  it i s  apparent that  grain-boundary a t tack  i s  favored by 

s m a l l  grain s i z e  and high temperatures. 

increased with increasing grain s i ze .  This could have r e su l t ed  because 

t h e  path length t h a t  the  l i thium has t o  t r a v e l  t o  reach a spec i f i c  

depth generally decreases with increasing grain s i ze .  

of corrosion product could be the  same i n  each case. For each grain 

s ize ,  t he  depth of penetrat ion w a s  greater  at  1000 than  at 400°C. 

Therefore, it must be concluded t h a t  t he  r a t e  of grain-boundary 

A t  400°C depth of penetrat ion 

The t o t a l  volume 
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Figure 23. Effect of grain s i ze  and temperature on corrosion of 
niobium by li thium. Test duration, 20 hours. Etchant: 
HF-HN03-H2SO4-H20. 
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penetrat ion increases with increasing temperature. I n  f ac t ,  t h e  d i f -  

ference i n  r a t e  of a t tack  w a s  even greater  than  suggested i n  Figure 23, 

page 53, since no change i n  the  oxygen concentration of the  th ree  

specimens t e s t ed  at 400°C w a s  found, while t he  th ree  t e s t e d  at 1000°C 

were a l l  reduced t o  approximately 250 p a r t s  per  mil l ion.  

boundary penetrat ion must have occurred p r i o r  t o  the  oxygen concen- 

t r a t i o n  being reduced t o  a value too  low t o  support fu r the r  penetrat ion.  

The r a t e  of t r ansc rys t a l l i ne  penetrat ion w a s  apparently slower than the  

r a t e  of grain-boundary penetrat ion s ince the  t r ansc rys t a l l i ne  corrosion 

f ront  w a s  observed t o  l a g  the  intergranular  corrosion f ron t  a t  400°C 

and w a s  not observed a t  a l l  at 1000°C. 

Grain- 

Effect  of Heat Treatment 

Heat t r e a t i n g  at d i f fe ren t  temperatures should produce d i f f e ren t  

oxygen d i s t r ibu t ions  i n  niobium which might be expected t o  a f f e c t  t h e  

corrosion process. However, it w a s  found t h a t  i f  other  t e s t  var iab les  

such as oxygen concentration, temperature, and grain s i z e  were kept 

constant, then heat t r e a t i n g  f o r  100 hours at 400, 600, or  800°C d id  

not s ign i f i can t ly  a l t e r  the  depth and pa t t e rn  of corrosion. This 

indicates  t ha t  differences i n  depth or  type of a t tack  a r e  determined 

more by the  l o c a l  oxygen concentration at the  corrosion in te r face  

ra ther  than the  or ig ina l  oxygen d i s t r ibu t ion .  

Effect of Deformation 

To determine i f  t he  amount of p r i o r  deformation a f f e c t s  t h e  

corrosion process, a s ingle  c r y s t a l  w a s  annealed at 1800°C t o  reduce 
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the  number of dislocations,and a second s ingle  c r y s t a l  having the  same 

or ien ta t  ion w a s  cold worked t o  increase the  number of dis locat ions.  

Typical r e s u l t s  from a number of such t e s t s  a r e  presented i n  Figure 24 

which shows two specimens t r ea t ed  as described above and then exposed 

t o  l i thium f o r  1 hour a t  500°C. 

a t tack  w a s  noted. 

No s igni f icant  difference i n  depth of 

Effect  of Lithium Pur i ty  

Samples of pure niobium were not attacked when exposed t o  

l i thium plus  1 per cent Li20 and l i thium plus  1 per cent Li3N f o r  100 

hours at 816°C. In  addition, s ingle  c rys t a l s  of niobium containing 

1000 pa r t s  per mil l ion oxygen were t e s t e d  i n  l i thium, l i th ium plus  

0 .5  per cent Li20, and l i th ium plus  0 .5  per cent Li3N, and complete 

a t tack w a s  observed i n  a l l  specimens. Therefore, it w a s  concluded 

t h a t  oxygen and nitrogen i n  l i thium do not contr ibute  t o  penetrat ion 

of niobium. 

11. NIOBIUM ALLOYS 

The addi t ion of an al loying element w a s  considered as one 

possible  solut ion t o  t h i s  corrosion problem and w a s  invest igated by 

determining the  e f f ec t  of oxygen additions t o  niobium-zirconium and 

niobium-vanadium a l loys  on t h e i r  corrosion res i s tance  t o  l i thium. It 

w a s  suspected t h a t  zirconium, which forms a more s t ab le  oxide than 

those of niobium, should be e f f ec t ive  i n  a l t e r i n g  the  oxygen s t a b i l i t y  

i n  the  a l loy  and thereby have an e f f ec t  on i t s  corrosion behavior. 
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Vanadium, on the  other hand, forms oxides of approximately the  same 

thermodynamic s t a b i l i t y  as niobium and therefore  should be r e l a t ive ly  

ineffect ive . 

Niobium-Zirconium Alloys 

Systematic additions of oxygen t o  a n i o b i m l  per cent zirconium 

a l loy  were made at 1000°C and subsequent exposure t o  l i thium f o r  100 

hours at 816°C resul ted i n  a t tack of t he  a l loy  i n  a manner similar t o  

unalloyed niobium (Figure 25) .  Further s tudies  revealed, however, t h a t  

i f  t he  niobium-1 per cent zirconium w a s  heat t r ea t ed  at 1300°C a f t e r  

oxidation no l i thium penetration occurred when specimens were t e s t ed  

as described above. These r e s u l t s  were confirmed by a more de ta i led  

invest igat ion i n  which both zirconium concentration and oxygen con- 

centrat ion were varied.  Results f r o m t h i s  t e s t  a r e  summarized i n  

Table V I ,  It can be seen tha t  t he  corrosion protect ion obtained by 

heat t r ea t ing  at 1300°C w a s  a function of both zirconium and oxygen 

concentrations. When the  oxygen-to-zirconium atomic r a t i o  exceeded 2/1, 

no corrosion protect ion resu l ted  even a f t e r  heat treatment. 

t e s t s  showed tha t  other heat treatments such as 1 hour a t  1600°C or 

5 hours at 1000°C were a l so  e f fec t ive  i n  producing a s tab le  oxygen 

d i s t r ibu t ion  i n  n i o b i m l  per cent zirconium ( tha t  is ,  a ‘specimen which 

i s  not attacked by l i thium),  but only if  the  oxygen-to-zirconium atomic 

r a t i o  did not exceed 2/1. Since t h i s  r a t i o  corresponds t o  t h e  s to ich i -  

ometry of Zr02, it i s  postulated t h a t  corrosion protect ion r e s u l t s  

from the  formation of t h i s  oxide i n  niobium-zirconium a l loys .  Mechani- 

c a l  re laxat ion measurements have been used by Stephenson and McCoy (22)  

Subsequent 
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Y-36870 

300 ppm 0 2  0 mils 900ppm 0 2  I I  mils 

14 mils 1300 ppm 0 2  19 mils 11OOpprn 0 2  

. 

Figure 25. Ef fec t  of i n i t i a l  oxygen concentration, 30G1300 
par t s  per mil l ion,  i n  n i o b i u w l  per cent zirconium a l loy  on depth of 
a t tack  by l i th ium.  Test conditions, 100 hours a t  816°C. Etchant: 
HF-HN03 - H ~ S O L + - H ~ O .  Reduced 20%. 
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TABU V I  

DEPTH OF ATTACK BY LITHIUM OF NIOBIUM-ZIRCONIUM ALLQYS AS A 
FUNCTION OF ZIRCONIUM CONCENTRATION, OXYGEN CONCENTRATION, 

MID HEAT TREATMENT 

Test Conditions: 100 h r  a t  $16"C 

Zirconium Oxygen Depth of Attack (mils) 
Concentration Concentration After Oxidation After Heat Treatment 

(%) (%) a t  1000 "C* at 1300 "C** 

0.05 
0.05 
0.05 

0.4 
0.4 
0.4 
0.6 
0.6 
0.6 

0.9 
0.9 
0.9 

1.3 
1.3 
1.3 

0.09 
0.18 
0.23 

0.09 
0.18 
0.23 

0.09 
0.18 
0.23 

0.09 
0.18 
0.23 

0.09 
0.18 
0.23 

15 
25 
30* 

15 
20 
30* 

10 
20 
30* 

10 
20 
30* 

5 
10 
25 

15 t  
25t 
30t 

0 
15 t  
30t 

0 
0 

25t 

0 
0 
0 

0 
0 
0 

jCSpecimen exposed t o  l i th ium after oxidation a t  1000°C. 

**Specimen heat t r ea t ed  i n  vacuum f o r  2 hours at 1300°C 
following oxidation and p r i o r  t o  exposure t o  l i thium. 

*Oxygen-to-zirconium atomic r a t i o  w a s  greater  than 2 .  

*Complete penetrat ion of 60-mil-thick specimen. 
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t o  study t h e  prec ip i ta t ion  of i n t e r s t i t i a l  solutes  such a s  oxygen and 

nitrogen from supersaturated so l id  solut ion i n  niobium-zirconium 

a l loys .  

measurements a re  based i s  beyond t h e  scope of t h i s  paper, but  has been 

presented elsewhere [23,24 1. ) From these mechanical re laxat ion measure- 

ments, an in t e rna l  f r i c t i o n  spectrum of a niobiun-0.16 per cent z i r -  

conium specimen containing 1070 pa r t s  per mil l ion oxygen was obtained 

(Figure 2 6 ) .  

w a s  caused by the  stress-induced motion of oxygen atoms i n  the  v i c i n i t y  

of a zirconium atom. 

in te rac t ion"  t o  dis t inguish it from t h e  normal niobium-oxygen and 

niobium-nitrogen peaks which a l so  occurred. 

mil l ion oxygen w a s  added t o  a niobiwn-1 per cent zirconium wire speci-  

men at 1000°C, a s i m i l a r  "oxygen-zirconium in te rac t ion"  peak w a s  found. 

After annealing f o r  1 hour at 1000°C, t h e  peak w a s  almost completely 

suppressed indicat ing t h a t  t h e  oxygen had prec ip i ta ted  from solution. 

These specimens were then t e s t ed  i n  l i thium f o r  20 hours at 500°C and 

the  results a re  shown i n  Figure 27. Lithium penetrat ion occurred i n  

the specimen which had exhibited a zirconium-oxygen in te rac t ion  peak; 

however, no penetrat ion was observed i n  the specimen annealed a t  

1000°C. 

t r e a t i n g  i s  ZrO2 has been given by Hobson ( 2 5 )  who iden t i f i ed  ZrO2 as 

a p rec ip i t a t e  i n  aged n i o b i m l  per cent zirconium a l loys .  

(A discussion of t h e  theory and mathematics upon which such 

It w a s  concluded that  t h e  peak which occurred at 220°C 

This peak has been labeled "oxygen-zirconium 

When 1500 p a r t s  per 

Evidence tha t  the oxide phase which forms as a result of heat 

Heat treatments at  temperatures from 1000 t o  1600°C a l l  proved 

ef fec t ive  i n  s t ab i l i z ing  t h e  oxygen i n  n i o b i u w l  per cent zirconium 

. 
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Figure 26. Internal friction spectrum of niobium-0.16 per cent zirconium alloy annealed 
at 1925 "C. 



UNCLASSIFIED 
PHOTO 63385 

1 

0.050 in. 

( 0 1  SPECIMEN HAVING NO Z r - 0  INTERACTION PEAK. 
INITIAL OXYGEN CONCENTRATION : 4500 pprn 

( b )  SPECIMEN HAVING Z r - 0  INTERACTION PEAK. 
IN IT IAL  OXYGEN CONCENTRATION : 4500 pprn 

Figure 27. N i o b i m l  per cent zirconium alloy following exposure t o  l i th ium f o r  1 hour a t  
500°C. Both specimens were oxidized at 1000°C, but specimen (a) w a s  annealed f o r  1 hour i n  vacuum 
following oxidation while specimen (b)  w a s  not.  

t I t 
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al loys.  However, when t h e  annealing temperature w a s  raised t o  20OO0C, 

a specimen t o  which 900 p a r t s  per mill ion oxygen had been added w a s  

completely attacked upon exposure t o  l i thium f o r  100 hours at 800°C. 

Also, n i o b i w l  per cent zirconiun specimens which were welded a f t e r  

oxygen additions did not exhibi t  corrosion res i s tance ,  When heated 

by annealing or welding in to  the  range where ZrO;! redissolves,  t he  

oxygen i s  then i n  so l id  solut ion i n  an unstable form which renders the  

al loy susceptible t o  l i t h ium at tack.  

The e f fec t  of  l i thium penetration on t h e  mechanical propert ies  

of n i o b i m l  per cent zirconium i s  shown i n  Table VII. Specimens were 

made from 0.040-inch sheet and were the same s ize  as reported e a r l i e r  

fo r  unalloyed niobium. Oxygen w a s  added at 1000°C, and specimens were 

t e n s i l e  t e s t ed  a f t e r  t he  following treatments: 

1. Oxidat ion. 
2. 
3. 

4.  

Oxidation followed by t e s t i n g  i n  l i thium 100 hours at 816°C. 
Oxidation followed by heat t r ea t ing  i n  vacuum f o r  1 hour 

a t  1600 "C . 
Oxidation followed by heat t r ea t ing  i n  vacuum for 1 hour 

a t  1600°C and then t e s t i n g  i n  l i t h ium f o r  100 hours at 
816 "C. 

Oxidation followed by heat t r ea t ing  i n  vacuum f o r  1 hour 
a t  1600°C and then heat t r ea t ing  i n  argon fo r  100 hours 
at E116 "C. 

5 .  

The addi t ion of oxygen at 1000°C resu l ted  i n  a la rge  increase 

i n  t e n s i l e  strength but decreased the  per cent elongation t o  zero. 

After exposure t o  l i t h ium these specimens showed a decrease i n  t e n s i l e  

strength, and t h e i r  d u c t i l i t y  a l so  remained low. This decrease i n  

strength and low d u c t i l i t y  i s  s i m i l a r  t o  t h e  r e s u l t s  found w i t h  un- 

alloyed niobium. If heat t r ea t ed  a t  1600°C following oxidation, both 
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TABLE V I 1  
. 

EFFECT OF OXYGEN I N  NIOBIuM-1 PER CENT ZIRCONIUM ALLOY ON 

AFTER EXPOSURE TO LITHIUM 
ITS ROOM-TEMPEBATURE TENSILE PROPERTIES BEFORE AND 

Owgen Tensile 0.2% Offset Elongation i n  
2 Inches Conc ent rat ion Strength Yield Strength 

( P P d  Treatment* ( p s i )  ( P s i )  (%) 

150 
310 
650 
1200 
2100 
3260 

340 
940 
1370 
1630 

100 
290 
560 
860 
1360 

100 
430 
480 
1130 
1430 

100 
440 
480 
1140 
1390 

a 
a 
a 
a 
a 
a 

b 
b 
b 
b 

c 
c 
c 
C 
C 

d 
d 
d 
d 
d 

53,700 
64,400 
97,300 
125,200 
137,700 
119,900 

63,700 
62,700 
46,800 
43,800 

38,700 
37,300 
38,800 
35 , 700 
32,500 
32,700 
32,300 

32,000 

35,600 
33,500 
32,400 
35,800 
32,700 

35,800 

33,100 

46,700 

97,300 
125,200 
137,700 
119,900 

58,800 
60,000 
46,800 
43, 800 
35,600 
33,300 
33,200 
33,100 
28,600 

28,700 
28,800 
28,400 
26,700 
24,100 

32,100 
29,800 
28,400 
29,300 
27,200 

57,800 
11.0 
11.0 
2.0 
0.0 
0.0 
0.0 

6.0 
2.5 
1.0 
0.5 

14.0 
10.0 
11.0 
11.0 
14.0 

13.5 
8.5 
11.5 
10.5 
13.5 

11.0 
9.5 
10.5 
12.0 
12.0 

*a, Oxidation. 
b. 

816 "C. 
c .  

a t  1600 "C. 
d .  

a t  1600°C and then t e s t i n g  i n  l i th ium f o r  100 hours at  816°C. 
e .  

a t  1600°C and then heat t r e a t i n g  i n  argon f o r  100 hours at 816°C. 

Oxidation followed by t e s t i n g  i n  l i th ium 100 hours at 

Oxidation followed by heat t r e a t i n g  i n  vacuum f o r  1 hour 

Oxidation followed by heat t r e a t i n g  i n  vacuum f o r  1 hour 

Oxidation followed by heat t r e a t i n g  i n  vacuum f o r  1 hour 

. 
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t e n s i l e  strength and elongation remained constant with increasing 

oxygen and were decreased only s l i g h t l y  a f t e r  fur ther  treatment i n  

l i thium or argon a t  8 1 6 ° C .  If t he  s tab le  condition reached a f t e r  a 

1 6 0 0 ° C  heat treatment i s  the  r e s u l t  of t h e  formation of Z r O 2  i n  t he  

al loy,  it would appear t ha t ,  when prec ip i ta ted  under these conditions, 

t he  lo s s  i n  strength which should r e s u l t  when zirconium i s  prec ip i ta ted  

from subs t i tu t iona l  so l id  solut ion i s  j u s t  o f f se t  by the  strengthening 

which occurs upon p rec ip i t a t ion  of ZrO;!. 

Niobium-Vanadium Alloys 

The addition of 40 per cent vanadium t o  niobium d i d  not prove 

e f fec t ive  i n  a l t e r i n g  t h e  corrosion resis tance of t he  niobium t o  

l i thium even a f t e r  heat treatment a t  1300°C. 

a f t e r  t he  addi t ion of 1000 p a r t s  per mil l ion oxygen t o  a n i o b i d 0  per 

cent vanadium alloy, considerable grain-boundary a t tack  resu l ted  during 

exposure t o  l i thium f o r  100 hours at 8 1 6 ° C .  Therefore, e i the r  t he  

oxygen i s  not p re fe ren t i a l ly  associated w i t h  vanadium, or i f  it i s  

associated with t h e  vanadium, it i s  i n  a form that  i s  susceptible t o  

a t tack by l i thium. 

A s  shown i n  Figure 28, 

111. OTHER REFRACTORY METAIS 

Results of  t e s t s  w i t h  tantalum at 8 1 6 ° C  were similar t o  those 

obtained on niobium. Tantalum, however, w a s  more sens i t ive  t o  oxygen 

concentration than niobium. A s  shown i n  Figure 29, complete pene- 

t r a t i o n  of a 0.040-inch specimen occurred with an i n i t i a l  oxygen 
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Y - 4 4 0 9 4  

UNCLASSIFIED 
PHOTO 5 6 3 2 9  

Y - 4 4 0 9 5  

. 

500 ppm 0 2  

Y-44097  

VI 
-W-  
I 
0 z- 

0 .02  

X - 0- 

I000 ppm 0 2  

Y - 4 4 0 9 8  

2000 ppm 0 2  4000 ppm 0 2  

Figure 2%. Effect of oyygen concentration of n i o b i d 0  per cent 
Test conditions, vanadium alloy on its corrosion resistance to lithium. 

100 hours at 816°C. As-polished. Reduced 14%. 
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concentration of 300 p a r t s  per  mill ion.  This indicates  t h e  threshold 

concentration f o r  corrosion of tantalum i s  considerably l e s s  than f o r  

niobium. Pos t tes t  chemical analyses indicated t h a t  oxygen had been 

get tered from the  tantalum by l i thium. 

The e f f ec t  of oxygen i n  zirconium, titanium, and vanadium w a s  

Oxygen i n  these metals d id  not a f f ec t  t h e i r  cor- a l so  invest igated.  

rosion res i s tance .  Additions of 2000 p a r t s  per mil l ion oxygen were 

made t o  vanadium and 4000 par t s  per  mil l ion t o  t i tanium and zirconium, 

but no evidence of l i thium penetrat ion w a s  detected a f t e r  100-hour 

exposures at 816°C. It i s  in t e re s t ing  t o  note t h a t  although zirconium 

additions t o  niobium were e f f ec t ive  i n  producing a corrosion r e s i s t a n t  

a l loy  and vanadium additions were not, both were individual ly  unaf- 

fected by the  presence of oxygen. This supports t h e  theory t h a t  oxygen 

i n  niobium-zirconium a l loys  i s  associated with the zirconium, but t h a t  

it i s  not p re fe ren t i a l ly  associated with vanadium i n  niobium-vanadium 

a l loys .  

Although no l i thium penetrat ion of zirconium, titanium, or 

vanadium w a s  found, oxygen r ed i s t r ibu t ion  did occur. These r e su l t s ,  

along with those f o r  tantalum and niobium, are given i n  Table VIII. 

Niobium, tantalum, and vanadium a l l  l o s t  oxygen t o  t h e  l i th ium even 

at i n i t i a l  concentrations as low as 150 parts per million, but t i tanium 

and zirconium get tered oxygen from t h e  l i thium when t h e i r  i n i t i a l  

oxygen concentrations were l e s s  than approximately 1000 p a r t s  per  

mil l ion.  It would be of i n t e r e s t  t o  know the equilibrium d i s t r ibu t ion  

of oxygen between these metals and l i thium a t  various temperatures. 

. 

. 

. 
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TABU3 VI11 

(. 

8 .  

OXYGEN CONCENTRATION IN REFRACTORY METAIS BEFORE AND 
AFTER EXPOSURE TO LITHIUM FOR 100 HOURS AT 816°C 

Mater i a1 
Oyygen Concentration (ppm) 

Before Test After Test 

Niobium 

Tantalum 

Vanadium 

Titanium 

150 
500 
650 
1000 
1700 

220 
450 
1100 
2000 

400 
800 
2200 

120 
600 
1100 

Zirconium 740 
1000 
1600 

90 (50)*  
210 (60) 
370 (150) 
460 (290) 
660 (350) 

80 
100 
150 
250 

80 
110 
180 

560 
670 
930 

800 
810 
1000 

*Analyses in parentheses are on same specimen 
after it was machined to remove the corrosion 
product. 

. 
a 
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However, since the niobium-oxygen-lithium and tantalum-oxygen-lithium 

systems are complicated by the formation of a corrosion product con- 

taining oxygen and since direct analysis of lithium f o r  oxygen is 

difficult, no measurements of this type were attempted. 

. 
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APPEI\SDIX A 

DERIVATION OF EXPRESSION TO CALCULATE DISTRIBUTION COEFT'ICIETJT 

FOR OXYGEN* IN REFRACTORY METAL-LIQUID MEPAL S Y S T E ~  

Consider two immiscible solvents A and B i n  contact, both con- 

ta in ing  oxygen i n  solution. Then 

F = F  0 + R T R n a A ,  
A A  

where @ 

F i s  the  f r e e  energy per gram atom of oxygen i n  a reference state, 

and a i s  the  a c t i v i t y  of oxygen i n  A. Similarly,  i n  solvent B t h e  

p a r t i a l  f r e e  energy of oxygen per gram atom can be wr i t ten  as 

i s  the  p a r t i a l  f r e e  energy of oxygen per gram atom i n  A, A 
0 
A 

A 

0 F = FB + R T  Rn . 

Since at equilibrium FA = FB, it can be shown tha t  

B "B 

A useful  reference state f o r  oxygen i n  t h i s  case i s  o q g e n  i n  solution 

i n  A or B which i s  i n  equilibrium with the  oxides of A o r  B. For t h i s  

A f ( A  oxide) choice of reference state Fo can be replaced by AFo 

by mf (B oxide) ' 

and FB 0 

0 where No refers t o  t he  standard f r e e  energy of f 

formation of t h e  oxides of A or B. Therefore 

0 - 0 

93 mf ( A  oxide) mf (B oxide) 
- = e - [  a A RT ( 4 )  

. 

*Similar der ivat ion can be used a l so  f o r  other impurit ies which 
a r e  i n  solut ion i n  both sol id-  and l iquid-metal  phases. 

. 
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If the  a c t i v i t y  of oxygen i n  the d i l u t e  solut ions involved can be 

expressed by an equation of the type 

? 3 =  B B  k N  

where N i s  the atomic f r ac t ion  of oxygen i n  B and k i s  a constant, B B 
then 

since % = 1 when N 

temperature T ) ,  and s imilar ly  

= (N ) B B s  (atomic f r ac t ion  of o x  sen sol tble i n  B at 

A t  low concentrations 

where C stands f o r  concentration. 

be expressed as 

Equation 4, page 72, can therefore  

0 - 0 

@f ( A  oxide) Mf (B oxide) 
RT 

The r igh t  s ide  of equation 5 i s  a constant at a given temperature and 

T ’  i s  ca l led  t h e  d i s t r ibu t ion  coeff ic ient  K 

cB 
K - - .  T - CA 
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A comparison of experimentally measured values of t h e  d i s t r ibu t ion  

coef f ic ien t  with calculated values obtained from equation 5, page 73, 

(26,27) does not show good agreement. Some possible  reasons f o r  t h i s  

discrepancy could be : 
0 

1. - Errors i n  aF . High-temperature f r e e  energies of formation 

data  a re  scarce and a re  usual ly  t h e  r e s u l t  of extrapo- 

l a t i o n s  from data  near room temperature. Because DFo i s  

an exponential term i n  equation 5, page 73, small e r ro r s  

i n  nFo can cause la rge  e r ro r s  i n  the  calculated r a t i o .  

0 For example, e r ro r s  of +20 per cent i n  nF 

PJbO at 800°C could cause t h e  calculated r a t i o  t o  be i n  

e r r o r  by lok9. 

t h e  oxide species which i s  i n  equilibrium with t h e  solu- 

f o r  Liz0 and 

In addition, it i s  assumed t h a t  one knows 

t i o n  phase, since it i s  the  of t h i s  specie which must 

be used i n  the  calculat ion.  

2. So lub i l i t i e s  Not Considered. I n  deriving equation 5, page 

73, t h e  assumption w a s  made t h a t  A oxide dissolves only 

i n  metal A, and B oxide dissolves only i n  metal B. Other 

s o l u b i l i t i e s  such as A i n  B, A oxide i n  B, B oxide i n  A 

were not considered. 

3. Presence of Other Oxygen-Containing Species. Equation 5 ,  

page 73, describes a r e l a t i o n  f o r  only one oxygen- 

containing specie i n  each phase. If any addi t ional  oxygen- 

containing species a re  present i n  e i t h e r  phase, then, 

since methods of oxygen analysis  usual ly  measure t h e  
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t o t a l  oxygen concentration present, no good cor re la t ion  

between calculated and experimental values would be 

expected. 

4.  Nonideality of Oxygen i n  Solution. It i s  assumed that  t h e  

a c t i v i t y  of oxygen i n  solut ion i n  e i the r  phase i s  a l i n e a r  

function of t he  oxygen concentration a t  saturat ion.  If 

deviations from t h i s  re la t ionship occur, t h e  calculated 

. 
values w i l l  be i n  e r ror .  

5 .  Experimental Errors. In  determining the  d i s t r ibu t ion  coef- 

f i c i e n t ,  one must measure the oxygen concentration i n  both 

t h e  so l id  and l i qu id  metal at equilibrium. Analytical 

methods for  analyzing oxygen i n  l i qu id  metals are  not very 

accurate.  Indirect  methods of analysis  of ten require 

exposure of the  l i qu id  metal t o  contaminating atmospheres. 

I n  addition, t he  formation of surface fi lms on some so l id  

metals during t h e  t e s t  leads t o  the  conclusion tha t  

equilibrium may not always be at ta ined.  

. 
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APPEUDIX B 

DIFF'USION OF OXYGEN OUT OF NIOBIUM 

Oxygen i s  get tered from niobium by li thium. The ge t t e r ing  

reac t ion  presumably occurs at the  niobium surface, and the  flow of 

oxygen toward the  surface can be expressed by Fick ' s  second l a w  

(7) 

where 

C = concentration of oxygen, 
oxygen 

D = di f fus ion  coef f ic ien t ,  cm2/sec, 

x = distance f r o m t h e  surface,  cm, 

t = t i m e ,  sec. 

The boundary conditions for t h e  ge t te r ing  of oxygen by l i thium are: 

C = C  a t t = O , O < x ( R  

C = C  a t x = O , O < t 5 c o  

where 

0 

S 

C 

C 

= i n i t i a l  oxygen concentration i n  t h e  niobium, 

= oxygen concentration a t  the  surface, 
0 

S 

R = thickness of niobium specimen. 

A s  shown i n  Figure 22, page 50, the  concentration of dissolved oxygen 

near t he  surface i s  very rapidly reduced t o  a low l eve l .  If it i s  

assumed t h a t  C 

solut ion i n  terms of depth x and time t 

= 0 f o r  t > 0, then equation 7 has the  following 
S 

c 

. 
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” 

4c 

x 
n=o 

where n is any integer from 0 to infinity and the other terms have 

their usual significance. 

culate C(x,t) for any values of D, R ,  and t, it is useful to consider 

the semi-infinite condition which would hold if the concentration in 

Although equation 8 can be used to cal- 

the middle of the sample remains unchanged. This is shown schemati- 

cally in Figure 30. 

equation 7, page 76, is in terms of the error function which is 

C X - = erf - . 

In this case, a more useful solution to 

cO 2fi 

If one considers the situation where the concentration at the middle 

of the specimen has not decreased by more than 10 per cent (that is, 

- ’ > 5 ) ,  then equation 9 affords an excellent approximation to - 
JDt 

equation 8. 
C Equations 8 and 9 were used to calculate - at x 

as a function of time at 500 and 1000°C. Values of the 
cO 

= 0.005 inch 

dif fus ion 

coefficient for oxygen in 

given by Ang (28) : 

where 

(9) 

niobium were obtained from the equation 

(10) 

D = diffusion coefficient in cm2/sec, 

T = temperature in ”K. 
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Figure 30. Concentration profile for oyygen diffusing out of niobium. 
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