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CHAPTER I 

SUMMARY 

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

zirconium exhibi t  excellent  res i s tance  t o  d i sso lu t ive  a t t ack  by l i th ium 

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

smal l 'quant i t ies  of oxygen i n  e i t h e r  niobium or tantalum can cause 

t h e  rap id  penetrat ion of these  metals by l i th ium over a wide range of 

temperatures. Vanadium, titanium, and zirconium, on t he  other hand, 

do not show t h i s  su scep t ib i l i t y  t o  l i th ium penetrat ion even at  oxygen 

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

Penetrat ion of niobium or tantalum by l i th ium r e s u l t s  i n  t h e  

formation of a complex corrosion product i n , g r a i n  boundaries or  along 

ce r t a in  crystal lographic planes. This reduces both t h e  t e n s i l e  

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

Oxygen was get tered from niobium, tantalum, and vanadium by 

l i th ium i n  a l l  t h e  t e s t s .  I n  t he  case of t i tanium and zirconium, 

oxygen r ed i s t r i bu t i on  occurred; but  t h e  di rect ion,  from so l i d  metal t o  

l i qu id  mctal or  v ice  versa, depended on i n i t i a l  ~ o n c e n t ~ a t i o i i s  i l l  t h e  

so l i d  and l i qu id  metal. 

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

t u r e  and grain s i ze  were t h e  most s ign i f ican t  var iables  a f fec t ing  

depth of penetrat ion.  Low temperatures and la rge  grain  s i ze  favored 

penetra t ion along ce r t a in  crystal lographic planes while high temperature 

and small gra in  s i ze  favored grain-boundary a t t ack .  Tn t e s t s  with 



s ing le  c ry s t a l s ,  penetra t ion was observed t o  decrease with increased 

temperature. This was shown t o  be r e l a t ed  t o  t he  r a t e  a t  which oxygen 

dif fused out of t he  niobium and was get tered by t h e  l i thium. Other 

var iab les  such as time, heat treatment, p r i o r  deformation, and l i th ium 

pu r i t y  were a l s o  invest igated but were not found t o  be s ign i f ican t  i n  

t h e  corrosion process.  

Poss ible  solut ions  t o  t h i s  problem were afforded by t h e  addi t ion 

of a l loying elements t o  niobium. It was shown t h a t  t h e  addi t ion of 

.. . 
zirconium could. be e f f ec t i ve  i n  el iminating l i th ium penetrat ion.  Alloys 

heat  t r e a t e d  such t h a t  oxygen was t i e d  up a s  t he  compound ZrO2 d id  not 

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

corrosion protect ion,  presumably because it does not p r e f e r en t i a l l y  

t i e  up oxygen present i n  t h e  a l loy .  



CHAPTER I1 

INTRODUCTION 

I n  reactor  systems requir ing t h a t  a la rge  amount of ,heat be 

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

l i qu id  metal be considered a s  t he  heat- t ransfer  medium. Some l i q u i d  

metals have many of t h e  desi rable  physical  and nuclear proper t 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 bo i l ing  point ,  (3)  low vapor pressure, 
,- 

(4)  high heat capacity, (5 )  high thermal conductivity, (6)  low density, 

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

of t he  l i qu id  metals t h a t  has been considered i s  l i th ium because it 

possesses a good combination of these  proper t ies .  However, a serious 

problem which has limit 'ed i t s  use i s  the  severe corrosion which has been 

encountered i n  systems operating at high temperatures. I n  t h e  ea r ly  

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

re f rac tory  metals* were more r e s i s t a n t  t o  l iquid-metal  corrosion than 

t h e  previously t e s t e d  conventional mater ia ls  and a l loys .  I n  addition, 

t h e i r  high melting points  and po t en t i a l i t y  f o r  high s t rength a t  e l e -  

vated temperatures made them excel lent  prospects f o r  high-temperature 

reactor '  systems. Therefore, fu r ther  invest igat ion of t h e  compatibil i ty 

of re f rac tory  metal-lithium systems was begun. ' 

* 
I n  t h i s  repoi+.;, those metals In Groups 4A, SA, and 6A of t he  

Periodic Table a r e  considered as  re f rac tory  metals. 



Studies of t h e  in te rac t ions  between l i qu id  and so l i d  metals have 

l e d  authors (3-7) t o  c l a s s i fy  t h e  various types of phenomena t h a t  have 

been observed. One such c l a s s i f i c a t i o n  (8) was given f o r  refractory 

metal-alkali metal systems a s  follows : 

I. Dissolut  ive  corrosion mechanisms. 
A. Dissolution of s o l i d  metal by l i q u i d  metal. 
B.  Dissimilar-metal mass t r ans f e r .  
C .  Temperature-gradient mass t r ans f e r .  

11. Impurity react ion mechanisms. 
A. Liquid-metal impurit ies.  
B. Solid-metal impurit ies.  
C.  Pa r t i t i on ing  of impurit ies between so l i d  and l i qu id  

metal. 

Although t h e  ea r ly  invest igat ions  indicated good res i s tance  of 

t h e  re f rac tory  metals t o  d i s so lu t ive  a t t ack  by l i th ium (Mechanism l), 

l a t e r  t e s t s  showed t h a t  impurit ies i n  t he  system can dele ter iously  

a f fec t  t h e  corrosion behavior of these  materials  (Mechanism 2 ) .  Reac- 

t i o n s  by which compounds or  complexes of t h e  impurity with t he  so l i d  

metal and/or l i q u i d  metal a r e  formed can cause a de te r io ra t ion  i n  

p roper t i es  of t h e  s o l i d  metal. In  addit ion,  when an element such a s  . 

oxygen i s  i n  so lu t ion  i n  both t h e  so l i d  and l i qu id  metal, then, it w i l l  

r e d i s t r i b u t e  i t s e l f  u n t i l  it has t he  same chemical po t en t i a l  i n  each 

phase. A t  a pa r t i cu l a r  temperature, t h e  equilibrium r a t i o  of t he  con- 

cen t ra t ion  of oxygen t o  be found i n  each phase should be constant and 

can 'be calcula ted from an expression* such as  t he  following: 

*see Appendix A f o r  der ivat ion.  



0 - 0 

C~ - = exp [ aFf (A oxide) Mf (B oxide ) 

c~ RT . 

where 

C = concentration of solute in phase A, A 

C = concentration of solute in phase B, 
B 

0 = standard free energy of formation of the oxide 
aFf(~ oxide) of A which can be in equilibrium with a solu- 

tion of oxygen in A, 

0 
= standard free energy of formation of the oxide mf(~ of B which can be in equilibrium with a solu- 

tion of' oxygen in B, 

(C ) = solubility of oxygen in B, 
B s 

(C ) = solubility of oxygen in A. 
A s 

At 500 and 800°C the following ratios were calculated f'romthis. 

equation. 

'oxygen in solid metal 

'oxygen in lithium 

System 500 "C 800 "C 

Niobium-oxygen-lithium 5 X 10'11 1 x 

Tantalum-oxygen-lithium 3 X 10'11 3 X lo-* 

7 x 10-l1 3 x Vanadium-oxygen-lithium 

Titanium-oxygen-lithium 5 X 10'~ 2 X lo-2 

Zirconium-oxygen-lithium 3 4 

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. 



6 .  

Titanium and zirconium, on the  other hand, w i l l  e i ther  gain or lose  

oyygen i n  l i th ium depending on the i n i t i a l  concentrations present i n  

each. 
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CHAPTER I11 

OBJECTIVE OF THE STUDY 

, The purpose of t h i s  study was t o  inves t iga te  more thoroughly 

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

metal-lithium systems, t h e  primary object ive  being t o  understand t h e  

mechanism by which corrosion occurs. I n  addit ion,  methods by which t h e  

corrosion res i s tance  of these  po t en t i a l  reactor  materials  t o  l i th ium 

could be improved a l so  were sought. 

I n  order t o  determine t h e  p r inc ipa l  var iables  a f f ec t i ng  cor- 

rosion i n  t he  niobium-oxygen-lithium system, t h e  following were 

determined : 

1. Effect  of oxygen, nitrogen, and carbon i n  niobium. 
2. Effect  of temperature. 
3 .  Effect  of time. 
4. Effect  of gra in  s ize .  
5 .  Effect  of heat treatment. 
6. Effect  of deformation. 
7. Effect  of l i th ium pur i ty .  
8.  Effect  of a l loying addit ions.  

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

var iables ,  even i f .  t h e  mechanism by which corrosion occurs could not 

be c n q l  ct.ely defined, a b e t t e r  uilders1;andIng of the  nature of t h e  

corrosion processes might be gained. 
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CHAPTER IV 

REVIEW OF PREVIOUS EXPERIMEPIPTS 

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

indicated t h e  r e f r ac to ry  metals t o  be more r e s i s t a n t  t o  d i s so lu t ive  

corrosion than t h e  more common metals and a l loys .  I n  addit ion,  exten- 

s i ve  s tud ies  of corrosion by l i t h l u n  corillucted i n  both s t a t i c  and 

dynamic t e s t  systems showed t h a t  only t h e  re f rac tory  metals a r e  s u i t -  

ab le  f o r  app l ica t ion  i r l  dynarrlc, n ~ ~ l l s o t l i t ~ l ~ ~ l  syotcma opera tin^; e t .  

temperatures i n  excess of 650°C (10) .  Results  of these  ea r ly  s tudies  

a r e  summarized i n  bar  graph form i n  Figure 1. 

I Because of i t s  a v a i l a b i l i t y  and good f ab r i cab i l i t y ,  niobium was 

se lected f o r  f u r the r  study since, as  shown i n  Figure 1, it apparently 

a l s o  possessed good res i s tance  t o  a t t ack  by l i th ium at elevated tem- 

peratures. However, some l a t e r  t e s t s  showed t h a t  under ce r t a in  con- 

7 , .  d i t i ons  l i th ium penetra t ion could occur. One such example was a 

na tu ra l  c i rcrdat ion.  loop test ;  conducted at 8'71°C (1600°F) for. 23 hours. 

Metallographic examination of various sect ions  of t he  t e s t  system 

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

corrosion i n  ce r t a in  areas of t h e  base mater ia l .  A t yp i ca l  example of 

t h e  random a t tack  observed i s  i l l u s t r a t e d  i n  Figure 2. The fill extent  

of penetrat ion,  espec ia l ly  i n  nonwelded regions, was not discovered 

u n t i l  cross  sect ions  f r o m t h e  loop were.polished and allowed t o  age i n  

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

stained,  a s  shown i n  Figure 3, when lithium i n  t h e  corroded areas  
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Figure 1. Corrosion resistance of various metals and alloys to lithium. 
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Figure 3. Tube vall and weld region of niobium loop in  which lithium was circulated for 
23 hours at  871°C. Arrows indicate the surfaces exposed t o  lithium. 
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reacted with moisture in  the a i r .  The corrosion observed metallo- 

graphically was verified by chemical analysis t o  be associated with 

lithium penetration. Analysis of turnings machined from a section 

taken from the niobium t e s t  loop showed a lithium concentration 

gradient i n  the tube w a l l  that  was i n  agreement with metallographic 

observations of corrosion. 

Further studies by Hoffman ( l l ) ,  t o  determine the reason for  

t h i s  corrosion behavior, demonstrated that  the oxygen con~en t r a~ ion  

i n  niobium was a principal variable determining the amount of pene- 

trat ion.  It was previously pointed out that ,  although attack by 

lithium appeared t o  be random, it did occur more often i n  welds and 

other areas subject t o  contamination by gaseous impurities such as 

oxygen or nitrogen. It was found, as shown i n  Figure 4, that  the 

addition of 0.134 per cent nitrogen t o  niobium did not affect  the cor- 

rosion resistance of the niobium, but very severe corrosion occurred 

when 0.527 per cent oxygen was added. Hoffman further demonstrated 

tha t  the amount of lithium penetratton increased with increasing 

oxygen i n  the niobium (Figure 5) .  Although no specific mechanism for 

the corrosion process was proposed, it was suggested that  lithium 

penetration could have occurred i f  oxygen segregation i n  the niobium 

resulted i n  the formation of niobium oxide i n  the grain boundaries and 

t h i s  phase were reduced by lithium. 

Based on these preliminary data, a more detailed study of th i s  

phenomenon was undertaken. The major portion of the current 
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investigation deals with niobium and niobium alloys with some cursory 

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



EXPERIMENTAL PROCEDURE 

Materials  

Lithium used i n  these  s tud ies  was a low-chloride grade obtained 

from t h e  Foote Mineral Company. A , t yp i ca l  analys is  of t h i s  material ,  

as spec i f ied  by t he  manufacturer, i s  l i s t e d  i n  Table I. Pur i f i ca t ion  

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

uxygen concemrat ion from approximately 2000 p a r t s  per mill-ion t o  

100-200 p a r t s  per  mil l ion and t h e  nitrogen 'content from approximately 

3000 p a r t s  per  mi l l ion  t o  l e s s  than 20 p a r t s  per mill ion.  The sequence 

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

250°C through a s t a i n l e s s  s t e e l  f i l t e r  with a 10-micron pore size'. t o  

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

ing with t i tanium sponge f o r  24 hours at P;OO°C t o  reduce the nitrogen 

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

f o r  100 hours t o  reduce. the  oxygen concentration-:Lo t h e  1-00-200  part^ 

per  mil l ion range. Nitrogen was determined by the  method described by 

White (13) and Sax (14), and oxygen was determined by ac t iva t ion  

analysis  (15) .  Good reproduc ib i l i ty  .was found i n  d.etermining nitrogen, 

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

The refractory-metal  samples were obtained from high-purity 

'elec-Lron-beam-melted stock. A t yp i ca l  chemical analysis  of a heat  of 

niobium i s  given i n  Table 11. Metal impurit ies were determined using 

spectrographic techniques and gaseous impurit ies by vacuum fusion (1'6). 



TABU I 

TYPICAL LITHIUM PURITY AS SPECIFIED BY THE MANUl?ACm 

Element 
Concentrdt ion 

($1 

Lithium 

Sodium 0.0154.016 

Potassium 0.060.07 

Calcium 0.0001 

Iron - 0.0005 

Aluminum 

Si l icon 

Chlorine 

Nitrogen 0.012 



TABLFt I1 

ANALYSIS OF TYPICAL HEAT OF NIOBIUM 

Concent r a t  ion  
Element (74 

I ron  < 0.01 

S i l i c o n  

T i t  ani'wn 

Tantalum 

Zirconium 

Boron 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 



Polycrystdl l ine  specimens were usual ly  obtained from cold-rolled sheet .  

These were deburred a f t e r  cut t ing,  degreased with acetone o r  other 

su i t ab l e  solvents, and then vacuum annealed at temperatures from 1000 

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

ingots and then e i t h e r  mechanically poli'shed or  electropolished t o  pro- 

duce a su i tab le  surface f i n i s h .  During t he  course of t h i s  inves t i -  

gation, specimens having various surface f i n i shes  were t e s t e d  but  t h e  

r e s u l t s  i nd i ca t ed tha t  t h i s  was not a s ign i f ican t  var iab le  i n  t h e  

corrosion process. 

Procedure 

Individual  addit ions of oxygen, nitrogen, and carbon were made 

t o  t h e  so l i d  metal i n  order t o  evaluate t he  e f f ec t  of these  impurit ies 

on corrosion. Oxygen or  nitrogen, i n  gaseous form, was added at 1000°C 

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 mul l i t e  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 c o n  carbide elements surrounded t he  mul l i t e  reac t ion  tube and 

was capable of operation up t o  about 1300°C. Inside t h e  reac t ion  

tube, t h e  niobium specimen was contained i n  a quartz cylinder,  open 

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

eighth-inch diameter holes i n  i t s  l a t e r a l  surface.  This design was 

found t o  r e su l t .  ' i n  a 'more uniform owgen 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 



UNCLASSIFIED 
ORNL- LR- DWG 79842 

# OXYGEN RESERVOIR 

THERMOCOUPLE W E L L  E VlULLlTE COMBUSTION TUBE 
INTO CENTER OF FURNACE 

OXYGEN METERING VALVE 

UARTZ @,OAT ON 

TO MECHANICAL IRON SLUG MOVED W1 
MAGNET TO INSERT 
AND WITHDRAW BOAT 

C.V.C. GLASS DIFFUSION PUMP 
3- STAGE FRACTIONATING BURREL FURNACE MODEL NO. 04-19 

Figure 6. Schematic drawing of system used t o  add oqgen  or  nitrogen t o  re f rac tory  metals. 
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magnet which moved an i ron  s lug at tached t o  t he  quartz cylinder.  Times 

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

oyygen concentrations. Evacuation of t h e  system was accomplished by 

a Welch Duo Seal  mechanical pump and a three-stage o i l  d i f fus ion  pump, 

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

di f fus ion o i l  was used. The oxygen (or  nitrogen) pressure i n  t h e  

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

Tank oxygen (99.5 per cent minimum pu r i t y )  w a s  used a s  t h e  oyygen 

source, and tank nitrogen a s  t he  nitrogen source. The specimen temper- 

a tu r e  was measured by a platinum versus p l a t i n e l 0  per cent rhodium 

thermocouple placed i n  a thermocouple wel l  which extended i n to  t h e  con- 

s t an t  temperature zone of t h e  furnace. The temperature of t h e  furnace 

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

thermocouple at tached t o  t he  outside of t h e  mul l i te  conibustion tube i n  

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

system. 

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

oxidation f o r  2 hours a t  1300°C to .ensure  more random d i s t r i bu t i on  of 

t h e  el ement,. The amount of each additi~n was measured by weight change 

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

good cor re la t ion  was generally found. I n  order t o  determine t h e  homo- 

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

oxygen concentration and hardness of niobium was determined a s  shown 

i n  Figure 7. Hardness was then used a s  a measure of t h e  oxygen .con- 

centra t ion i n  niobium, and t h e  oxygen d i s t r i bu t i on  before and a f t e r  
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Figure 7. Hardness of niobium as a function of oxygen concentration. 



homogenization at  1300°C was determined a s  shown i n  Figure 8. It can 

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

d i s t r ibu t ion .  

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

melting niobium and various amounts of niobium carbide. The a l loys  

were subsequently cold r o l l e d  t o  sheet and annealed at 1400°C f o r  

2 hours' . 
Corrosion t e s t i n g  was performed i n  an assenibly maintained i n  a 

s ta t ionary  gostLion at a control led constant temperature. The. t e s t  

system, shown schematically i n  Figure 9 , ' cons i s ted  of a refractory-  

metal specimen i n  a capsule of t h e  same re f rac tory  metal. An addi t ional  

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

during t e s t .  

Because of t h e  extreme r eac t i v i t y  of l i th ium i n  a i r ,  it was 

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

atmosphere chaniber shown i n  Figure 10 was used t o  open t h e  l i th ium con- 

t a i n e r  and t o  melt and ca s t  it in to  "s t i ck"  molds f o r  loading i n to  t he  

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

since re f rac tory  metals can become contaminated when welded i n  environ- 

ments containing oxygen and nitrogen. 

I n  t h e  carry stages of t h i s  invest igat ion,  t h e  t e s t  system a s  

shown i n  Figure 9 was placed i n  a furnace already being maintained at  

t h e  LesL .Lemperature. However, because of t h e  extreme r ap id i t y  of t h e  

corrosioil plx~cess, it became necessary t o  r e s t r i c t  t h e  specimen t o  t h e  

opposite end of t h e  container from t h e  l i th ium u n t i l  t h e . e n t i r e  system 
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w a s  a t  t h e  t e s t  temperature. The container was then quickly inverted 

t o  allow l i qu id  l i th ium t o  contact t h e  specimen. During t h e  t e s t ,  t h e  

temperature was control led by a Brown Pyr-0-Vane type con t ro l le r  and 

was recorded on a ~nul t ipo in t  recorder. The maximum temperature va r i -  
I 

a t i on  was +lO°C. To terminate t he  t e s t  t h e  container was again 

inverted and quenched i n  o i l .  The capsule was cut  open i n  t he  atmos- 

phere chaniber and any l i th ium remaining on t he  specimen surface was  

yemoved e i t h e r  by d i s t i l l a t i o n  under vamium at 700°C or  by immersion 

i n  alcohol. 

Evaluation 

The methods used t o  determine t h e  extent and nature of l i th ium 

penetra t ion included weight change, dimensional change, chemical analy- 

s i s ,  x-ray analysis ,  mechanical proper t ies  change, hardness change, and 
. . 

met allography . 

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 

t h e  amount of l i t h iwa  penetrat ion since both l i th ium increase and 

oxygen decrease i n  niobium generally occurred. 

Dimensional Change. Specimen dimensional changes were deter-  

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

evaluating t h e  extent  of ' corrosion. 



Chemical Analysis.* Chemical analyses of specimens before and 

a f t e r  t e s t  were useful  i n  determining the amount of lithium pickup 

which had occurred as  well as  the  amount of owgen tha t  had been 

gettered by the  lithium. 

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

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

times formed on the  niobium. It was also used i n  an unsuccessful 

attempt t o  ident i fy the corrosion prod:~ct which formed i n  the  n i n h i ~ u n -  

oxygen-lithiuu system. 

Mechanical Properties Change. To determine the  effect  of cor- 

i7us lur i  on the mechanical properties of niobium, i t s  room-temperature 

t ens i l e  strength and per 'cent elongation were measured before and 

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

sheet and having a gage-length-to-wi.d.th. rcat io  of e ight ,  were used for 

t h i s  purpose. Data reported are  a resu l t  of duplicate t e s t s  and a 

correlat ion between depth of attack and corrosion was found. 

Hardness Change. Microhardness measurements were usef'ul i n  

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

hardness were found t o  be Important i n  explaining the e f fec ts  of some 

* A l l  chemical analyses were perfo1.111ed by the  Analytical. 
Chemistry Division, 0 d c  Ridge National Laboratory, unless otherwise 
indicated. A l l  concentrations are  reported as  per cent or par t s  per 
mill ion by weight. 



var iab les  such as  temperature and grain s i ze  on t h e  corrosion process. 

Hardness measurements reported a r e  t h e  average of th ree  or  more deter-  

minations fo r  each point p lo t ted .  

k t a l l og raphy .  Metallog?aphic methods were by f a r  the  most 

useful  i n  determining t h e  amount of l i th ium penetrat ion.  The method 

f o r  polishing refractory-metal specimens was t h a t  reported by Gray and 

n ( 7 ) .  Careful techniques were required because of t h e  s e n s i t i v i t y  

of t h e  coi-1-osioa product t o  polishing and etching. Because of t h e  

b r i t t l e n e s s  of t h e  corrosion product, corrosion along gra in  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.at tack,  on t h e  other hand, 

of ten could not be detected u n t i l  the  specimen was etched. 



CHAPTER V I  

RESULTS AND DISCUSSION 

I. UNALLOYED NIOBIUM 

Effect  of Oxygen, Nitrogen, and. Carbon 

Individual  addi t jons  of owgen and nitrogen t o  niobium ve r i f i ed  

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

penetra t ion o f  niobium can be r e l a t ed  t o  t h e  i n i t i a l  oxygen concen- 

t r a t i o n  i n  t h e  so l id .  metal. Additions of up' t o  0 . 1  per cent carbon 

and 0.135 per cent nitrogen d id  not r e s u l t  i n  corrosion or  riiobium 

by l i thi iun a f t e r  100 hours exposure a€ dlt5 .T.  These resul'1;s -are sum- 

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

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

I n  addi t ion t o  t he  grain-boundary penetra t ion reported by 

Hoffman (18))  t ransgranular  a t t ack  was a l so  observed. I n  t h i s  case, 

corrosion occurred. alorlg a ce r t a in  crysta l lographic  plane (lor planes), 

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

penetra t ion a r e  i l l u s t r a t e d  i n  Figures 11 'and 12. .The depth t o  which 

t h e  p l a t e l e t s  extended i n to  t h e  metal a l s o  increased with irlcreasing 

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 h e  corrosion product, a s ing le  c r y s t a l  was polished on 

two faces  having indices  c1os.e t o  (110) and '(100). By successive 

s teps  of pol ishing and making x-ray photographs of these  faces with . 

t h e  back-ref lect ion ' Iaue technique, c r y s t a l  faces  within 2 degrees of 
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Figure 11. Transcrystalline and grain-boundary penetration of 
niobium containing 1500 parts  per million ozygen and exposed t o  lithium 
for  100 hours at 500 O C .  mchant: HF-HN03-H2SOr,-H20. Redueed 7%. 
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Figure 12. EPfect of i n i t i a l  oxygen concentration, 150-1700 
parts per a3llion, i n  niobium on the depth of attack by lithium. Test 
conditions : 816 "C for  100 hours. Following tes t ,  the room-temperature 
tens i le  strength varied from 26,6UU t o  7,3UU pounds per square inch, 
the elongation i n  2-inch gage length varied from 13 t o  1 per cent, and 
the oxygen concentration varied from 90 t o  650 parts per million. 
Etchant: HF-HN03-H2S04-H20. 
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{110) and 1100) were developed. The crystal  was oxidized t o  1000 parts 

per million oyygen and then tested in  lithium for  5 hours a t  500°C t o  

produce a crystallographic corrosion pattern. Standwd stereographic 

techniques were then used t o  identify the habit plane as [110]. 

The effect  of lithium penetration on the mechanical properties 

of niobium was investigated by measuring the tens i le  strength and 

elongation before and af ter  exposure. After the addition of various 

amounts of oxygen, one set  of specimens was heat treated i n  argon for  

100 hours a t  816°C and another set  was exposed t o  lithium for  100 hours 

at 816°C. The resul ts  are plotted in  Figure 13 which show that,  

although the t ens i le  strength of heat-treated niobium increased and 

the per cent elongation remained constant with increasing oyygen, 

exposure t o  lithium resulted i n  a decrease i n  both tensi le  strength 

and elongation. This loss i n  strength and duct i l i ty  increased with 

the depth of lithium penetration (Figure 12, page 33). 

The small s ize and amount of the corrosion product made it dif-  

f i cu l t  t o  recover sufficient amounts fo r  quantitative analyses and 

hence prevented positive identification. It was found, however, that  

the solution used t o  etch the niobium (HF-HI?Os-H2S04-H20) very rapidly 

dissolved the corrosion product. A corroded niobium specimen was 

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

solution. Analysis of the solution indicated that  lithium was a com- 

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

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

that  the niobium lo s t  oyygen during the exposure t o  lithium. However, 
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Figure 13. Effect of i n i t f a l  oxygen concentration on the  
mechanical properties of niobium following heat treatment i n  argon and 
emusure t o  lithium a t  816 O C .  Specimen thickness: 0.040 inch. 
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Figure 14. Hardness profi le  across niobfum specimen before and 
after exposure t o  lithium for  100 hours at 816°C. 



as shown i n  Figures 14, page 36, and 15, the area i n  the vicini ty of 

the corrosion "front" exhibited a peak in  hardness. In Figure 15 

the hardness has been plotted on a photomicrograph of a cross section 

of the specimen referred 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 was removed. 

(See Table V I I I ,  page 69, for similar data on a series of specimens 

treated i n  t h i s  manner.) These data indicated that oxygen is also a 

comgonent of the corrosion product. Some of the corrosion product 

from a specimen such as shown i n  Figure 16 was recovered and an x-ray 

pattern obtained. The diffraction l ines  were found t o  be consistent 

with a rhombohedra1 unit c e l l  having hexagonal parameters a ?S 7.49 A 

and c P! 7.97 A. This result  was compared with data for  Liz0 and Lf202 

but no similarity was found. Compounds* of various niobates of lithium 

such as Limos, D O 4 ,  and Iii2Nb03 were then synthesized according t o  

directions outlined i n  the l i tera ture  (19-21) and x-ray patterns made. 

These were also compared with the pattern of the corrosion product, 

but again no close similarity was found. Thus, although it was con- 

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

compound, no positive identification could be made. 

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

tigated were temperature, time, grain size, heat treatment, defamation, 

*compounds were made by Analytical Chemistry Division. 
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Figure 15. Microhardness profile across niobium specimen aftc 
Ire to lithium for 100 hours at 816OC. As-polished. 
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and li thium puri ty.  Although oxygen i n  ntobium was  found t o  be the  

controlling variable  i n  the  corrosion process, other variables were 

s ignif icant  i n  determining the  depth of l i thium penetration a t  a con- 

s tan t  i n i t i a l  oxygen concentration. If the  oxygen concentration i n  

niobium was l e s s  than a threshold value of approximately 400 par ts  

per  million, then, as  shown i n  Table N, l i thium penetration did not 

occur under various t e s t  conditions. A t  concentrations above 500 par ts  

per million oxygen, temperature was  t he  most important additional 

variable . 

m f e c t  of Temperature 

The ef fec t  of temperature on depth of penetration depends on 

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

These variables  determine what sor t  of e f fec t  temperature w i l l  have 

because there are  essent ia l ly  two processes which occur when niobium 

i s  i n  contact with lithium: (1) lithium penetration and (2) oxygen 

redistr ibut ion.  The process which has been discussed thus far i s  tha t  

of l i thium penetration. However, since li thium penetration depends on 

t h e  amount of oxygen i n  niobium, gettering of oxygen from niobium by 

li thium can af fec t  the  depth of penetration. Gettering i s  more 

important at high temperatures where oxygen diffusion ra t e s  i n  niobium 

are a lso  high. The importance of oxygen removal can be shown by solu- 

t i o n  of F ickls  l a w  with the  appropriate boundavy conditions f o r  oxygen 

diffusing out of niobium in to  the  lithium. In  Figure 17, a p lo t  of 

the  r a t i o  of the  oxygen concentration a t  a depth 0.005 inch f romthe  



LITHIUM PENETRATION OF NIOBIUM CONTAINING 
5 500 PAR!l?S PEB MILLION OXYGEN 

I n i t i a l  Oxygen Test Variables Depth of 
Concentration Temperature Time Pretest Attack 

(PPm) ( "c) (hr) Heat Treatment (mils) 

Annealed 1 hr at 
1000 "C i n  vacuum 

Annealed 1 hr a t  
1000 "C i n  vacuum 

Annealed 1 hr at 
1000 "C i n  vacuum 

Annealed 1 hr a t  
1000 "C in vacuum 

Annealed 1 hr at 
1000 "C i n  vacuum 

Annealed 1 hr a t  
1000°C in  vacuum 

Annealed 1 hr a t  
1000 "C in  vacuum 

Annealed 1 hr at 
1000 "C i n  vacuum 

Annealed 2 hr at 
1800 "C in  vacuum 

Annealed 2 hr a t  0 
1800 "C in  vacuum 

100 Annealed 2 h r  ~k 2 
1300 "C i n  vacuum 

816 100 Annealed 2 hr a t  1 
1600 "C in  vacuum 

816 100 Annealed 2 hr a t  1 
1600 "C i n  vacuum 

816 500 h e a l e d  2 hr a t  1 
1600 "C i n  vacuum 

'3g2 100 Annealed 1 hr a t  1.5 
1000°C i n  vacuum 
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Figure 17. Ratio of oxygen concentration 0.005 inch from surface to initial oxygen 
concentration as a function of time. 



surface t o  the i n i t i a l  concentration has been made as a function of 

time for the temperatures 500, 816, and 1000°C.* A t  500°C the con- 

centration would be unchanged from the i n i t i a l  value even after  20 

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

i n i t i a l  value af ter  approximately 75 minutes a t  816 "C and 5 1 0  minutes 

a t  1000 "C. Thus, for  a start ing concentration of 1000 parts per 

million oxygen, a point 0.005 inch f r o n t h e  surface would be reduced 

t o  500 parts per million i n  75 minutes a t  816°C and in  less  than 1.0 

minutes a t  1000°C. I f  3 i t h i m  penetration had not occurred a t  leas t  

t o  t h i s  depth prior t o  these times, then no further penetration would 

be expected since the oxygen concentration would be too low t o  support 

further penetration. Consequently, somewhat different results  were 

obtained when polycrystalLine specimens (Figure 18) and single-crystal 

specimens (Figure 19) were exposed t o  lithium a t  increasing tempcra- 

tures. An increase i n  the depth of lithium penetration of polycrystal- 

l ine  samples occurred as the t e s t  temperature was increased from 260 

t o  1100 "C . However, the single-crystal specimens exhibited less attack 

a t  815 and 1040°C than a t  the two lower temperatures. This difference 

i s  believed t o  be related t o  the difference between the ra te  of lithium 

penetration and the ra te  of oxygen removal from the n i0b . i~ .  It was 

noted that  the transgranular attack observed i n  the polycrystalline 

specimens tested a t  260 and 540°C no longer occurred i n  the specimens 

- 
%ee Appendix B for  equations used t o  make these ca lc~~la t ions ,  
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Figure 18. Effect of temperature on the depth of attack by 
lithium of polycrystalline niobium specimens containing 1000 parts  per 
million owgen. Test duration, 100 hours. Etchant: HF-HN03-HzSOr,-H20 
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Figu-re 19.  Effect  of temperature on t h e  depth of at- tack by 
l i t h i u m  of a  niobium s i n g l e  c r y s t a l  conta in ing  1500 p a r t s  per  m i l l i o n  
oxygen. Test  dura t ion ,  100 hours.  Etchant : HF-HN03-H2S04-H20. 
Reduced 17%. 
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tested a t  800 and l l O O ° C .  Corrosion of single-crystal specimens was 

necessarily res t r ic ted t o  the transgranular type of attack a t  a l l  

temperatures . It is  postulated, theref ore, that  a t  high temperatures 

oxygen concentrations i n  the single-crystal specimens were rapidly 

reduced t o  levels  too low t o  support further lith-ium pene-1;raliun. 011 

the  other hand, penetration of the polycrystalline samples occurred 

entirely along grain boundaries a t  800 and llOO°C, which indicated 

tha t  the r a t e  of grain-boundary penetration was more rapid than the 

oxygen removal ra te  from these areas. Sfrice .gr&m-b6Wmy cElmmsian 

ra tes  are generally more rapid than bulk diffusion rates, it appears 

tha t  it was  the fas ter  ra te  of penetration by lithium along grain 

boundaries that  was responsible for  t h i s  effect .  

Effect of Time 

The effect  of time on the ra te  and depth of attack was the next 

variable t o  be mvcstigated. It was f amd t h a t t h e  ra te  of lithium 

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

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

a wide range of temperatures. An i l lus t ra t ion of t h i s  effect i s  seen 

i n  Figure 20. The 0.040-inch-thick specimen in  t h i s  figure was cow 

pletely penetrated during a 0.5-hour exposure t o  lithium vapor a t  

1100°C. (The grain size and i n i t i a l  oxygen content [1900 parts per 

million] of t h i s  specimen were such that  the oxygen level  remained 

relat ively high throughout the t e s t . )  
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0.5 hr 1400 ppm OXYGEN 50  hr 240 ppm OXYGEN 

Figure 20. EPfect of time on depth of attack by lithium vapor 0-2 polycrjs ta l l ine niobium 
specimen containing 1900 par t s  per million oxygen. Test temperature, lfOO°C. Post test  oxygen 
analysis showed oxygen decreased t o  1400 par t s  per million a f t e r  0.5 hour and 240 par t s  per million 
after 50 hours. Etchant: HF-HN03-H2S04-H20. 



The depth of attack, as discussed i n  the previous section, i s  

strongly affected by those variables which affect oxygen removal rate, 

such as  grain size and i n i t i a l  oxygen concentration. In a series of 

t e s t s  i n  which exposure times were varied from 1 t o  500 hours, no 

difference i n  depth of attack was observed a t  816 "C i n  niobium speci- 

mens i n i t i a l l y  containing 1000 parts  per million oxygen. Typical 

results  from t h i s  series are shown in  Figure 21. Chemical analyses, 

however, showed that  oxygen removal i n  these t e s t s  continued up t o  
- 

1 U U  hours. If the hardness profiles across thege 8~eCiMenS We corn- 

pared (Figure 22), a sharp gradient i s  evident i n  specidens tested for 

l e s s  than 100 hours. In each case, the f i r s t  hardness measurement was 

made a t  a distance approximately 0.005 inch fromthe edge of the 

specimen. The hardness at t h i s  point for  the specimen exposed for  

only 1 hour was  l e ss  than 110 diamond ppamid hardness. From the plot 

of oxygen concentration versus hardness (Figure 7, page 22), it can be 

seen tha t  t h i s  corresponds t o  an owgen concentration of less  than 

500 parts per m l l l o n  - Which is new the "thfesholcl" currcenLr~Llun 

required for  corrosion t o  occur. Therefore, depth of attack reached 

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

time when the oxygen content dropped below the c r i t i c a l  level. 

Accordingly, the i n i t i a l  r a te  of attack was not measurable from the 

results  of these t es t s .  

Other t e s t s  i n  which depths of penetration were measured as a 

function of time are summarized i n  Table V. It can be seen that 
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Figure 21. Effect of time on the  depth of attack by li thium of 
niobium containing 1000 pa r t s  per mill ion oxygen. Test temperature, 
816 "C. Etchant : HF-HN03 -H2SOr,-HzO. Reduced 27$. 



Figure 22. Hardness p ro f i l e  across niobium specimens following 
exposure t o  l i thium f o r  various times at 816°C. 



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

Oxygen Depth of 
Concentrat ion Type of Temperature Time Attack 

( P P ~ )  Specimen ( "C) (hr ) (mils 1 

1000 Polycrystalline 

1000 Polycrystalline 

1000 Polycrystalline 

1000 Polycrystalline 

1700 Single crystal 

1700 Single crystal 

1700 Single crystal 

1700 Single crystal 

1800 Single crystal 1093 

1800 Single crystal 1093 

1200 Single crystal 538 

1200 Single crystal 538 

4475 Single crystal  0-1.0 

4475 Single cryst a1 816 

7 

16 

9 

12 

3 

5 

30 
(complete ) 

30 
(complete ) 

0 

13 

1 33 
(complete) 

4475 Single crystal 816 100 33 
(complete) 



differences i n  depths of penetration of single-crystal specimens were 

observed only fo r  times less  than 1 hour. Thus, the point is  made 

once again that  the ra te  of lithium penetration i s  rapid, but the 

maximum depth of penetration which w i l l  occur depends on the ra te  a t  

which oxygen i s  removed from the niobium. Since similar depths of 

penetration were observed a t  vmious temperatures, the corrosion 

process must be controlled by the ra te  a t  which lithium can reach the 

w t t a c k e d  niobium and also by the requirement that  the local  owgen 

concentration remain greater than approximately 400 parts per million. 

Effect of Grain Size 

Tlwee different grain sizes were produced i n  niobium specimens 

by annealing for  1 hour a t  1000, 1300, and 1600°C, respectively. 

Oxygen additions of 130&1600 parts  per million were then made a t  

1000°C, after which the specimens were exposed t~ lifi'h7'11m f'nr 20 hour3 

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

some grain-boundary attack occurred a t  both 400 and 1000°C f o r  all 

grain sizes, it i s  apparent that grain-boundary attack i s  favored by 

small grain size and high temperatures. A t  400°C depth of genetration 

increased with increasing grain size. This could have resulted because 

the path length that  the lithium has t o  travel  t o  reach a specific 

depth generally decreases with increasing grain size. The t o t a l  volume 

of corrosion product could be the same in  each case. For each grabn 

size, the depth of penetration was greater a t  1000 than a t  400°C. 

Therefore, it must be concluded that  the ra te  of grain-boundary 
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Figure 23. Effect of grain s i ze  and temperature on corrosion of 
niobium by lithium. Test duration, 20 hours. Etchant: 
HF-HN03-H2SOr,-H2O. 
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penetration increases with increasing temperature. In  fact,  the dif-  

ference i n  ra te  of attack was even greater than suggested i n  Figure 23, 

page 53, since no change in  the oxygen concentration of the three 

specimens tested a t  400°C was found, while the three tested a t  1000 O C  

were all reduced t o  approximately 250 parts per million. Grain- 

boundary penetration must have occurred prior t o  the oxygen concen- 

t ra t ion being reduced t o  a value too low t o  support further penetra%ion. 

The ra te  of transcrystalline penetration was apparently slower than the 

ra te  of grain-boundary penetration since the transcrystalline cor rus lun  

front w a s  observed t o  lag the intergranular corrosion front a t  400°C 

and was not observed a t  a l l  a t  1000°C. 

Effect of Heat Treatment 

Heat t rea t ing a t  different temperatures should produce different 

oxygen distributions i n  niobium which might be expected t o  affect the 

corrosion process. However, it was found that  i f  other t e s t  variables 

such as omgen concentration, temperature, and grain size were kept 

constant, then heat treating f o r  100 hours at 4UU, 6UO, or 8UUUC: did 

not significantly a l t e r  the depth and pattern of corrosion. This 

indicates that differences i n  depth or type of attack are determined 

more by the local  oxygen concentraliun a t  the corrosion interface 

rather than the original oxygen distribution. 

Effect of Deformation 

To determine i f  the amount of prior deformation affects the 

corrosion process, a single crystal was annealed a t  1800°C t o  reduce 



the number of dislocations,and a second single crys ta l  having the  same 

orientation was  cold worked t o  increase the n u d e r  of dislocations. 

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

which shows two specimens t reated as described above and then exposed 

t a  lithium f o r  1 hour a t  500°C. No significant difference i n  depth of 

attack was  noted. 

Effect of Lithium Puri ty 

Samples of pure niobium were not attacked when exposed t o  

lithium pl-us 1 per cent LizO and l i t h i &  plus 1 per cent L i s N  f o r  100 

hours at 816 "C. In addition, single crystals  of niobium containing 

1000 par ts  per million oxygen were tes ted  i n  lithium, l i thium plus 

0.5 per cent Li20, and lithium plus 0.5 per cent Li3N, and comglete 

attack was observed i n  a l l  specimens. Therefore, it was  concluded 

tha t  oxygen and nitrogen i n  lithium do not contribute t o  penetration 

of niobium. 

11. NIOBIUM ALLOYS 

The addition of an alloying element was considered as one 

possible solution t o  t h i s  corrosion problem and w a s  investigated by 

determining the  effect  of oxygen additions t o  niobium-zirconium and 

niobium-vanadium alloys on the i r  corrosion resistance t o  lithium. It 

w a s  suspected.that zirconium, which forms a more s table  oxide than 

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

in  the  a1 1 oy and thcrcby l~avtr  arl effect  on its corrosion behavior. 
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Figure 24. Effect of ieformation on corrosion by lithium of a niobium single crystal 
containing 1200 parts per milLion carygen. Test conditions, 1 hour at 500°C. Etchant : 
HF-HN03-HgS04-H20. 



Vanadium, on the other hand, forms oxides of approximately the same 

thermodynamic s t a b i l i t y  as  niobium and theref ore should be re la t ive ly  

ineffective.  

Niobium-Zirconium Alloys 

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

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

hours a t  816°C resulted i n  attack of the al loy i n  a manner similar t o  

unalloyed niobium (Figure 25). Further studies revealed, however, t ha t  

i f  t he  n i o b i m l  per cent zirconium was  heat t rea ted  a t  1300 "C a f t e r  

oxidation no lithium penetration occurred when specimens were t e s t ed  

as described above. These r e su l t s  were confirmed by a more detai led 

investigation i n  which both zirconium concentration and oxygen con- 

centration were varied. Results from 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 protection obtained by 

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

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

no corrosion protection resul ted even a f t e r  heat treatment. Subsequent 

t e s t s  showed t h a t  other heat treatments such as 1 hour a t  1600°C o r  

5 hours a t  1000°C were a l so  effect ive i n  producing a s table  oxygen 

d is t r ibut ion  i n  n i o b i w l  per cent zirconium ( that  i s ,  a 'specimen which 

i s  not attacked by li thium), but only i f  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 toichi-  

ometry of ZrO2, it i s  postulated t h a t  corrosion protection r e su l t s  

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

c a l  relaxation measurements have been used by Stephenson a.nd McCoy (22) 
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Figure 25. Effect or initial oxygen concentration, 300-1300 
parts per million, in niobiml per cent zirconium alloy on depth of 
attack by lithium. Test, conditions, 100 hours at ublG°C. EtchanL: 
KF-HN03 -H2S04-H20. Reduced 2%. 



DEPTH OF ATTACK BY ]LITHIUM OF NIOBIUM-ZIRCONIUM ALCOYS AS A 
FUNCTION OF ZIRCONIUM comcmmmIoN, OXYGEN C O N ~ I O N ,  

AND HEAT TREATMENT 
Test Conditions : 100 hr  a t  816 "C 

Zirconium O ~ g e n  Depth of Attack (mils) 
Concentration Concentration Af'ter Oxidation After Heat Treatment 

- 

%pecimen exposed t o  lithium af te r  oxidation a t  1000°C. 

qpecimen heat treated in  vacuum for  2 hours a t  1300 O C  

follawing oxidation and prior t o  exposure t o  lithium. 

t~rrygen-to-zirconium atomic ra t io  was greater than 2. 

*Complete penetration of 60-mil-thick specimen. 



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 aa oxygen and 

nitrogen from supersaturated so l id  solution i n  niobium-zirconium 

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

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

presented elsewhere [23,24 1. ) Ekom these mechanical relaxation measure- 

ments, an in terna l  f r i c t i o n  spectrum of a n i o b i d .  16 per cent z i r -  

conium specimen containing 1070 pa r t s  per million oxygen was obtained 

(Figure 26). It was  concluded tha t  t he  peak which occurred a t  220°C 

w a s  caused by the  stress-induced motion of oxygen atoms i n  the  v ic in i ty  

of a zirconium atom. This peak has been labeled "oxygen-zirconium 

interact ion" t o  distinguish it from the  normal niobium-oxygen and 

niobium-nitrogen peaks which a lso  occurred. When 1500 par t s  per 

million oxygen was  added t o  a niobiwn-1 per cent zfrconiwn wire speci- 

men a t  1000 "C, a similar "oxygen-zirconium interact ionff  peak was  found, 

X 
-t. After nnne,qJ.j.ng f o r  1 hour at 1000°C, the  pe& was  almost completely 

suppressed indicating t h a t  t he  oxygen had precipi ta ted from solution. 

These specimens were then t e s t ed  111 l i thium f o r  20 bnl~rs  al, 500°C and 

t h e  r e s u l t s  are shown i n  Figure 27. Lithium penetration occurred i n  

t h e  specimen which had exhibited a zirconium-oxygen interact ion peak; 

however, no penetration w a s  observed i n  the  specimen annealed a t  

1000°C. Evidence t h a t  the oxide phase which forms as a r@sult of heat 

t r e a t i n g  is  ZrOz has been given by Hobson (25) who ident i f ied  ZrOz as 

a prec ip i ta te  i n  aged n i o b i m l  per cent zirconium al loys.  

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

ef fec t ive  i n  s t ab i l i z ing  t h e  oxygen i n  niobiurn-1 per cent zirconium 



Figure 26. Internal friction spectrum of niobid.16 per cent zirconium alloy annealed 
at 1925 "C . 
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0,050 in. 

; a )  SPECIMEN HAVING NO Z r - 0  INTERACTION PEAK. 

INITIAL OXYGEN CONCENTRATION : 1530 ppn  

( b )  SPECIMEN HAVING Z r - 0  INTERACTION PEAK. 

l h l T l k L  OXYGEN CONCENTRATION : ( 5 0 0  ppm 

Figure 27. Niobium-1 pe: cent zircolium al loy followir-g expsure  t o  l i thium for  1 hour a t  
500°C. Both specimens were oxidized a t  l003"C, but specimeK (a)  was  annealed f o r  1 hour i n  vacuum 
following oxidztion while specimen rb) w ~ s  not. 



alloys. However, *en the annealing temperature was raised t o  200OoC, 

a specimen t o  which 900 parts per million oxygen had been added was  

completely attacked upon exposure t o  lithium for  100 hours a t  800°C. 

Also, niobium-1 per cent zirconium specimens which were welded a f te r  

oxygen addit ions did not exhibit corrosion resistance. When heated 

by annealing or welding into the range where Zr02 redissolves, the 

oxygen i s  then i n  solid solution i n  an unstable form which renders the 

a l l o r y  sunceptible t o  l i t h i m  attack. 

-:!#-The effect of lithium penetration on the mechanical properties 
:, - ' q q  

--&. -.. of nlobiwrr-1 per cent zirconium i s  shown in  Table VII. Specimens were 

made from 0.040-inch sheet and were the same size as reported ess l ier  

for  unalloyed niobium. Oxygen was aaded a t  1000°C, and specimens were 

tensi le  tested af ter  the following treatments : 

1. Oxidation. 
2. Oxidation followed by test ing in lithium 100 hours a t  816°C. 
3. Oxidation followed by heat t reat ing i n  vacuum for  1 hour 

a t  1600 "C . 
4. Oxidation followed by heat treating i n  vacuum for 1 hour 

a t  1600°C and then test ing i n  lithium for 100 hours a t  
816 "C . 

5 .  Oxidation followed by heat t reat ing in  vacuum for  1 hour 
a t  1600°C and then heat treating i n  argon for  100 hours 
a t  816 "C. 

The addition of owgen a t  10QO°C resulted i n  a large increase 

i n  tensi le  strength but decreased the per cent elongation t o  zero. 

After exposure t o  lithium these specimens showed a decrease i n  tensi le  

strength, and thei r  duct i l i ty  also remained low. This decrease i n  

skren&k and low ducti l i ty i s  similar t o  the results  found with un- 

alloyed niobium. If heat treated a t  1600°C following oxidation, both 



Tmm V I I  

EFFECT OF OXYGEN IN NIOBIUM-1 PER CENT ZIRCONIUM U Y  ON 
ITS ROOM-TEMPERATURE TENSILF: PROPERTIES BEFORE AND 

EXPOSURE TO LITHIUM 

Oxygen Tensile 0.2% Offset Elongation i n  
Concentrat ion Strength Yield Strength 2 Inches 

( P P ~ >  ~reatment* (psi)  (Ps i>  ($1 

46,700 
57,800 
97,300 

125,200 
137,700 
119,900 

58,800 
60,000 
46,800 
43,800 

35,600 
33,300 
33,200 
33,100 
20, GOO 

28,700 
28,800 
Z8,4UU 
26,700 
24,100 

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

*a. Oxidation. 
b. Oxidation followed by test ing i n  l i thium 100 hours at 

81G O C  . 
c . Oxidation followed by heat t r ea t ing  i n  vacuum fo r  1 hour 

a t  1600 O C  . 
d. Oxidat ion followed by heat t r ea t ing  i n  vacuum fo r  1 hour 

a t  1600 O C  and then t e s t ing  i n  l i thium fo r  100 hours at 816 O C .  

e. Oxidation followed by heat t r ea t ing  i n  vacuum fo r  1 hour 
at 1600 "C and then heat t r ea t ing  i n  argon f o r  100 hours at 816 "C. 
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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 igh t ly  a f t e r  fur ther  treatment i n  

l i thium or argon a t  816°C. If the  s table  condition reached a f t e r  a 

1600°C heat treatment i s  the r e su l t  of the  formation of ZrOz i n  the  

alloy, it would appear tha t ,  when precipi ta ted under these conditions, 

t he  loss  i n  strength which should r e su l t  when zirconium i s  precipi ta ted 

from subst i tut ional  so l id  solution i s  jus t  of fse t  by the  strengthening 

which occurs upon precipi ta t ion of ZrOz. 

Niobium-Vanadium Alloys 

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

effect ive i n  a l t e r ing  t h e  corrosion resis tance of the  niobium t o  

lithium even a f t e r  heat treatment a t  1300 O C .  As  shown i n  Figure 28, 

a f t e r  the addition of 1000 pa r t s  per mill ion oxygen t o  a n i o b i d 0  per 

cent vanadium alloy, considerable grain-boundary at tack resul ted during 

exposure t o  l i thium f o r  100 hours at 816OC. Therefore, e i the r  the  

oxygen i s  not preferent ia l ly  associated with vanadium, or i f  it i s  

associated with the  vanadium, it i s  i n  a form tha t  i s  susceptible t o  

at tack by lithium. 

111. OTRER REFRACTORY METAIS 

Results of t e s t s  with tantalum a t  816 "C were similar t o  those 

obtained on niobium. Tantalum, however, was lliore sensi t ive t o  oxygen 

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

t r a t i o n  01 a 0.040-inch specimen occurred with an i n i t i a l  oxygen 
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Figure 28. Effect of oxygen concentration of n i o b i m 0  per cent 
vanadium allay on i t s  corrosion resistance t o  lithium. Test cog$&tion_ssz 
100 hours a t  816 OC. As-polished. Reduced 14$. 



Figure 29. Effsct of i n i t i a l  oxygen concentration i n  tantallurn on i t s  corrosion res i s t ance  
to l i t h i i m .  Test conditions, 100 hours a t  816°C. Etchant: HF-ID'103-H2S04-H20. Reduced 36%. 
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concentration of 300 parts per million. This indicates the threshold 

concentration fo r  corrosion of tantalum i s  considerably less  than for  

niobium, Posttest chemical analyses indicated that  oxygen had been 

gettered from the  tantalum by lithium. 

The effect  of oxygen i n  zirconium, titanium, and vanadiumwas 

also investigated. Oxygen i n  these metals did not affect thei r  cor- 

rosion resistance. Additions of 2000 parts per million oxygen were 

made t o  vanadium and 4000 parts  per million t o  titanium and zirconium, 

but no evidence of lithium penetratinn was detentcbl after 100-haw 

exposures at 816OC. It is interesting t o  no%e thaL rrltho~&& zirconium 

additions t o  niobium were effective i n  producing a corrosion resistant 

alloy and vanadium additions were not, both were individually unaf- 

fected by the presence of oxygen. This supports the theory that  oxygen 

i n  niobium-zirconium alloys i s  associated with the zirconium, but that  

it is not preferentially associated with vanadium i n  ni~kium-v~.n~fii~mz 

alloys. 

ALLhuugh zio lithium penetration of zirconium, titanium, or 

vma8iuB was f oud ,  oxygen redistribution did occur. These results,  

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

Niobium, .t;antalum, and vanadiun dl lost  owgen t o  the llLhium even 

a t  i n i t i a l  concentrations as low as 150 p w t s  per mil3ion, but titanium 

and zirconium gettered owgen fromthe lithium when the i r  i n i t i a l  

owgen ccmcentrations were l e s s  than approximately 1000 parts per 

million. It would be of interest  t o  know the equilibrium distribution 

of oxygen between these metala and Lithium a t  varluus tenlperatures. 



TABLE V I I I  

OXYGEN CONCENTRATION I N  REFRACTORY METAIS BEFORE AND 
AFTER. EXPOSURE TO LTI'HlNM FOR 100 HOURS AT 816°C 

Oxygen Concentrat ion (ppm) 
Material Before Tes t  After Test 

Niobium 

Tantalum 

Vanadium 

Titanium 

Zirconium 

*Analyses i n  parentheses a r e  on same specimen 
a f t e r  it was machined t o  remove t he  corrosion 
product. 



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 for oxygen is 

difficult, no measurements of this type were attempted. 



DERIVATION OF EXPRESSION TO CALCUIATE DISTRIBUTION COEFFICIENT 

FOR OXYGEN* IN REFRACTORY METAL-LIQUID ME~AL SYSTEE 

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

ta in ing  oxygen i n  solution.  Then 

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

0 F i s  t h e  f r e e  energy per gram atom of oxygen i n  a reference s t a t e ,  .A 

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

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

FB = FO + RT en B 93 

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

A useful  reference s t a t e  f o r  oxygen i n  t h i s  case i s  oxygen i n  solution 

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

choice of reference s t a t e  F0 can be replaced by AFO o 
A f (A oxide) and FB 

0 

by m f ~ ~  oxide), where AFO r e f e r s  t o  the  ,standard f r e e  energf of 
f 

formation of t he  oxides of A or B. Therefore 

"B 
0 - 0 

- = exp [ %(A oxide) @f (8 oxide) 
a 

A 
RT 

%imilar der ivat ion can be used a l so  f o r  other impurities which 
a r e  i n  solut ion i n  both so l id-  and liquid-metal phases. 



If the ac t iv i ty  of oxygen i n  the d i lu t e  solutions involved can be 

expressed by an equation of the type 

where NB i s  the atomic f rac t ion  of owgen i n  B and kg i~ a constant, 

then 

since a, = 1 when NB = ( N  ) (atomic fract ion of oxygen soluble i n  B a t  
B s 

temperature T) ,  and similarly 

A t  low @oncentrations 

where C stands f o r  concentration. Equation 4, page 72, can therefore 

be expressed as 

0 - 0 

C~ - = e x p [  mf ( A  oxide) %(B oxide 
c~ RT 

The r ight  side of equation 5 'is a constant a t  a ,given temperature mil 

i s  called the  dis t r ibut ion coefficjent K~ , 



A comparison of experimentally measured values of t h e  d i s t r i bu t i on  

coef f ic ien t  with calcula ted 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 

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

l a t i o n s  from da t a  near room temperature. Because AFO i s  

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

0 i n  AF can cause l a rge  e r ro r s  i n  t he  calcula ted r a t i o .  

0 For example, e r ro r s  of +20 per cent i n  nF f o r  Li20 and 

NbO at 800°C could cause t h e  calcula ted r a t i o  t o  be i n  

e r r o r  by 10". In  addit ion,  it i s  assumed t h a t  one knows 

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

t i o n  phase, s ince  it i s  the  AFO of t h i s  specie which must f 

bc used li~ L l ~ e  calcula t ion.  

2. S o l u b i l i t i e s  Not Considered. I n  der iving equation 5 ,  page 

73, t h e  assumptior1 was 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 a s  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 r e  present i n  e i t h e r  phase, then, 

s ince  methods of oxygen analysis  usual ly  measure t h e  



t o t a l  oxygen concentration present,  no good cor re la t ion  

between calcula ted and experimental values would be 

expected. 

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

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

function of t h e  oxygen concentration a t  sa turat ion.  .If 

deviations from t h i s  re la t ionsh ip  occur, t h e  calcula ted 

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

5 .  Experimental Errors.  I n  determining t h e  d i s t r i bu t i on  coef- 

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

t he  so l i d  and l i qu id  metal a t  equilibrium. Analytical  

methods fo r  analyzing oxygen i n  l i q u i d  metals a r e  not very 

accurate.  Indirect  methods of analysis  of ten require  

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

I n  addit ion,  t h e  formation of surface f i lms on some so l i d  

metals during t h e  t e s t  leads t o  t h e  conclusion t ha t  

equilibrium may not always be a t t a ined .  



APPENDIX B 

DIFFUSION OF OXYGEN OUT OF NIOBIUM 

Oxygen i s  get tercd from niobium by l i thium. The ge t te r ing  

reac t ion  presumably occurs a t  t he  niobium surface,  and t he  flow of 

oxygen toward t h e  surface can be expressed by F ick ' s  second law 

a c 
oxygen = D 

a2 c 
oxygen 

a t  axL 
where 

C = concentration of oxygen, 
oxygen 

D - diff 'usion cueff i c i en t ,  cm2/sec, 

x = dis tance from the  surface,  cm, 

t = time, sec. 

The boundary conditions fo r  t h e  ge t te r ing  of oxygen by l i th ium Rre: 

where 

C = i n i t i a l  oxygen concentration i n  t h e  niobium, 
0 

C = oxygen concentration a t  t h e  smface,  
S 

e = th ickness  of niobium, specimen. 

A s  shown i n  Figure 22, page 50, t h e  concentration of dissolved oxygen 

near t h e  surface i s  very rap id ly  reduced t o  a low leve l .  I f  Y t  i s  

assumed t h a t  Cs = 0 f o r  t > 0, then equation 7 has t h e  following 

so lu t ion  i n  terms of depth x and time t 



where n i s  any integer  from 0 t o  i n f i n i t y  and t he  other terms have 

t h e i r  usual  significance.  Although equation 8 can be used t o  ca l -  

cula te  C(x,t)  f o r  .aqy values of D, R ,  and t, it i s  useful  t o  consider 

t h e  semi-infinite condition which would hold i f  t h e  concentration i n  

t h e  middle of t h e  sample remains unchanged. This i s  shown schemati- 

c a l l y  i n  Figure 30. I n  t h i s  case, a more usefu l  solut ion t o  

equation 7, page 76, i s  i n  terms of t h e  e r ro r  function which i s  

C X - = e r f  - . 
Co . 2 f i  

I f  one considers t he  s i t ua t i on  where t he  concentration a t  t he  middle 

of t he  specimen has not decreased by more than 10 per cent ( t ha t  i s ,  

- ' > 5 ) )  then equation 9 affords an excel lent  approximation t o  
f i  
equation 8. 

C Equations 8 and 9 were used t o  ca lcu la te  - at x = 0.005 inch 
Co 

a.s a function of time at 500 and 1000°C. Values of t h e  d i f fus ion  

coef f ic ien t  f o r  oxygen i n  niobium were obtained from t h e  equation 

given by Ang (28)': 

where 

D = diffucion coef f ic ien t  i n  cm2/sec, 

T = temperature i n  "K. 
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