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ABSTRACT 

The l i t h i m  l i tera ture  has been reviewed t o  provide a be t t e r  
understanding o f  the e f f e c t s  of  Zithiwn spi l ls  tha t  might occur 
i n  magnetic fusion energy (MFE) f ac iZ i t i e s .  
used as a breeding blanket and reactor coolant i n  these 
fac iZ i t i e s .  
as well  as  the chemical interact ions of l i t h i m  with various 
gases, metals and non-metaZs have been iden t i f i ed .  A pre- 
Ziminary assessment of  Zithim-concrete reactions has been 
compzeted using d i f f e ren t ia l  thermai! analysis.  
are given f o r  future studies i n  areas where l i t era ture  i s  
lacking or l imited.  

Lithium may be 

Physicai! and chemical properties of  Zithiwn 

Suggestions 

iii 



n 



CONTENTS 

ABSTRACT 

FIGURES 

TABLES 

I. INTR DUCT1 N 

I I. SUMMARY AND CONCLUS I O N S  

111. RESULTS AND DISCUSSION 

A. Chemical P roper t i es  o f  L i t h i u m  

B. Phys i ca l  P roper t i es  o f  L i t h i u m  

C. Thermal P roper t i es  o f  L i t h i u m  

D. Chemical I n t e r a c t i o n s  o f  L i t h i u m  

I V .  LITHIUM COMPOUNDS 

V. CORROSION-RESISTANCE OF MATERIALS TO ATTACK BY 
LITHIUM 

V I .  LITHIUM HANDLING, SAFETY AND FIRE CONDITIONS 

A. Containment 

B. I g n i t i o n  

C. F i r e  Extinguishment 

D. Removal 

V I I .  FUTURE STUDIES AND EXPERIMENTATION 

V I 1  I. REFERENCES 

APPENDIX: LITHIUM-CONCRETE STUDIES BY DIFFERENTIAL 
THERMAL ANALYSIS 

Paqe 

iii 

v i  

v i i i  

1 

3 

7 

7 

9 

16 

21 

43 

45 

59 

59 

59 

61  

68 

71 

71 

A-1 

V 



n 

FIGURES 

F igure  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9.  

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Vapor Pressure o f  L i t h i u m  

Dens i ty  o f  L i t h i u m  

V i s c o s i t y  o f  L i t h i u m  

Surface Tension o f  L i t h i u m  

Enthalpy o f  L i t h i u m  

Heat Capacity o f  L i t h i u m  

Thermal Conduc t i v i t y  o f  L i t h i u m  

TGA Curves o f  L i t h i u m  Meta l  Dispersions 
Exposed t o  Various Gases 

K i n e t i c  Curves o f  L i q u i d  L i t h i u m  

DTA Curve of L i t h i u m  Metal Dispersed 
i n  a Flowing N i t rogen Atmosphere 

Curves o f  S t i r r e d  L i q u i d  L i t h i u m  
React ing w i t h  N i t rogen a t  400 O C  

Curves o f  U n s t i r r e d  L i q u i d  L i t h i u m  
React ing w i t h  N i t rogen a t  400 O C  

K i n e t i c  Curves o f  L i q u i d  L i t h i u m  
React ing w i t h  N i t rogen 

React ion Curves Showing t h e  E f f e c t  o f  
Temperature on L i q u i d  L i t h i u m  
Absorpt ion o f  Hydrogen 

React ion P r o f i l e s  o f  100-125 Mesh 
L i t h i u m  Metal Exposed t o  C i r c u l a t i n g  
A i r  (50% r.h., 27 "C) 

React ion Curves f o r  L i t h i u m  Metal 
Specimens i n  Mo is t  Oxygen a t  Various 
Temperatures 

React ing w i t h  Oxygen , / I  

- 

Ref e rencg 

8, 9 

13 

14, 15 

16, 17 

14, 18 

8, 9 ,  18, 19 

18, 20, 21 

27 

28 

25 

31 

31 

28 

34 

25 

27 

Page 

10 

12 

14 

15 

17 

19 

20 

24 

26 

26 

30 

30 

31 

33 

35 

38 

n 

v i  



F igu re  

- 

FIGURES (Cont 'd)  

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

D i s t r i b u t i o n  of L i  t h i  um-Water Reaction 
Products 

Rate Constants o f  L i t h i u m  Metal React ing 
w i t h  Mo is t  Oxygen a t  35 " C  

Resistance o f  Various M a t e r i a l s  t o  
L i q u i d  L i t h i u m  

Resistance of Various M a t e r i a l s  t o  
L i t h i u m  

Resistance of Various M a t e r i a l s  t o  
L i q u i d  L i t h i u m  

Lithium-Ceramics S t a b i l i t y  Diagram 

Corrosion Resistance o f ,  Ceramics t o  
S t a t i c  L i t h i u m  f o r  100 Hours a t  
816 " C  

Corrosion Resistance o f  Various Metals 
and A l l o y s  i n  L i t h i u m  

Reference Page 

27 

27 

1, 8 

1 

8, 9 

39 

1, 19 

1, 42 

38 

40 

46 - 
48 

49 

50 

52 

55 

57 

v i i  



TABLES 

TABLE 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

P roper t i es  o f  L i t h i u m  

Vapor Pressure o f  L i t h i u m  

Densi ty  o f  L i t h i u m  

V i s c o s i t y  of L i t h i u m  

Surface Tension o f  L i t h i u m  

Enthalpy o f  L i t h i u m  

Heat Capaci ty o f  L i t h i u m  

Entha lp ies  and Free Energies of 
L i  t h i um Reac t i on s 

L i t  h ium-Hydrogen React i on 

Proper t i es  o f  L i t h i u m  Compounds 

C o m p a t i b i l i t y  Test Resul ts  o f  L i th ium-  
Cerami c s  I n t e r a c t i o n s  

S t a t i c  300-Hour Test o f  l i t h i u m  
I n t e r a c t i o n s  w i t h  Ceramic I n s u l a t i n g  
M a t e r i a l s  a t  400 O C  

Ext ingu ishants  f o r  Small L i t h ium F i r e s  

Ex t i ng u i s h a n t s fo r  Moderate L i t h i um 
F i res  

L i th ium F i r e  E x t  ingu i shan t  Prepara t ion  

v i i i  

Ref e r e  n c e- 

5, 9, 10 

8, 9 

13 

14, 15 

16, 17 

14, 18 

8, 9, 18, 19 

1 

34 

1, 5, 9, 38 

40 

40 

11 

11 

11, 44 

Page 

8 

10 

12 

14 

15 

17 

19 

22 

33 

43 

53 

54 

63,64 

65 

67 

n 



LITHIUM LITERATURE REVIEW: 
LITHIUM'S PROPERTIES AND INTERACTIONS 

I. INTRODUCTION 

Because o f  recent  s h i f t s  i n  energy source p o l i c y ,  t he  a p p l i c a t i o n  o f  

f u s i o n  power f o r  the produc t ion  o f  e l e c t r i c a l  and thermal energy i s  con- 

s idered des i rab le  and has come t o  t h e  a t t e n t i o n  o f  many. Increased 

emphasis and expansion o f  the Magnetic Fusion Energy (MFE) program i,s a 

r e s u l t  o f  cont inued progress i n  f u s i o n  power research and p o s i t i v e  p e r -  

formance o f  Tokamak-type devices p rov ing  the f e a s i b i l i t y  o f  t h i s  type  o f  

energy source. 

d e u t e r i u m - t r i t i u m  (DT) f u e l  cyc le .  

t h e r e f o r e  i t  must be bred. Inherent  f ea tu res  o f  t he  r e a c t i o n  determine 

bas i c  c h a r a c t e r i s t i c s  o f  DT fus ion  r e a c t o r s :  

The design o f  a MFE r e a c t o r  i s  based on a cont inuous 

T r i t i u m  does n o t  occur n a t u r a l l y ,  

0 -  A spec ia l  b lanket  o f  low atomic number m a t e r i a l  i s  r e q u i r e d  t o  

conver t  a deuter ium beam i n t o  ( r a d i o a c t i v e )  t r i t i u m  as w e l l  as 

p rov ide  a b i o l o g i c a l  sh ie ld .  

The b lanke t  reg ion  w i l l  become r a d i o a c t i v e  due t o  the  breeding 

o f  t r i t i u m .  

The b lanket  may a lso  a c t  as a coo lan t  f o r  the  reac to r .  

L i q u i d  l i t h i u m  has been found t o  be the  p r e f e r r e d  m a t e r i a l  t o  c a r r y  o u t  

these func t ions .  

L i t h i u m  i s  no t  a c t i v a t e d  t o  l o n g - l i v e d  gamma o r  neutron e m i t t i n g  
iso topes  by neutron capture.  (lY2) 
c ross -sec t i on  ( f o r  the separated iso tope 7 L i ) ,  low m e l t i n g  p o i n t ,  h igh  

b o i l i n g  p o i n t ,  low vapor pressure,  low densi ty ,  h igh  heat capaci ty ,  h i g h  

It e x h i b i t s  a low neutron-absorpt ion 

1 



thermal  c o n d u c t i v i t y  and low v i s c o s i t y .  A l l  these c h a r a c t e r i s t i c s  sup- 

p o r t  l i t h i u m  as a des i rab le  t r i t i u m  breeder b lanke t  and pr imary  coo lan t  

f o r  nuc lear  fus ion reac tors .  However, a l k a l i  meta ls  are expected t o  be 

co r ros i ve  i n  opera t ing  environments sus ta in ing  h igh  temperatures and h i g h  

f l u i d  f l o w  ra tes .  L i t h i u m  i s  no except ion,  and e x h i b i t s  undes i rab le  

co r ros i ve  p r o p e r t i e s  e s p e c i a l l y  i f  it conta ins  non-meta l l i c  impur i t i es .  

I n  MFE reac tors ,  t r i t i u m  i s  expected t o  be bred by neutron absorp t ion  

i n  l i t h ium.  L i t h i u m  i s  conta ined under h igh  vacuum. Whatever gas i s  

p resent  i n  the v o i d  reg ion  i s  u s u a l l y  he l ium i n  which l i t h i u m  i s  i n e r t  

under most cond i t ions .  Temperatures dur ing  normal ope ra t i on  vary between 

Based on c u r r e n t  technology s t a i n l e s s  s t e e l  i s  t he  c h i e f  c o n s t r u c t i o n  

ma te r ia l ,  a l though r e f r a c t o r y  meta ls  such as niobium, vanadium, and 
molybdenum are be ing  considered as base meta ls  f o r  l i t h i u m  containment. 

P o t e n t i a l  a l l o y i n g  elements are t i t an ium,  z i rcon ium and chromium. 

200 O C  and 550 "C b u t  may exceed these i n  some MFE app l i ca t i ons .  ( 3 )  

Because o f  t h e  l a r g e  amount o f  ho t  f l o w i n g  l i t h - i u m  requ i red  i n  MFE 

use, one must be aware o f  the hazards o f  l i t h i u m  leaks and s p i l l s .  

l i t e r a t u r e  research and ac tua l  smal l -  as w e l l  as la rge-sca le  experimenta- 

t i o n  are necessary t o  increase the s t a t e  o f  knowledge concerning l i t h i u m  
and the  e f f e c t s  o f  s p i l l s .  In format ion ob ta ined w i l l  be d i r e c t l y  a p p l i -  

cab le  t o  the s a f e t y  assessment o f  the MFE Fusion M a t e r i a l s  I r r a d i a t i o n  

Tes t ing  F a c i l i t y  (FMIT) and o ther  MFE f a c i l i t i e s .  

Both 

n 

This r e p o r t  g ives  the l i t e r a t u r e  survey r e s u l t s  concerning p h y s i c a l  

and chemical p r o p e r t i e s  o f  l i t h i u m  i n c l u d i n g  chemical i n t e r a c t i o n s  

l i t h i u m  may undergo w i t h  var ious  m a t e r i a l s  p o s s i b l y  present; i n  MFE 

f a c i l i t i e s .  The v a l i d i t y  and a p p l i c a b i l i t y  of these r e s u l t s  f o r  l a r g e  

scale, h igh  temperature acc ident  cond i t i ons  must be v e r i f i e d  by ac tua l  

exp e r  iment a t i on. 
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I I. SUMMARY AND CONCLUSIONS 

A l i t e r a t u r e  rev iew o f  l i t h i u m  and i t s  p r o p e r t i e s  and i n t e r a c t i o n s  

was performed. 
based deals w i t h  l i t h i u m  reac t i ons  i n  smal l -sca le  q u a n t i t i e s  a t  low tem- 
pera tures  and w i t h  l i t h i u m  i n  the  s o l i d  phase. 

i n f o r m a t i o n  about ac tua l  acc ident  cond i t i ons  is l ack ing .  E x t r a p o l a t i o n  

o f  the  r e s u l t s  t o  acc ident  cond i t i ons  may no t  be p o s s i b l e  i n  some s i t u a -  

t i o n s  i f  ac tua l  la rge-sca le  t e s t s  are no t  performed f o r  v e r i f i c a t i o n .  

I n fo rma t ion  i s  l a c k i n g  regard ing  the p o s s i b i l i t i e s  o f  r e a c t i o n  propaga- 

However, most such in fo rma t ion  upon which t h i s  r e p o r t  was 

Because o f  t h i s ,  much 

t i on ,  t h e  u l t i m a t e  end products  f o r  l i t h i u m  reac t ions ,  t h e  p o s s i b i l i t y  o f  

an increase i n  r e a c t i o n  r a t e  w i t h  temperature, and the r a t e  o f  increase 

f o r  spec i f i c reac t i  ons . 

Some conclus ions drawn from the e x i s t i n g  l i t e r a t u r e  are these: 

1. Chemical and p h y s i c a l  c h a r a c t e r i s t i c s  o f  l i t h i u m ,  e s p e c i a l l y  a 

l a r g e  l i q u i d u s  range, h igh  heat capac i t y  and h igh  thermal  con- 

d u c t i v i t y ,  a l l ow  l i t h i u m  t o  be used as an e f f e c t i v e  nuc lear  
r e a c t o r  coolant .  However, the  c o r r o s i v e  p r o p e r t i e s  o f  l i t h i u m  

r e q u i r e  p recaut ionary  hand l i n g .  

2. The h igh  b o i l i n g  p o i n t  o f  l i t h i u m  compared t o  sodium (1347 " C  
vs. 883 "C) r e s u l t s  i n  a much h igher  i g n i t i o n  temperature, w i t h  

p o s s i b l e  e f f e c t s  on s t ruc tu res .  

3. Bulk s o l i d  l i t h i u m  a t  room temperature does no t  burn sponta- 

neously i n  water o r  a i r .  In  d r y  oxygen, carbon d iox ide ,  a i r  up 
t o  250 O C ,  and d r y  n i t r o g e n  up t o  160 OC, l i t h i u m  meta l  d i spe r -  

s i  ons are considered i ner t .  

4. Ox ida t ion  o f  l i t h i u m  i n  d r y  oxygen i s  low a l l  the  way up t o  the  

i g n i t i o n  temperature. 
pure oxygen i s  uncer ta in ,  c i t e d  a t  values as h igh  as 630 'C. 

The i g n i t i o n  temperature o f  l i t h i u m  i n  

3 



5.  L i th ium i s  the  o n l y  a l k a l i  meta l  t h a t  w i l l  r e a c t  w i t h  n i t r o g e n  

t o  form a n i t r i d e .  

as i t  i s  i n  sodium systems. I g n i t i o n  temperatures f o r  l i t h i u m  
meta l  i n  n i t rogen  are quoted between 170 " C  and 450 OC. 

Thus n i t r o g e n  cannot be used as a cover gas 

6. Rates, p roduc ts  and temperatures f o r  l i t h i u m - a i r  reac t i ons  are 

u n c e r t a i n  and con t rad i c to ry .  Values between 180 OC: and 640 O C  

have been repor ted  f o r  t he  i g n i t i o n  temperature o f  l i t h i u m  i n  
a i r .  Discrepancy i s  due main ly  t o  p u r i t y  and mois tu re  

cond i t ions .  

7. L i t h i u m  reac ts  r e a d i l y  w i t h  water (vapor and l i q u i d )  t o  form 

hydrogen gas, a hazard under some acc ident  cond i t ions .  

8. Molten l i t h i u m  i s  extremely r e a c t i v e .  It w i l l  burn on con tac t  

w i t h  t h e  mo is t  s k i n  o f  personnel  working w i t h  it. It a lso  
produces, upon burning, aerosols  i r r i t a t i n g  t o  the  r e s p i r a t o r y  

system. 

9. Molten l i t h i u m  reac ts  no t i ceab ly  w i t h  concrete, o the r  m a t e r i a l s  

con ta in ing  mois tu re  and w i t h  many ceramic i n s u l a t i n g  ma te r ia l s .  

L i t h i u m  a t tacks  ceramics more aggress ive ly  than sodium does. 

10. A t  h i g h  temperatures, molten l i t h i u m  reac ts  w i t h  a l l  known 

molecular  gases b u t  can be handled up t o  200 O C  i n  p a r a f f i n  

vapors. 

reac t ions .  

Trace amounts o f  mo is tu re  ca ta l yze  1 ithiurn-gas 

11. No in fo rma t ion  was found on the aerosol  p r o p e r t i e s  o f  l i t h i u m  

combustion produc ts  (s ize ,  d i s t r i b u t i o n ,  densi ty ,  :shape, 
chemical nature,  o r  t o x i c i t y ) .  

12. No in fo rmat ion  i s  inc luded on the  e f f e c t s  o f  r a d i a t i o n  on 

l i t h i u m  p r o p e r t i e s  and i n t e r a c t i o n s .  
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13. P u r i t y  o f  l i t h i u m  and the  m a t e r i a l s  w i t h  which i t  i n t e r a c t s  p l a y  

a s i g n i f i c a n t  r o l e  i n  t h e  na ture  o f  most l i t h i u m  reac t ions .  

14. Small l i t h i u m  f i r e s  have been ex t ingu ished w i t h  a g r a p h i t e  

powder, MET-L-X ( a  commercial p repara t i on ) ,  and a p u l v e r i z e d  
s a l t  e u t e c t i c  mix tu re .  L i q u i d  l i t h i u m  d ra ins  and s e l f -  

e x t i n g u i s h i n g  sump systems have been demonstrated e f f e c t i v e  f o r  

c o n t r o l l i n g  small  q u a n t i t i e s  o f  bu rn ing  l i q u i d  l i t h i u m .  

15. Based on an abbreviated study, t he  f o l l o w i n g  p r e l i m i n a r y  conc lu -  

s ions  may be drawn regard ing  l i t h ium-conc re te  i n t e r a c t i o n s :  

a. 

b. 

C. 

d. 

The DTA s tud ies  of t h e  magnet i te  aggregate concre te  y i e l d e d  

i nconc l u  s i ve r e  su 1 t s  . 

The b a s a l t  aggregate concre te  m a t e r i a l s  showed the  h ighes t  

apparent heat e v o l u t i o n  values o f  a l l  samples studied. 

Limestone aggregate concre te  samples p rov ided  t h e  most 

rep roduc ib le  heat e v o l u t i o n  values and exotherms. 

The exotherms o f  the  d r y  Por t l and  Cement pas te  were 
a t t r i b u t e d  t o  t h e  d i r e c t  r e d u c t i o n  o f  t h e  s i l i c a t e s  t o  

s i l i c i d e s .  
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111. RESULTS AND DISCUSSION 

A. CHEMICAL PROPERTIES OF LITHIUM 

L i t h i u m  ( L i )  i s  a member o f  the chemical group known as t h e  a l k a l i  

metals.  It i s  t h e  l e a s t  r e a c t i v e  o f  t h i s  group. I t s  b i n a r y  compounds 
are  more s t a b l e  than those o f  the  o t h e r  a l k a l i  metals. ( l y 4 )  

ICs" e l e c t r o n  i n  t h e  ou te r  s h e l l  o f  a l i t h i u m  atom i s  e a s i l y  removed t o  

fo rm a p o s i t i v e  ion.  Removal o f  remaining e l e c t r o n s  i s  d i f f i c u l t .  

l i t h i u m  i s  e x c l u s i v e l y  monovalent and forms compounds w i t h  a l l  anions, 

o rgan ic  and inorgan ic .  

The s i n g l e  

Thus 

L i t h i u m  has an atomic number o f  t h ree  and an atomic weight o f  6.941 

atomic mass u n i t s . ( 5 )  
(1 .50-1~56 i ) ( 6 ) ,  l i t h i u m  i s  the l i g h t e s t  o f  these, w i t h  a d e n s i t y  

o n l y  about one-hal f  t h a t  o f  water. N a t u r a l l y  o c c u r r i n g  l i t h i u m  con ta ins  

two iso topes :  

Having the  sma l les t  atomic r a d i u s  o f  a l l  meta ls  

7.52 at.% l i t h i u m - 6  (atomic mass 6.017) and 92.48 at.% 
l i t h i u m - 7  (atomic mass 7.018). (1) 

I n  i t s  c r y s t a l l i n e  form, pure l i t h i u m  i s  s i l v e r  wh i te  and s o f t .  I n  

S o l i d  l i t h i u m  a t  room temperature i s  n o t  as dangerous 

a vacuum ( r e s i d u a l  p ressure  = 0.04 mm Hg), l i t h i u m  s t a r t s  t o  evaporate 
above 600 'C. ( 7 )  
as o the r  a l k a l i  metals, s ince  i t  does not burn spontaneously i n  wa te r  o r  

a i r .  Molten l i t h i u m  i s  extremely r e a c t i v e .  It burns when i t  con tac ts  

m o i s t  skin.  I t s  combustion produc ts  a re  i r r i t a t i n g  t o  t h e  r e s p i r a t o r y  

system. 
burns s t rong ly ,  t h e  f lame is dazz l i ng  whi te.  

r e q u i r e d  because o f  l i t h i u m ' s  c o r r o s i v e  p r o p e r t i e s .  

L i t h i u m  imparts a crimson c o l o r  t o  a flame. When the  meta l  

Spec ia l  hand l i ng  i s  

Commercial l i t h i u m  conta ins  apprec iab le  q u a n t i t i e s  o f  carbon, oxygen 
and n i t rogen .  Other contaminants commonly d i sso l ved  i n  l i t h i u m  o r  

mechan ica l l y  dispersed i n  i t  are l i t h i u m  compounds o f  ch lo r i ne ,  hydrogen, 

calcium, aluminum, i ron ,  s i  1 icon, and sodium. (8 )  
some p r o p e r t i e s  o f  l i t h i u m .  

Table 1 summarizes 
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TABLE 1 
PROPERTIES OF LITHIUM 

Reference Feature 

Name 

Symbol 

L i t  h i um 

Li 

3 

6.941 a.m.u. 

L i  -6 

L i  -7 

1347°C 

180.54"C 

4680 cal/g 

103.2 cal/g 

3.51 ii 

5 

5 

Atomic Number 

Atomic Weight 

I sotopes 

Boiling Point 

Melting Poin t  

Heat of Vaporization 

Heat of Fusion 

Cube Edge Length of 
Unit Cell 10 

Number of Atoms Exposed 
upon Immersion in 
Water of 1 cm Unit 
Cube 26.1 10 
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B. PHYSICAL PROPERTIES OF LITHIUM 

1. M e l t i n g  Po in t  

The m e l t i n g  p o i n t  o f  l i t h i u m  i s  180.54 0C.(5) Other re fe rences  

This temperature i s  have c i t e d  va lues from 179 O C t o  186 "C.  (7-12) 

tw ice  as h igh  as sodium bu t  i s  s i g n i f i c a n t l y  lower than t h e  m e l t i n g  

temperature o f  most comon metals and i s  one o f  the  reasons why l i t h i u m  

may be used e f f e c t i v e l y  as a reac to r  coo lan t  and heat t r a n s f e r  medium. 

2. Vapor Pressure and B o i l i n g  P o i n t  

The normal b o i l i n g  p o i n t  f o r  l i t h i u m  i s  g iven  a t  values from 1317 'C t o  
1370 O C .  (5y7-12)  These values are s l i g h t l y  low and h igh  r e s p e c t i v e l y - -  
t h e  most reasonable b o i l i n g  p o i n t  i s  around 1347 "C.  ( 5 )  

Normal ope ra t i ng  temperatures o f  MFE devices range f rom 200 " C  t o  
550 "C. L i t h i u m  does no t  b o i l  a t  normal atmospheric pressure u n t i l  i t  

reaches a temperature w e l l  above those encountered i n  t h e  MFE devices. 

This  a l lows the  system t o  be operated unpressur ized, thereby reduc ing  

design s t reng th  requirements and the  p o t e n t i a l  s e v e r i t y  o f  any leaks t h a t  

migh t  develop. 

The vapor pressure o f  l i t h i u m  i s  low a t  the  m e l t i n g  p o i n t  (app rox i -  

mate ly  10-l' mm Hg). 

l a t i n g  vapor pressure a t  d i f f e r e n t  temperatures. One equat ion,  whose 

r e s u l t s  a re  i n  good agreement w i t h  others,  a l lows vapor pressure 

Var ious equat ions have been der ived  f o r  ca l cu -  

c a l c u l a t i o n s  from 700 ' C  t o  1400 0 C ( 8 )  : 

loglo P = 8.00 - 8143 T - l  P u n i t s :  mm Hg 
T u n i t s :  O K  

Table 2 and F igure  1 show the  vapor pressure of L i  i n  mrn Hg f rom around 
700 " C  t o  1300 O C .  
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TABLE 2 

VAPOR PRESSURE OF LITHIUM 

Temperature ("C) 

745 
890 

1084 
1156 
1236 

Ref. 8; 9 ,  Table 14.6 

Vapor Pressure (mm Hg) 

1 
10 

100 
200 
400 

400 

3 00 

200 

100 

0 
800 900 1000 

TEMPERATURE ('C) 
1100 1200 

HEDL 7802-039.4 

FIGURE 1. Vapor Pressure o f  L i th ium.  Ref. 8, 9 
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3. Dens i ty  

The f o l l o w i n g  equat ion a l lows the  c a l c u l a t i o n  o f  d e n s i t y  f rom 200' C t o  

1600 C w i t h  an accuracy o f  5 0.3% (13). . 

= 0.515 - (1.01 x ( T  - 200) T range: 200 0C-1600 OC 
3 

P u n i t s :  g/cm 

T u n i t s :  "C 

Table 3 and F igure  2 i l l u s t r a t e  the  r e s u l t s .  

l i t h i u m  i s  a l i n e a r  f u n c t i o n  of temperature and decreases w i t h  i nc reas ing  

temperature. Densi ty  decreases sharp ly  w i t h  i nc reas ing  temperature above 
1600 OC. ( I 3 )  
pumping power f o r  a g iven heat load than o the r  l i q u i d  metals.  

The dens i t y  o f  l i q u i d  

Because o f  the  low densi ty ,  l i q u i d  l i t h i u m  r e q u i r e s  less  

4. V i s c o s i t y  

Two types o f  v i s c o s i t y  are def ined.  Dynamic v i s c o s i t y  i s  the  r e s i s -  

tance of a f l u i d  t o  a change o f  form. This i n t e r n a l  f r i c t i o n  i s  a mea- 

sure o f  how d i f f i c u l t  i t  i s  t o  make the  f l u i d  f low.  

the  r a t i o  of t he  dynamic v i s c o s i t y  o f  t he  f l u i d  t o  i t s  dens i t y  a t  t h e  
temperature under cons idera t ion .  

v i s c o s i t y  o f  molten l i t h i u m  are.  

Kinematic v i s c o s i t y  i s  

Two equat ions f o r  c a l c u l a t i n g  the  dynamic 
. (14 915 1 

= 0.4936 - 0.7368 loglo T + 109.95 T - l  
l O % o  

T range: 180.54 oC- lOOO O C  

T u n i t s :  O K  

u n i t s  : c e n t i p o i s e  

11 
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Temperature ("C) 

200 
400 
600 
800 

1000 
1200 
1400 
1600 

Ref. 13, Table 2 

0.S 

0.4! 
m- 
5 > v 

t - 
v, 

0.4( 
n 

TABLE 3 

DENSITY OF LITHIUM 

3 Dens i t y  ( g / c m l  

0.515 
0.495 
0.475 
0.454 
0.434 
0.414 
0.394 
0.374 

O. 35 I I 1 L- 
200 400 600 800 1000 1200 1400 1600 

TEMPERATURE (OC) 
HEDL 7802-039.5 

FIGURE 2 .  Dens i t y  o f  L i th ium.  Ref. 13 
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= 726.07 T - l  - 1.3380 log10 rl T range: 600 OC-1200 O C  

( esp ec i a 1 l y  f o r  ex t rapo-  

l a t i o n  t o  h igher  temps.) 

T-I u n i t s :  c e n t i p o i s e  
T u n i t s :  O K  

Table 4 and F igu re  3 represent  dynamic v i s c o s i t y  o f  l i t h i u m  as a f u n c t i o n  

o f  temperature. 

5.' Surface Tension 

The molecular  f o rces  ho ld ing  mat te r  together  become conspicuous a t  

sur faces of d i s c o n t i n u i t y ,  such as the  i n t e r f a c e  between two f l u i d s .  

t he  sur face o f  a l i q u i d  ( l i t h i u m ,  f o r  example), the  absence o f  l i q u i d  
molecules above i t  causes fo rces  t o  behave as i f  a membrane were 

s t re t ched  over the l i q u i d  sur face.  This i s  due t o  the s t ronger  a t t r a c -  

t i o n  o f  l i q u i d  molecules t o  gas molecules ( a i r ,  f o r  example). The su r -  

face  tens ion  o f  the l i q u i d  l i t h i u m  i s  a f u n c t i o n  o f  temperature. It was 

found dur ing  t h e  course o f  experiments t h a t  l i q u i d  l i t h i u m  cou ld  no t  be 

poured ou t  o f  a con ta iner  up t o  an inch  i n  diameter even by i n v e r t i n g  

it. The combinat ion o f  h igh  sur face  tens ion  and low dens i t y  was s u f -  
f i c i e n t  t o  h o l d  the meta l  i n  the  conta iner .  Even v igorous shaking cou ld  

not dislodge it. 

A t  

An equat ion desc r ib ing  the  sur face  tens ion  o f  molten l i t h i u m  f rom 
200 O C  t o  1300 O C  i s  g iven as. . (16,17) 

(J = 0.16 (3550-T) - 95 

This  i s  i l l u s t r a t e d  i n  Table 5 and F igure  4. 

o u n i t s :  dyne/cm 
T u n i t s :  O K  
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TABLE 4 

V I S C O S I T Y  OF LITHIUM 

Temperature ( " C )  V i  scos i t y  (cp) 

200 
400 
600 
800 

1000 
1200 

(Ref. 14)  (Ref. 1 5 )  
0.569 
0.374 
0.283 0.323 
0.231 0.218 

0.171 0.196 
0.143 

H EDL 7802-039.8 

FIGURE 3. V i s c o s i t y  o f  L i th ium. Ref. 14, 15 
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TABLE 5 

SURFACE TENSION OF LITHIUM 

400 

375 
h 

!5 > 350 
C x 

-0 v 

I 325 
Z 
0 v, 300 

UJ 275 
z 

2 

I- 

U 

M 

Ln 
2 250 

225 

i 

Temperature ( " C )  

200 
400 
600 
800 

1000 
1200 
1400 

Ref. 16,17 

Sur f  ace Tension 
( dynes /cm) 

397.3 
365.3 
333.3 
301.3 
269.3 
237.3 
205.3 

400 6 00 800 1000 1200 1400 
TEMPERATURE e C )  

HEDL 7802-039.3 

FIGURE 4. Surface Tension o f  L i th ium.  Ref. 16,17 
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6. Wet t ing  

Wett ing descr ibes the a b i l i t y  of a l i q u i d  t o  spread f r e e l y  over the 

surface o f  a s o l i d .  
degrees o f  wet t ing .  P u r i f i e d  l i t h i u m  r e p o r t e d l y  w i l l  n o t  wet s t a i n l e s s  

s t e e l  a t  315 O C  b u t  does a t  400 "C.  ( l )  
s t a i n l e s s  s t e e l  a t  temperatures below 482 " C .  

Low sur face  tens ion  u s u a l l y  accompanies h igher  

Impure l i t h i u m  w i l l  no t  wet 
(1) 

n 

C. THERMAL PROPERTIES OF LITHIUM 

1. Enthalphy 

The enthalpy o r  heat content  (HT) o f  a m a t e r i a l  i s  a thermodynamic 
func t ion  i n d i c a t i n g  t h e  amount of i n t e r n a l  energy p l u s  pressure-volume ( P V )  

work a v a i l a b l e  i n  a system. Enthalpy can be determined by e i t h e r  o f  two 
equat ions.  . (14,181 

H, = 270.4 + C (T-453.6) 
P 

T range: 
H, u n i t s :  c a l / g  

T u n i t s :  "K 

190 O C-650 O C 

: Heat c a p a c i t y  
( c a l  /g- "c) cP 

= -5.075 + 1.0008 T - 5.173~10 3 1  T- T range: 500 oC-1300 " C  

H, u n i t s :  c a l / g  

T u n i t s :  "C 

HT 

The exper imenta l  data v e r i f y i n g  t h e  f i r s t  equat ion are represented i n  Table 6 

and F igure 5. 

2. Heat of Fusion 

The heat o f  f u s i o n  f o r  l i t h i u m  i s  g iven as 103.2 c a l / g  W J L 1 9 )  at 

180.54 "C.  

16 
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TABLE 6 

ENTHALPY OF LITHIUM 

Temperature ("C) Enthalpy ( c a l  /g) 

185.75 
213.78 
286.90 
357.16 
428.28 
456.50 
492.75 
525.95 
585.05 
593.79 
620.41 
628.61 
647.71 

Ref. 18; 14, Table 2 

270.40 
303.65 
379.15 
449.00 
521.94 
549.32 
584.09 
618.19 
677.62 
688.06 
713.41 
722.49 
742.34 

I 1 

1 
TEMPERATURE (OC) 

H ED L 7802-039.2 

FIGURE 5 .  Enthalpy o f  L i th ium.  Ref. 14,18 



3. Heat Capacity 

Table 7 and F igure  6 show the  heat c a p a c i t y  i n  c a l o r i e s  per gram-OC 

necessary t o  r a i s e  t h e  temperature o f  l i t h i u m  f rom 0 " C  t o  900 "C. 

has the  h ighes t  heat capac i t y  of any s o l i d  element, making i t  u s e f u l  i n  heat  

t rans fe r  app 1 i c a t  i ons. 

L i t h i u m  

4. Thermal Conduc t i v i t y  

Three e m p i r i c a l  equat ions fo r  thermal c o n d u c t i v i t y  ( k )  y i e l d  a s c a t t e r i n g  
(18,20,21) 

o f  exper imental  da ta  (see F igure  4 ) :  

k = 10.1 + 2.94 x T T range: 250 oC-950 "C 
k u n i t s :  ca l / sec -m-  " C  

T u n i t s :  "C 

k = 10.48 + 4.98 x lom3 (T-180.6) T range: 300 "C-1100 O c  

T u n i t s :  O C  

-0.58 x (T-180.6)* k u n i t s :  cal/sec.m. O C  

k = 8.24 + 7.46 x T T range: 320 "C-830 "C 

k u n i t s :  cal/sec.m. O C  

T u n i t s :  " C  

The b e s t  f i t t e d  equat ion ob ta ined by method of l e a s t  squares f o r  t h e  t h r e e  

above equat ions i s :  

K = 9.59 + 4.55 x T k u n i t s :  cal/sec.m- O C  

T u n i t s :  " C  

This i s  represented by t h e  dashed l i n e  i n  F igure  7. 
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TABLE 7 

1 . l o r  I I I I I I 1 1 1 
MELTING POINT 

- 

- 

0 
2. 0.95 - - 

- 

- 

- 

I I I I I I 1 1 1 1 0.75 

HEAT CAPACITY OF LITHIUM 

c p  ( c a l  /g-"C) Temperature ("C) 

0.784 0 

0.905 100 

1.058 200 

0.844 50 

1.012 180.6 

1.040 250 
1.020 300 
1.015 350 
1.010 400 
1.000 450 
0.998 500 
0.997 550 
0.996 600 
0.995 650 
0.995 k 1% 650-900 

Ref. 8, 19; 9 , Table 14.6; l C ,  Table 4 
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D. CHEMICAL INTERACTIONS OF LITHIUM 

1. General 

Although l i t h i u m  i s  the l e a s t  r e a c t i v e  o f  t he  a l k a l i  metals,  i t  s t i l l  

undergoes many chemical reac t i ons  and i s  no t  found n a t u r a l l y  i n  t h e  f r e e  

form. 

It reac ts  v i o l e n t l y  w i t h  most inorgan ic  acids, b u t  c o l d  concentrated s u l -  
f u r i c  a c i d  a t tacks  it s lowly .  (1,22) 

wi th  concrete and o ther  m a t e r i a l s  con ta in ing  mois tu re  and r a p i d l y  w i t h  

ceramic i n s u l a t i n g  ma te r ia l s .  (1923)  
l i t h i u m  reac ts  w i t h  a l l  known molecular  gases b u t  can be handled up t o  

about 200 " C  i n  p a r a f f i n  vapors. (24 )  It i s  considered i n e r t  i n  he l ium 

under most cond i t ions .  Trace amounts o f  mo is tu re  ca ta l yze  l i th ium-gas  

reac t ions .  L i q u i d  l i t h i u m  w i l l  no t  r e a c t  w i t h  oxygen o r  carbon d i o x i d e  

i n  a i r  a t  i t s  m e l t i n g  p o i n t  i n  t h e  absence o f  water; b u t  10 t o  15 p a r t s -  

p e r - m i l l i o n  (ppm) mois ture w i l l  cause l i t h i u m  t o  r e a c t  w i t h  a i r ,  n i t r o -  

gen, oxygen and carbon d iox ide  a t  room temperature. (') L i t h i u m  r e a c t s  
r e a d i l y  w i t h  a i r  and water and w i t h  t races o f  oxygen, carbon, n i t r o g e n  

and hydrogen even i n  the i n e r t  f l u i d s  i n  which i t  i s  stored. Contamina- 

t i o n  w i t h  these m a t e r i a l s  promotes co r ros ion  o f  meta ls  by l i t h i u m .  
s t a b l e  b i n a r y  compounds--l i thium oxide, l i t h i u m  n i t r i d e ,  l i t h i u m  

M e t a l l i c  i m p u r i t i e s  a l so  ca ta l yze  l i t h i u m  reac t ions .  

L i t h i u m  reac ts  v igo rous l y  w i t h  the  halogens, e m i t t i n g  l i g h t .  (8) 

Molten l i t h i u m  reac ts  v igo rous l y  

A t  h igh  temperatures, mol ten 

The 

hydroxide, l i t h i u m  hydr ide  and l i t h i u m  c h l o r i d e  are  very  cor ros ive .  (8) 

Table 8 g ives  the  en tha lp ies  and f r e e  energ ies f o r  va r ious  l i t h i u m  
reac t i  on s . 
the  r e a c t i o n  t o  proceed as w r i t t e n .  The values are a l l  taken a t  room 

temperature (25 O C) . 

More negat ive  values i n d i c a t e  a h ighe r  tendency f o r  
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TABLE 8 Q 
ENTHALPIES AND FREE ENERGIES OF LITHIUM REACTIONS 

AH" (25°C) G (25°C) 
k c a l  k c a l  References 

-142.650 -133.950 80 

-151.9 -138.1 92 
-116.589 -105.676 93 
-188.926 -163.437 93 

-48.7 -48.99 6 
-53.142 91 

-146.300 -139.650 80 

-97.700 -92.500 80 
-64.790 ( -62.200) 80 

-47.500 -37.300 80 
-21.61 -16.72 75 

-148.6 -128.4 94 

i 

-210.45 -171.38 
-32.46 
-14.2 

-365.25 
-24.67 
-16.8 
-14.6 
-12.8 
-20.8 

94 
6 

75 
95 
96 
75 
75 
75 
75 

3 L i ( c )  + 2 Sb(c) -f L i3Sb2(c)  -43.5 75 

3 L i ( c )  + B i ( c )  + L i 3 B i ( c )  -55.2 75 
2 L i ( c )  + H2S04(i)  -f Li2S04 + H2(g) -148.92 6 

L i ( c )  + CH30H(a) -f LiOCH3 ( i n  CH30H) 
-55.1 6 

L i  ( c )  + C2H50H( k )  + LiOC2H5 ( i n  C2H50H) 

Ref. 1, Table 5 

+ 1/2 H2(g) 

+ 112 H2(g) -51.6 6 n 
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2. Lithium-Gas Reactions 
crs 

TGA Studies (25)  -- Thermogravimetric ana lys i s  was used t o  study l i t h i u m  

metal-gas r e a c t i o n s  f o r  wet and d ry  dynamic gases. Heating a t  a r a t e  of 

0.67"/minuteY l i t h i u m  metal  d i spe rs ion  samples h e l d  i n  smal l  qua r t z  cups 

were sub jec ted  t o  var ious  dynamic gaseous atmospheres (argon, a i r ,  n i t r o -  

gen, oxygen, carbon d iox ide ) .  

ambient cond i t i ons .  For d ry  gas analyses, t h e  h igh  p u r i t y  gases were 

passed through a column o f  anhydrous magnesium pe rch lo ra te .  

wet gases o f  50% r e l a t i v e  humid i t y  a t  room temperature ( p a r t i a l  p ressure  
o f  water = 9.03 mm Hg a t  20 "C), t he  gases were dispersed through a 
sa tu ra ted  s o l u t i o n  o f  sodium dichromate d ihydra te .  The r e s u l t s  a re  

dep ic ted  i n  F igure  8. 

Flow r a t e s  were around 150 ml/min a t  

To achieve 

Conclusions drawn from t h i s  are:  

Dry carbon d iox ide ,  oxygen and a i r  up t o  250 " C  and d r y  n i t r o -  

gen up t o  160 " C  appear i n e r t  w i t h  respec t  t o  l i t h i u m  meta l  

d i s p e r s i  ons. 

With the  presence o f  water vapor i n  each gas, cont inuous and 

s i g n i f i c a n t  weight gains were observed over t h e  hea t ing  p e r i o d  

i n d i c a t i n g  1 i thium-gas reac t ions .  

e When exposed t o  a l l  t h e  mo is t  gases, a b lack  su r face  forms over 
the  l i t h i u m  metal.  It i s  composed o f  anhydrous l i t h i u m  

hydroxide and a l i t t l e  l i t h i u m  oxide. 

Use o f  meta l  d i spe rs ions  i s  cha rac te r i zed  by a h igh  a v a i l a b l e  sur face  

area. 
r a t e - c o n t r o l l i n g  d i f f u s i o n  e f f e c t s  are minimized. The sequence o f  events 

i s  unchanged i n  na ture  b u t  p o s s i b l y  acce le ra ted  i n  time. The r e s u l t s  a re  
s p e c i f i c  f o r  a g iven hea t ing  ra te ,  gas f l o w  r a t e  and h i g h  p u r i t y  o f  

gases. 
i n  a c t u a l  u n c o n t r o l l e d  cond i t i ons .  

Th is  tends t o  exaggerate r e a c t i o n  r a t e s  s ince  t h e  p o s s i b i l i t y  o f  

Because o f  t h i s ,  r e a c t i o n  r a t e s  and temperatures may be d i f f e r e n t  
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3. Lithium-Oxygen Reactions 
0 

. 
L i t h i u m  i s  h i g h l y  r e s i s t a n t  t o  o x i d a t i o n  even a t  e leva ted  tempera- 

t u r e s  i n  pure oxygen or even i n  d r y  a i r  atmospheres. 

o f  o x i d a t i o n  o f  l i t h i u m  i s  low a l l  t h e  way t o  t h e  i g n i t i o n  temperature 

c i t e d  i n  one r e p o r t  as 630 " C .  (26 )  

oxygen occurs below 250 " C .  

exo the rm ica l l y  : 

(10Y25Y26) The rate 

No r e a c t i o n  o f  s o l i d  l i t h i u m  i n  d r y  

With mo is t  oxygen, t h e  r e a c t i o n  proceeds 
(1) 

1.152 grams o f  oxygen combine w i t h  1.0 grams o f  l i t h i u m  t o  produce 
10.33 k c a l  o f  energy. ( 9 )  

The ox ide  c o a t i n g  t h a t  forms on the sur face  o f  s o l i d  l i t h i u m  a t  low 

temperature may prevent  f u r t h e r  r e a c t i o n  o f  l i t h i u m  w i t h  oxygen. A 
specimen o f  s o l i d  l i t h i u m  i n  mo is t  oxygen ( p a r t i a l  p ressure  o f  water = 

4.6 mm Hg) a t  35 " C  forms a __ wh i te  r e a c t i o n  produc t  on t h e  sur face  o f  t h e  

metal.  I f  the  specimen i s  then exposed t o  d r y  oxygen, the  r e a c t i o n  r a t e  
drops t o  zero  w i t h  no f u r t h e r  ox ide  forming under these cond i t i ons .  ( 2 7 )  

The r e a c t i o n  o f  l i q u i d  l i t h i u m  w i t h  oxygen was c a r r i e d  o u t  f rom 210°C 
t o  640 " C  w i t h  pressures o f  130 mm Hg t o  1.0 mm Hg. (28) 

formed i n i t i a l l y  was observed throughout t h e  e n t i r e  experiment. F igu re  9 
i l l u s t r a t e s  the  k i n e t i c  curves o f  r e a c t i o n  o f  l i q u i d  l i t h i u m  w i t h  oxygen. 
From t h i s ,  t h e  r e a c t i o n  may be d i v i d e d  i n t o  t h r e e  segments. The f i r s t  

represents  non-steady-state reac t i on .  The second i s  descr ibed by  a log- 
a r i t h m i c  r a t e  law and has an a c t i v a t i o n  energy o f  15.3 kcal/mole. The 
t e r m i n a l  segment i n d i c a t e s  cont inuous growth o f  t h e  ox ide  f i l m  and f o l -  

lows a l i n e a r  r a t e  law. The a c t i v a t i o n  energy f o r  t h i s  l a s t  segment i s  

15.6 kca 1 /mo le. (28) Values may d i f f e r  f o r  f l o w i n g  l i t h i u m  c o n t a i n i n g  
d i f f e r e n t  degrees o f  i m p u r i t i e s .  

The ox ide  f i l m  

F igu re  10 shows t h e  DTA curve o f  l i t h i u m  metal d ispersed i n  a f l o w -  

i n g  n i t r o g e n  atmosphere. 

25 



n 
30 

w 
v, 

4 

C 

FIGURE 9. 

365'C 

I I I I I I I I I 
20 40 60 80 100 

Kinetic Curves of Liquid Lithium Reacting with Oxygen. Ref. 28, Fig. 1 
' 1 " ~ ' " ' " ' ~ " " ~ ' " ' ~ " ' ' ~ " "  

REACTION TIME (MINUTES) HEDL 7802-039.9 

0.26 g L i  METAL 

N2 GAS 

EXOTHERM 
RETURN TO BASE L I N E  

- --- 

0 100 200 300 4 00 500 600 700 
SAMPLE T E M P . ,  'C 

HEDL 7711-63.3 

FIGURE 10. DTA Curve of Lithium Metal Dispersed in a Flowing Nitrogen 
Atmosphere. Ref. 25, Figure 6 

26 



Free energies of fo rmat ion  have been c a l c u l a t e d  f o r  l i t h i u m  ox ide  a t  

More negat ive  values i n d i -  
d i f f e r e n t  temperatures. (') 

f r e e  energy w i t h  an increase i n  temperature. 

ca te  a more exothermic, ene rge t i c  r e a c t i o n  and t h e r e f o r e  a re lease  o f  

more energy. 

The r e s u l t s  show an u l t i m a t e  decrease i n  

G ( k  cal /g-atom C )  T ("C) Reference 
-134 25 29 
-177 527 30 
-111 000 
-92 1227 30 

4. L i th ium-Ni t roqen Reactions 

L i t h i u m  i s  the on ly  a l k a l i  meta l  t h a t  w i l l  r e a c t  w i t h  n i t r o g e n  gas t o  
fo rm a n i t r i d e .  A31)  

= -47.50 kcal /mole 6 L i  ( s )  + N2 ( g ) - + 2  Li3N ( S )  A H  25 o c  

Greater than 10 ppm mois tu re  or e leva ted  temperatures w i l l  i nc rease 

the  r a t e  and e x t e n t  o f  r e a c t i o n  o f  l i t h i u m  and n i t rogen .  

w i l l  no t  r e a c t  w i t h  l i t h i u m  up t o  about 160 "C. 

mo is tu re  present, r e a c t i o n  proceeds exothermica l l y ,  fo rming  a t h i n  p ro -  
t e c t i v e  c o a t i n g  o f  r e d d i s h - b r o w n  t o  b l a c k  l i t h i u m  n i t r i d e  ( L i N ) .  The 

l a t t e r  i s  hygroscopic, y i e l d i n g  amnonia i n  the presence o f  water. 
L i t h i u m  i s  more suscep t ib le  t o  n i t r i d a t i o n  than o x i d a t i o n  a t  moderate 
temperatures. (10'25) I n  a stream o f  d r y  n i t rogen,  the  r e a c t i o n  between 
l i t i h i u m  and n i t r o g e n  i s  10 t o  15 t imes more r a p i d  than i n  a i r .  

Oxygen and hydrogen i n h i b i t  t h e  i n t e r a c t i o n  o f  l i t h i u m  and n i t rogen .  

Presence o f  oxygen i n  n i t r o g e n  g rea te r  than 14 volume % o r  hydrogen over 
( 7 )  3.5 volume % may completely p revent  r e a c t i o n  a t  lower temperatures. 

With l esse r  amounts, t h e  r e a c t i o n  proceeds much slower. 

Dry n i t r o g e n  

A t  room temperature w i t h  

( 7 )  

Powdered l i t h i u m  (< 1 0 0 ~  p a r t i c l e  s i ze ) ,  when heated i n  n i t r o g e n  

f l o w i n g  a t  100 ml/min i n  a tube furnace apparatus, i g n i t e d  a t  388 " C  
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and 410 0C.(32) 
450 O C  and dull red heat. 

Other i g n i t i o n  temperatures have been quoted a t  170 " C ,  
( 25 , 32 1 

A d i f fe ren t ia l  thermal analysis (DTA) was performed on l i t h i u m  metal 
dispersions i n  dry dynamic nitrogen atmospheres a t  a heating r a t e  of 
5" / m i  nu  t e  . (25)  
exothermic. Figure 10 i l l u s t r a t e s  the resu l t s .  Formation of appreciable 
quant i t ies  of anhydrous lithium hydroxide (18.6 w t . % )  was requis i te  before 

The reaction occurred around 170 "C and was r a p i d  and 

s i gn i f i cant format 
reaction increased 
Thus, the presence 
necessary for 1 i t h 
cept ibi l  

High 

1 i t h i  um. 
i n  less 
Ignition 
implying 

on of l i t h i u m  n i t r ide  occurred. The velocity of the 
t o  a maximum value, then dropped to  zero. 
of a l i t h i u m  hydroxide fi lm on the metal surface is 
um-nitrogen reactions and explains l i thium's sus- 

( 7 )  

t y  t o  low temperature n i t r i d a t i o n  under moist conditions. 

temperatures were encountered d u r i n g  the r a p i d  n i t r ida t ion  of 

h a n  one minute with a 0.26 gram lithium dispersion sample. 
occurred w i t h o u t  fusion and coalescence (mixing) of the metal 
that  r a p i d  diffusion of reactant nitrogen th rough  a bed of porous, 

Upon i g n i t i o n  i n  nitrogen, temperatures around 600 "C were reached 
(25 )  

sol id  lithium and l i t h i u m  n i t r ide  i s  possible. W i t h  a compact mass of l i q u i d  
l i t h i u m ,  n i t r i d a t i o n  may be slower due t o  diffusion controll ing of the 
reaction. 

Reaction ra tes  between dry nitrogen and l i t h i u m  have been examined f o r  
s t i r r ed  and s ta t ionary l i q u i d  l i t h i u m .  (28) W i t h  s t i r r i n g ,  three stages 
were observed in which the r a t e  laws followed r ec t i l i nea r ,  log-arithmic and 
parabolic laws successively and independent of pressure. Without stirring, 
the rec t i l inear  stage was not observed. 
temperature dependent. 
import an t  factor .  

Reaction rates  were strongly 
Solubi l i ty  of nitrogen i n  the lithium was also an 

W i t h  s t i r r i n g  i n  the presence of nitrogen, l i q u i d  l i t h i u m  spread 
over the to ta l  internal surface area of the containing vessel. Thus 
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r e a c t i o n  r a t e s  were a l l  i n f l uenced  by dimensions. An a c t i v a t i o n  energy 

o f  33 kcal /mole was ob ta ined a t  t h e  stage i n  t h e  r e a c t i o n  when r a t e s  

obeyed the  r e c t i l i n e a r  law. This l a s t e d  approximately 35 minutes. As 

p roduc t  accumulated, even s t i r r i n g  cou ld  no t  c o n t i n u a l l y  m a i n t a i n  a 
" f resh"  sur face  f o r  r e a c t i o n  and the  l o g a r i t h m i c  r e l a t i o n s h i p  took over. 

This occurred i n  t h e  reg ion  o f  12 t o  30% o f  t h e  t o t a l  reac t i on .  The 

r e a c t i o n  was n o t  i n h i b i t e d  by the  sur face  f i l m s  b u t  proceeded w i t h  a 
p a r a b o l i c  r a t e  law. 

sur faces  c a r r y i n g  a cont inuous n i t r i d e  f i l m .  

was a ruby-red c r y s t a l l i n e  l i t h i u m  n i t r i d e .  

A c t i v a t i o n  energy was measured a t  1.5 kca l /mo le  f o r  

The f i n a l  r e a c t i o n  produc t  

Without s t i r r i n g ,  the  l i t h i u m - n i t r o g e n  r e a c t i o n  was completed i n  an 

average o f  80 minutes f o r  0.5 grams o f  l i t h i u m .  
80% o f  the  t o t a l  r e a c t i o n  fo l l owed  the  p a r a b o l i c  law. 

i l l u s t r a t e  t h e  r e a c t i o n  curves o f  n i t r o g e n  w i t h  s t i r r e d  and u n s t i r r e d  

l i t h i u m  a t  400 " C .  

d i f f e r  en t  temp e r  a t  u res. 

The r e g i o n  f rom 33 t o  
F igures  11 and 12 

F igure  13 shows the  k i n e t i c  curves f o r  t h e  r e a c t i o n  a t  

Free energies of fo rmat ion  have been c a l c u l a t e d  f o r  l i t h i u m  n i t r i d e  

a t  d i f f e r e n t  temperatures. (1y29'33) 
f r e e  energy w i t h  i nc reas ing  temperature: 

The r e s u l t s  show a decrease i n  

A G  (kca l /mo le  

-37.3 
-20.1 
+ 3.8 

5. Lithium-Hydrogen Reactions 

T ( " C )  

25 
527 

1227 

Reference 

29 
33 
33 

L i t h i u m  r e a d i l y  reac ts  w i t h  hydrogen fo rming  a s t a b l e  b u t  r e a c t i v e ,  
(1 )  h igh -me l t i ng  hydr ide.  The r e a c t i o n  proceeds as f o l l o w s :  

L i  ( s )  + 1/2 H2 ( 9 )  + L i H  ( S )  A H  25 o c  = -21.61 kcal /mole 
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L i t h i u m  hydride, depending upon fo rma t ion  cond i t ions ,  i s  e i t h e r  wh i te  
c r y s t a l l i n e  powder o r  n e e d l e - l i k e  c r y s t a l s .  

hydrogen w i t h  a c lean l i q u i d  l i t h i u m  surface i s  f i r s t  o rder  and l i n e a r  

w i t h  an a c t i v a t i o n  energy o f  12.6 kcal/mole. (34)  
energy i s  less  than b o t h  values f o r  t h e  r e a c t i o n s  between hydrogen and 
sodium o r  potassium. 

potassium and sodium i s  43:4:1 r e s p e c t i v e l y .  (34)  
o f  r e a c t i o n  increases w i t h  i nc reas ing  temperature. Table 9 and F igure  14 
show the  e f f e c t  o f  temperature on the  absorp t ion  o f  hydrogen. 

The r e a c t i o n  r a t e  of 

This a c t i v a t i o n  

The r a t i o  o f  r e a c t i o n  r a t e s  a t  250 "C f o r  l i t h i u m ,  

As expected, t he  r a t e  

The r e a c t i o n  between molten l i t h i u m  and p u r i f i e d  gaseous hydrogen a t  
h i g h  temperatures s t a r t s  around 400 "C, t e r m i n a t i n g  q u i c k l y  a t  710 "C. (7) 

Explosions and i g n i t i o n s  occur sometimes due t o  i m p u r i t i e s  i n  t h e  i n i t i a l  

products.  The above values p e r t a i n  t o  s t a t i c ,  r e l a t i v e l y  pure  systems. 
Other environments may y i e l d  d i f f e r e n t  r a t e s  and temperatures. 

6. Lithium-Carbon D iox ide  Reactions 

Dry carbon d i o x i d e  w i l l  no t  r e a c t  w i t h  l i t h i u m  a t  temperatures up t o  
300 OC.")  With mois tu re  present, l i t h i u m  and pure carbon d i o x i d e  
r e a c t  t o  form l i t h i u m  carbonate. . ( I )  

2 L i  ( s )  + 3/2 C02 ( 9 )  -+ Li2C03 ( s )  + 1 /2  C ( s )  A H  25 O C  = 148.6 kcal /mole 

L i t h i u m  carbonate i s  compara t ive ly  i n s o l u b l e  i n  water i n  c o n t r a s t  t o  c o r -  

responding a l k a l i  s a l t s .  (') Formation o f  t he  p r o t e c t i v e  carbonate 

coa t ing  slows t h e  r e a c t i o n  s i g n i f i c a n t l y .  Powdered l i t h i u m  ( < l o o p  

p a r t i c l e  s ize) ,  when heated i n  carbon d i o x i d e  f l o w i n g  a t  100 ml/min i n  a 

tube reac tor ,  i g n i t e d  a t  330 0 C . ( 3 2 )  

7. L i th ium-A i r  Reactions 

L i t h i u m  reac ts  s low ly  i n  d r y  a i r .  I n  mo is t  a i r  i t  o x i d i z e s  more 
r a p i d l y .  S o l i d  l i t h i u m  becomes coated w i t h  l i t h i u m  n i t r i d e ,  l i t h i u m  

hydroxide, l i t h i u m  hydroxide monohydrate, l i t h i u m  carbonate and l i t h i u m  
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LITHIUM - HYDROGEN REACTION 

Rate Constants ( K )  

Temperature Pressure Range {06K 
("C) (kN M-2) (rnms- [kN M-21-1) 

21 7 
244 
2 57 
2 70 
2 95 

Ref. 34, Table 1 

23.7-8.9 
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18.5-1.2 
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FIGURE 14. React ion Curves Showing t h e  E f f e c t  o f  Temperature on L i q u i d  
L i t h i u m  Absorpt ion o f  Hydrogen. Ref. 34, F igu re  1 
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oxide. Actual  r e a c t i o n  rates,  products, and temperatures are con t rad i c -  

t o ry .  
temperatures o f  l i t h i u m  i n  a i r .  (11) 

pe rs ion  samples were exposed t o  c i r c u l a t i n g  a i r  a t  50% r e l a t i v e  humid i t y  
and 27 "C. 
temperature r i s e  dur ing  the  e a r l y  p e r i o d  o f  atmospheric a t tack  was note-  

worthy. F igure 15 i l l u s t r a t e s  these r e s u l t s .  I n fo rma t ion  regard ing  

l i q u i d  l i t h i u m - a i r  reac t i ons  was lack ing.  

Values between 180 " C  and 640 " C  have been repor ted  f o r  t h e  i g n i t i o n  

I n  one study, l i t h i u m  meta l  d i s -  

The u l t i m a t e  r e a c t i o n  produc t  was l i t h i u m  carbonate. The 

8. Lithium-Water Reactions ( L i q u i d  and Vapor) 

L i t h ium reac ts  w i t h  water t o  form l i t h i u m  hydrox ide and hydrogen 

gas. It combines w i t h  water i n  bo th  a i r  and n i t r o g e n  atmospheres, w i t h  
t h e  l i th ium-water  reac t i ons  tak ing  precedence over t h e  l i t h i u m - n i t r o g e n  

react ion. ( " )  Bulk s o l i d  l i t h i u m  reac ts  s low ly  w i t h  c o l d  water. The 

hydrogen formed does no t  i g n i t e  i n  a i r .  

( h i g h  t o t a l  sur face area per  u n i t  weight o r  h igh  surface-to-volume r a t i o )  

g r e a t l y  enhances the  r e a c t i v i t y  over a l i k e  weight o f  t he  bu lk  ma te r ia l .  

L i t h i u m  d ispers ions  are q u i t e  r e a c t i v e  and i g n i t e  (hydrogen gas f lames) 

i f  thrown i n t o  water a t  room temperature i n  e i t h e r  a i r  o r  argon. 

Very f i n e l y  d i v i d e d  l i t h i u m  

(10) 

The r e a c t i o n  proceeds as w r i t t e n  w i t h  the  heat o f  r e a c t i o n  measured 
a t  25 " C  as -53.142 + 0.019 kcal /mole:  (35) 

- 

L i  ( s )  + 1001* H20 ( 1 )  + LiOH * 1000 ,H20 + 1/2 H2 ( 9 )  

*Number represents  concent ra t ion  c o r r e c t i o n s  r e l a t e d  t o  heats o f  

d i l u t i o n .  

The observed r e a c t i v i t y  o r  r a t e  of a r e a c t i o n  i s  o f t e n  r e l a t e d  t o  the 
r a t e  a t  which heat i s  l i b e r a t e d  dur ing  a chemical combinat ion r a t h e r  than 

t o  the t o t a l  amount-of heat  evolved over a prolonged t ime per iod .  (10) 
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Therefore, f ac to rs  i n f l u e n c i n g  the r a t e  o f  heat  e v o l u t i o n  i n  an a l k a l i  

metal-water r e a c t i o n  must be considered. The t o t a l  amount o f  meta l  sur -  
face o r  the number o f  meta l  atoms exposed t o  water a t  any i n s t a n t  w i l l  
p r i m a r i l y  c o n t r o l  t he  r a t e  o f  heat re leased assuming r e l a t i v e l y  l i t t l e  

hindrance o f  l i t h i u m  metal-water con tac t  due t o  hydrogen gas l i b e r a t i o n .  

Two anomalies e x i s t  desp i te  t h e  tendencies j u s t  discussed: 

e S o l i d  l i t h i u m  meta l  i s  cons iderably  less  r e a c t i v e  w i t h  water 

than sodium i n  a i r  environments desp i te  r e l a t i v e l y  smal l  

d i f f e r e n c e s  i n  the i n i t i a l  number o f  atoms exposed t o  water. 

Other a l k a l i  meta ls  are known t o  be more , reac t i ve  towards water 

than sodium or l i t h i u m  desp i te  l a r g e r  unfavorable d i f f e r e n c e s  i n  
the  number o f  exposed atoms. 

I n  r e a c t i o n  w i t h  l i q u i d  water a t  room temperature under an argon 

atmosphere, an i r r e g u l a r l y  shaped p iece  o f  s o l i d  l i t h i u m  r e t a i n e d  i t s  

o r i g i n a l  geomet r ica l  c o n f i g u r a t i o n  when p u t  i n  water. The reason f o r  
t h i s  phenomenon is t h a t  t he  water i n  con tac t  w i t h  l i t h i u m  meta l  ac ts  as 
a heat  s ink  t o  p revent  fus ion .  

sphere o f  l i t h i u m  immersed i n  250 cub ic  cent imeters  (cm ) o f  room tem- 

pe ra tu re  water under argon o r  a i r  i n d i c a t e d  a maximum bu lk  temperature o f  

o n l y  98 O C t o  103 'C. 
and water exposed t o  a i r  r e s u l t s  i n  pronounced d im inu t i on  o f  a c t i v i t y .  

The bu lk  temperature o f  a 3/8- inch sphere o n l y  reaches a maximum o f  

40 "C. 
s ink.  (Note: o n l y  v a l i d  when volume o f  water volume o f  l i t h i u m . )  

For l a rge  p ieces o f  s o l i d  l i t h i u m  i n  r e s t r i c t e d  volumes o f  water, t h e  

r e l a t i v e  i n s o l u b i l i t y  o f  the produc t  (LiOH) may impede the reac t i on .  

Su i tab le  coat ings  o f  l i t h i u m  hydroxide may have some p r o t e c t i v e  e f f e c t s  
on the l i t h i u m  metal .  However, hydrogen and meta l  o x i d a t i o n  by a i r  might  

increase the  v i g o r  o f  a w a t e r - i n i t i a t e d  sequence o f  events. 

A thermocouple embedded i n  a 3/8- inch 
3 

Immersion o f  s o l i d  l i t h i u m  i n  a s l u r r y  o f  i c e  

This  proves the  e f fec t i veness  o f  t he  surrounding water as a heat  
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I n  b o i l i n g  water under an argon atmosphere, s o l i d  l i t h i u m  r e a c t s  

w i thou t  combustion. If a l lowed t o  stand i n  f l o w i n g  steam, a w h i t e  

coa t ing  forms c o n s i s t i n g  o f  LiOH, LiOH - H20 and Li20. W i th in  f i v e  
minutes, t h e  edges of t h e  coa t ing  become incandescent. L i q u i d  l i t h i u m  
meta l  f lows through the cracks i n  the  coa t ing  and s t a r t s  t o  burn b r i l -  

1 i ant  l y  . The i n i t i a l  p r o t e c t i v e  e f f e c t s  o f  t he  LiOH c o a t i n g  as i t  

becomes t h i c k e r  and develops cracks and s t r a i n s ,  loses i t s  p r o t e c t i v e  

character .  It s t i l l  f unc t i ons  l i k e  a thermal i n s u l a t o r  t o  r a i s e  the  

meta l  t o  m e l t i n g  and i g n i t i o n  temperatures by r e t a i n i n g  t h e  heat  o f  t h e  

l i th ium-s team reac t ion .  A t  t h i s  p o i n t ,  the  r e a c t i o n  tends t o  become 

q u i t e  v igorous.  Hydrogen gas i s  one o f  t h e  combustion products  i n  t h i s  

a l k a l i  metal-steam flame. 

The r e a c t i o n  o f  s o l i d  l i t h i u m  w i t h  water vapor ( i n  mo is t  argon and 

oxygen atmospheres) was s tud ied  f rom 20 "C t o  45 'C and f rom 45 "C t o  
75 O C . ( ~ ~ , ~ ~ )  

Hg. 

Water vapor was present  i n  p a r t i a l  pressures up t o  100 m 
Three r e a c t i o n  stages were i d e n t i f i e d :  

. Formation a t  a constant  r a t e  o f  a l i t h i u m  hydrox ide f i l m ,  

Loca l i zed  nuc lea t i on  and growth by spreading o f  l i t h i u m  

hydrox ide monohydrate a t  the ou te r  sur faces o f  t he  hydrox ide 
f i lm, 

. Simultaneous fo rmat ion  and h y d r a t i o n  o f  the  hydrox ide a t  a 
constant  r a t e  cu lm ina t i ng  i n  t h e  complete convers ion o f  t h e  

meta l  t o  l i t h i u m  hydrox ide monohydrate. 

F igu re  16 shows t h e  r e a c t i o n  curves us ing  a mo is t  oxygen atmosphere 

f o r  the 25 "C t o  42 "C temperature range. 

mate ly  t h r e e  t o  f o u r  hours w i t h  r e a c t i o n  r a t e  remaining constant .  The 

sur face  acqui red a b lack g lossy  t a r n i s h  i d e n t i f i e d  as p a r t i a l l y  formed 

l i t h i u m  hydroxide. 

The i n i t i a l  s tep took approx i -  

The in te rmed ia te  step requ i red  one t o  f o u r  hours 
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(depending upon the temperature) d u r i n g  which the reacton ra te  increased 
continuously. 
lithium and grew la te ra l ly  across the surface, confirming the presence of 
lithium hydroxide and lithium hydroxide monohydrate. Figure 17  i l l u s -  
t r a t e s  the assumed dis t r ibut ion of reaction products. The f i n a l  stage of 
the reaction proceeded a t  a constant ra te  approximately one and one-half 
times the r a t e  of the f i r s t  step. 
1.9 times f a s t e r  w i t h  the l a t t e r  value h o l d i n g  for the low reaction tem- 
pera t u re s . (27)  
L i t h i u m  hydroxide monohydrate was the only product present. 
energies encountered a t  the i n i t i a l  and f ina l  stages of the reaction were 
11.7 + 2.5 kcal/mole and 7.7 5 1.8 kcal/mole, respectively, for  the 20 "C 
and 45 'C temperature range. 

White reaction product appeared a t  the edges of the 

The actual range was between 1.3 and 

The en t i r e  surface was white and uniformly thick. 
Activation 

( 2 7 )  
- 

Figure 18 shows the dependence of the reaction rate  a t  35'C on water 
vapor pressure. Reaction rates  for the i n i t i a l  and f ina l  stages of 
reaction increase rapidly w i t h  pressures between 2.9 and 4.6 mn Hg. 
further increase i n  pressure causes a slower increase i n  the reaction 

A 

rates.  (27)  

A t  temperatures between 45 "C and 75 "C and water vapor pressures 
between 22 and 55 m Hg, the reaction rate  constant is independent of 
pressure. (36) The reaction i s  diffusion controlled, dependent upon the 
diffusion of the reacting species across the developing hydroxide film. 
Activation energies encountered for  vapor pa r t i a l  pressures of 50 and 
100 mn Hg are around 6.2 kcal/mole and 5.5 kcal/mole, respectively. 
A t  pressures greater  than 55 rrun Hg, reaction ra te  will again be pressure 
dependent. 

( 3 6 )  

Two separate and d i s t i n c t  types of explosions m i g h t  occur when hot 
(37) The molten lithium and l i q u i d  water are brought into contact. 

f i r s t  is a physical phenomenon--the sudden vaporization and overheating 

39 



0.020 

0.016 

n 

Z 
2 
- 
I 

"E 0.012 

$3 

t 
E v 

4 

Z 
0 " 0.008 
k 
Ln 

w 

5 
Z 
0 - 
6 
4 

0.004 

0.0 

FIGURE 18. 

FI N A L  OXIDATION STAGE 

5 10 15 
WATER VAPOR PRESSURE (mm Hg) 

HEDL 7802-039.6 
Rate Constants o f  L i t h i u m  Metal React ing w i t h  Mo is t  Oxygen 
a t  35OC. Ref. 27, F igu re  4 

40 



o f  a mass o f  water r e s u l t i n g  i n  the  generat ion o f  h igh  pressures and maybe 
a b o i l e r  t ype  explos ion.  The second i s  a chemical r e a c t i o n :  

This  may take  p lace  w i t h  extreme r a p i d i t y  and v io lence  accompanied by a 
re lease  of heat. The r e a c t i v e  metal  must be molten be fore  c o n t a c t i n g  water 

f o r  bo th  r e s u l t s  t o  occur. I n  t h e  phys i ca l  reac t i on ,  o n l y  r e l a t i v e l y  l a r g e  

masses are e f f e c t i v e  i n  producing an explos ion.  

a f i n e  s t a t e  o f  subd iv i s ion  o f  l i q u i d  meta l  and l a r g e  i n t e r f a c i a l  area 
between the  two immisc ib le  r e a c t i n g  phases are requ i red .  Most impor tant ,  

however, t h e  meta l  must be capable o f  d i s p l a c i n g  two hydrogens f rom water 

molecules w i t h  g rea t  r a p i d i t y .  

d isp laced w i t h  fo rma t ion  o f  l i t h i u m  hydrox ide as t h e  p r e f e r r e d  r e a c t i o n  

product.  Therefore, t h i s  chemical r e a c t i o n  should no t  be f e a s i b l e  f o r  
1 i t h i urn. 

I n  the  chemical reac t i on ,  

Wi th  l i t h i u m ,  o n l y  one hydrogen i s  

It i s  pos tu la ted  t h a t  t o  cause an exp los ion  when a mass o f  ho t  l i t h i u m  

f a l l s  i n t o  a pool  of water. 

con ta in ing  vessel  w h i l e  p a r t  of i t s  mass i s  s t i l l  f l u i d .  

t rapped between t h e  mol ten meta l  and t h e  bottom o f  t h e  vessel ,  c o o l i n g  of 

t h e  meta l  w i l l  r e s u l t  i n  hea t ing  of the  t rapped water fo rming  steam and 
causing d i spe rsa l .  No e v o l u t i o n  of hydrogen or  any o the r  chemical r e a c t i o n  
occurs between the  system's components. 

The l i t h i u m  must contac t  t h e  bottom o f  t h e  

I f  water i s  

The na ture  o f  t h e  sur face  on which t h e  meta l  r e s t s  i s  impor tant .  I f  
t h e  s o l i d  i n t e r f a c e  i s  no t  r e a d i l y  wet ted by l i q u i d  water (hydrophobic) ,  i t  

i s  d i f f i c u l t  t o  o b t a i n  t h e  t rapp ing  necessary f o r  s u s t a i n i n g  an explo-  
s ion.  

occur under cond i t i ons  where none would occur, f o r  example, w i t h  a smooth 
m e t a l l i c  bottom. Layers o f  r u s t ,  l ime, gypsum, aluminum and i r o n  hydrox ide 

e s p e c i a l l y  promote s e t t l i n g .  
p a i n t  and o the r  sur face  f i n i s h e s  w i t h  l i t t l e  o r  no a f f i n i t y  f o r  water tends 

t o  prevent  t rapp ing  o f  water and thus  explosions. 

If the  i n t e r f a c e  i s  h y d r o p h i l i c  ( c l i n g s  t o  water), an exp los ion  can 

Coat ing a su r face  w i t h  o i l ,  grease, t a r ,  
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Most of the available information for lithium-water reactions per- 
ta ins  to solid lithium reacted on a very small scale.  I t  is reported 
tha t  for lithium, r a t e  laws do not depend on whether the metal is liquid 
or s o l i d  b u t  on the nature of the reaction films formed. 
may be extrapolated into the l i q u i d  range. 
for  a l l  temperatures and quant i t ies  of l i t h i u m  and water is not known. 

Thus the laws 
Whether this holds true ' (37) 
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I V .  LITHIUM COMPOUNDS 

The f o u r  most predominant compounds formed f rom l i t h i u m  reac t i ons  are 

l i th ium hydr ide  (L iH) ,  l i t h i u m  ox ide  (L i20 ) ,  l i t h i u m  n i t r i d e  (Li3N),  

and l i t h i u m  hydrox ide (LiOH). 

d e s c r i p t i o n s  o f  these. 

r o s i  ve compounds. 

Table 10 l i s t s  some p r o p e r t i e s  and 

A l l  are s t a b l e  bu t  ext remely r e a c t i v e  and cor -  

Formul a 

Molecular  weight  

TABLE 10 

PROPERTIES OF LITHIUM COMPOUNDS 

LiOH ( s )  L i z 0  ( s )  Li3N ( s )  L iH  ( S )  

23.95 29.88 34.82 7.95 

Dens i t y  (g/cm3) a t  15-20 O C  2.54 2.01 1.38 0.78 

M e l t i n g  Po in t  ( " c )  471.1 1427 840-850 688 
2 75 

B o i l i n g  Po in t  ("C) 925 1527 

AGO (kca l /mole)  a t  25 "C) -48.99 -133 96 -37.30 -16.72 

LiOH: Corrosive;  no meta l  o r  r e f r a c t o r y  m a t e r i a l  can handle mol ten l i t h i u m  

AHo (kcal /mole) a t  25 O C  -48.70 -142.65 -47.50 -21 61  

hydrox ide i n  h igh  concentrat ions.  

L i20:  H igh ly  r e a c t i v e  w i t h  water, carbon d iox jde,  r e f r a c t o r y  compounds. 

Li3N: Very r e a c t i v e ;  no meta l  o r  ceramic has been found r e s i s t a n t  t o  mol-  
t en  n i t r i d e .  Hygroscopic-forms ammonia i n  the  presence o f  water. 

L i H  : Reduces oxides, ch lo r ides ,  s u l f i d e s  r e a d i l y ;  r e a c t s  w i t h  meta ls  
and ceramics a t  h i g h  temperatures. 

Ref. 1,5,9,38 
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V. CORROSION-RESISTANCE OF MATERIALS TO ATTACK BY LITHIUM 

1. General ( L 8 )  

Glasses, p las t ics  and ceramics are a l l  attacked by molten lithium 
near the melting p o i n t .  
s t ab le  b u t  highly corrosive l i t h i u m  oxide,  nitr ide and carbide. Non- 
metal l ic  impurities i n  the  l i q u i d  metal have a profound ef fec t  on the 
compatibil i ty behavior of l i t h i u m  and other materials.  For example, 
molten lithium n i t r ide ,  readi ly  formed from liquid lithium-nitrogen 
reactions is highly reactive.  No metal or ceramic material has been 
found r e s i s t an t  t o  i t .  Molten l i t h ium hydroxide, a possible impurity 
since oxygen is present i n  so l id  l i t h i u m  as hydroxide rather  than the 

Severe attack is due t o  formation of r e l a t ive ly  

oxide, is very corrosive. No refractory material or meta 
a t  h i g h  concentration. Molten l i t h i u m  chloride, found i n  
l i t h i u m ,  at tacks iron and copper. Molten l i t h i u m  hydride 
l i t h i u m  exposed t o  hydrogen gas or moisture is  react ive w 
ceramics a t  h i g h  temperatures. 

can handle i t  
commerci a1 
resu l t ing  from 
t h  metals and 

Armco s t ee l  shows good res is tance a t  temperatures up t o  600 OC. I t  
High puri ty  

However, 
i s  generally r e s i s t an t  t o  attack up t o  1000 O C  and higher. 
molten lithium may be held in quartz containers up t o  285 O C .  

comnercial l i t h i u m  readi ly  attacks glass ,  qua r t z ,  porcelain and other 
s i l i c a t e  materials.  Lithium attacks most oxides o f  s t ruc tura l  metals, 
l ess  s tab le  metal carbides, s i l i c i d e s ,  rubbers.and p las t ics .  Figures 19, 
20 and 21 show the resis tance rat ings of various materials t o  l i q u i d  
l i t h i u m  under d i f fe ren t  conditions. 

2. Ceramics and Insulating Materials (1,391 

Corrosion resis tance of ceramics is an extremely sensitive function 
of the impurity concentration, deposition of the reaction products on 
the ceramic surfaces in contact with lithium, and the size and d i s t r i -  
bution (porosi ty)  of pores w i t h  respect t o  grain boundaries. From a 
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TEMPERATURE, OC 

300 400 500 600 700 800 

ARMCO I R O N  ( * )  

TYPE 3 4 7  S . S .  (18 C r ,  8 N i ,  Nb) 
F E R R I T I C  S T A I N L E S S  ( C r )  

1 6 - C r - 2 5  N i - 6  MO S T E E L  

TYPE 4130 ( C r - M o )  S T E E L  

LOId CARBON STEEL 

18-8 S T A I N L E S S  STEEL 

BERYL L I IJM 

MOLYBDENUM 

INCONEL ( 1 3  C r ,  6 . 5  N i )  

N I C K E L  ( + )  

CHROMEL ( N i  , C r )  

Cu ( + )  AND Cu ALLOYS 

A 1  AND A 1  A L L O Y S  

A g ,  A u ,  C d ,  Mg, P b ,  P t ,  S 1 ,  Z n  

QUARTZ 

HEEL 771 1-63.9 

GOOD, CONSIDER FOR LONG T I M E  USE m POOR, NO STRUCTURAL P O S S I B I L I T I E S  ( * )  GOOD TO 928'C 
( + I  GOOD TO 26OoC 

L I M I T E D ,  SHORT T I M E  USE ONLY 

. .  
1-1 UNKNOWN, NO D A T A  FOR THESE TEMPERATURES 

FIGURE 20. Resistance o f  Various Materials t o  Lithium. Ref .  1 ,  Figure 12  
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FIGURE 21. Resistance o f  Var ious M a t e r i a l s  t o  L i q u i d  L i t h ium.  
Ref. 8; 9, F igure  14.2 
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thermodynamic p o i n t  of view, r e l a t i v e l y  higher l e v e l s  o f  concentrat ion o f  
non-meta l l ic  i m p u r i t i e s  i n  l i q u i d  l i t h i u m  are desired. With impure 

l i t h i u m  systems, the  oxide ceramics (Tho2, BeO, Y203, MgO) are repor ted  

compat ib le w i t h  l i t h i u m  on ly  i f  t h e  oxygen l e v e l  i n  l i t h i u m  i s  g rea ter  
than a 10 ppm leve l .  A t  an oxygen l e v e l  less than or  equal t o  1 pprn 

i n  l i t h ium,  t h e  f o l l o w i n g  ox ide ceramics are thermodynamically 

incompat ib le:  

T i 0  ( r u t i l e ) ,  Li20, Si02. A t  a n i t rogen l e v e l  less  than o r  equal t o  

10' ppm, a l l  n i t rogen ceramics (AlN, BN, Si3N4,  Li3N) are incompat ib le.  

A lN,  BN, and S i3N4  are compatible i f  n i t rogen l e v e l s  are greater  than 
3 10 ppm. F igure  22 i l l u s t r a t e s  these r e s u l t s .  

3 

A1203, MgA1204 ( s p i n e l ) ,  MgO, Tho2, BeO, Y203, Zr02, 

5 

I n  conclusion, t h e  c o m p a t i b i l i t y  cond i t ions  f o r  ox ide and n i t r i d e  

Thermodynamically, o n l y  Be0, Y203, Si3N4, 
ceramics i n  a l i q u i d  l i t h i u m  environment were found more severe than i n  a 

l i q u i d  sodium environment. 
BN, A l N ,  Tho2, and MgO are expected t o  be compat ib le w i t h  a l i q u i d  
l i t h i u m  environment from temperatures between 27 O C  and 1427 OC.  (These 

conclusions are subject  t o  thermodynamic c r i t e r i o n  only. S t a b i l i t y  o f  a 

compound thermodynamical l y  i s  a necessary bu t  not  s u f f i c i e n t  cond i t i on  
f o r  compati b i  1 i t y )  . (39) 

A second se t  o f  c o m p a t i b i l i t y  t e s t  r e s u l t s  were c o n t r a d i c t o r y  t o  the  
above. A se r ies  o f  t e s t s  run a t  1093 O C  were performed w i t h  the  f o l l o w i n g  
r e s u l t s  : (1 )  

L i g h t  a t tack  was observed on samples o f  Sm203 a f t e r  500 hours, 

Tho2 a f te r  1000 hours, T i c  and Z r C  a f t e r  2000 hours, and 

Th02-Y203 mixtures a f t e r  3000 hours. 

0 Samples of BeO, CuO, A lN ,  A1B12, BN, MgO, and Mg0-A1203 mix tu res  

were very badly  at tacked a t  1093 OC i n  less than 500 hours. 

Tables 11 and 12 and F igure  23 show the  r e s u l t s  o f  o ther  c o m p a t i b i l i t y  

t e s t s  f o r  the cor ros ion  o f  ceramics by l i t h i u m .  
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H ED L 7802439.7 

22. Lithium-Ceramics S tab i l i t y  Diagram. The standard f r e e  energy 
of insulating ceramics formation and the chemical potent ia ls  
of oxygen and nitrogen i n  l i q u i d  lithium (dotted l i ne )  vary 
as a function of temperature. Ref. 39, Figure 2 
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c3 
TABLE 11 

COMPATIBILITY TEST RESULTS 
OF LITHIUM-CERAMICS INTERACTIONS 

M a t e r i  a1 

MgO, s i n g l e  c r y s t a l  

Resu l ts  

O p t i c a l  c l a r i t y  r e t a i n e d ;  
weight  l o s s  -1% 

MgO, ho t  pressed p o l y c r y s t a l  l i n e  Severe general  a t t a c k  

Be0 

CaZr03 

Some p e n e t r a t i o n  o f  g r a i n  
boundaries; l o s s  o f  i n t e g r i t y  

I n t e g r i t y  mainta ined;  
conduct ive  l a y e r  f o r m a t i o n  

S i3N4  (Nor ton)  Cracked 

S i3N4  (Westinghouse) Destroyed 

S i  ALON Cracked 

BN 

"2'3 

Zr02 

Ref. 40, Table 4 

Disco 1 o r  a t  i on ; subst a n t i  a1 
cor ros ion ;  l o s s  o f  i n t e g r i t y  

L i t t l e  evidence o f  general  
a t tack ;  some g r a i n  boundary 
p e n e t r a t i o n  

Incornpat i b l  e 
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Q 
TABLE 12 

STATIC 300-HR TEST OF LITHIUM INTERACTIONS 
WITH CERAMIC INSULATING MATERIALS AT 400 "C 

M a t e r i a l  

A1203 

MgO 

Be0 

Tho2 

'2'3 

Zr02 

Mg A1 2 04 

CaZr03 

BN 

S i  3N4 

S i  ALON 

Ref. 40, Table 2 

P o s s i b l e  Use w i t h  L i t h i u m  

No 

Yes 

Yes 

Yes 

Yes 

No 

No 

? 

Yes 

Yes 

? 
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L I T H I U M  THEORETICAL 
DENSITY ( % )  MAT E R I AL ( I POOR I F A I R  1 GOOD I 

Tho7 75-80 

Mg A l 7 O d  100 

FIGURE 23. 

HEDL 771 1 - 6 3  .I 0 

PIECES OF THE TESTED LITHIUM FEMAINED. 

NO V I S I B L E  TRACE OF THE TESTED SPECIMEN 

SPECIMEN FROM A S I N G L E  CRYSTAL 

C a O - S T A B I L I Z E D  

A 500-HOUR TEST. 

A 1000-HOUR TEST 

(BODY COMPOSITION: 45.0 TO 49.5% Sm203; 
22.5 TO 27% Gd203; BALANCE P R I M A R I L Y  OTHER RARE-EARTH OXIDES.) 

Corros ion Resistance o f  Cerilmics t o  S t a t i c  L i t h i u m  f o r  
100 Hours a t  816°C. Ref. 1!3; 1, F i g u r e  14 
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3. Metals (133) 

S ta in less  s t e e l s  represent  the pr imary containment ma te r ia l  f o r  

l i th ium-coo led  MFEs. C o m p a t i b i l i t y  i s  h i g h l y  dependent upon l i t h i u m  
p u r i t y ,  a l l o y  treatment, f l o w  r a t e s  and l i t h i u m  hand l ing  procedures. 

Corrosion r a t e s  decrease w i t h  decreasing temperature i n  h igh  p u r i t y  

systems and show less  i n t e r g r a n u l a r  a t tack.  

A u s t e n i t i c  and f e r r i t i c  s t a i n l e s s  s tee l  w i t h  less  than 0.12 w t . %  
carbon e x h i b i t  good res i s tance  t o  l i t h i u m  at tack.  S ta in less  s t e e l s  of 

t h e  a u s t e n i t i c  types 302, 303, 304, 316, and 347 are r e s i s t a n t  t o  cor-  
ros ion  by molten commercial l i t h i u m  up t o  315 O C  f o r  7 days and 480 O C  f o r  

3 days. 
300 O C  and l i m i t e d  res i s tance  a t  600 OC.  O f  the  r e f r a c t o r y  metals, colum- 
bium, tantalum, and molybdenum are r e l a t i v e l y  s tab le  a t  1000°C, z i rconium 
and t i t a n i u m  are f a i r ,  bu t  vanadium, b e r y l l i u m  and chromium are severe ly  

attacked. High temperature a t tack  due t o  oxygen, carbon and n i t r o g e n  

i m p u r i t i e s  i n  e i t h e r  the  r e f r a c t o r y  metal  or  l i t h i u m  i t s e l f  i s  e s p e c i a l l y  

bad w i t h  respect  t o  co r ros ion  i n  r e f r a c t o r y  metals. 

res i s tance  a t  225 "C, l i m i t e d  a t  300 OC, and poor a t  600 O C .  

Low carbon s tee l s  (SAE-1020) have good res i s tance  t o  a t tack  a t  

N icke l  shows good 

Aluminum, barium, bismuth, calcium, cadmium, gold, lead, magnesium, 

plat inum, s i l i c o n ,  s i l v e r ,  s t ron t r ium,  tha l l i um,  t i n ,  z inc,  and t h e i r  

a l l o y s  a l l  r eac t  w i t h  mol ten l i t h i u m  y i e l d i n g  products o f  no s t r u c t u r a l  

usefulness. Copper and copper a l l o y s  such as aluminum bronze show poor 

res is tance.  High temperature cobal t-base a1 loys  are a1 so at tacked. 

F igure  24 i l l u s t r a t e s  the  r e s u l t s  of cor ros ion  res i s tance  o f  var ious 

metals and a l l o y s  t o  l i t h i u m .  

i 

4. Li th ium-Concrete I n t e r a c t i o n s  

DTA measurements t o  determi ne li thium-concrete r e a c t i o n  temperatures, 

heats o f  reac t ion ,  and t o  i d e n t i f y  r e a c t i o n  products f o r  t h r e e  types o f  
concrete aggregates and Por t  1 and cement have been r e c e n t l y  completed 

(at tached as Appendi x)  . 
56 



L 

I RON 

LON-  A L L O Y  ST E E L S 

F E R R I T I C  ( F e - C t - )  
S T A I N L E S S  S T E E L S  

4 U S T E L  I T  I C ( F e - N i  - C r  

3 I C K E L  

N I C K E L  - A S  
( I N C O I 4 E L )  

S T A I N L E S S  S T E E L S  

A L L O Y S  
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I I 1 I I I 

260 540 
TEMPERATURE (OC> 

815 

S T A T I C  SYSTEMS 

FLOW R A T E  < 10 fpm 

P I P E  S I Z E , - 0 . 7  i n .  i . d .  

D Y N A M I C  SYSTEMS TEMP.  G R A D I E N T ,  - 9 5 O C  

Bars ind ica te  approximate temperatures below which a system m i g h t  be operated 
f o r  1000 hours with l e s s  than 0.005 in .  o f  a t tack  o r  container  sur face  removal. 

HEDL 7711-63.4 

FIGURE 24. Cor ros ion  Resis tance of Var ious Me ta l s  and A l l o y s  i n  L i t h ium.  
Ref. 42; 1, F i g u r e  12 
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V I .  LITHIUM HANDLING, SAFETY, AND F I R E  CONDITIONS 

L i t  h i  um-coo 1 ed c o n t r o  1 1 ed t hermon uc 1 ear r e a c t o r s  r e q u i  r e  1 arge quan- 
t i t i e s  o f  ho t  f l o w i n g  l i t h i u m .  The r e a c t i v e  n a t u r e  o f  l i t h i u m  coupled 

w i t h  t h e  r a d i o a c t i v e  conten t  o f  t h e  coo lan t  a f t e r  use demand s p e c i a l  con- 

s i d e r a t i o n  o f  t h e  hazards associated w i t h  l i t h i u m ,  e s p e c i a l l y  leaks  o r  

f i r e s .  Major hazards r e s u l t  f rom v igorous r e a c t i o n s  or  f i r e s  due t o  
c o n t a c t  w i th  water, a i r ,  c h l o r i n a t e d  hydrocarbons o r  o t h e r  r e a c t i v e  

agents, o r  personnel  i n j u r y  f rom d i r e c t  c o n t a c t  w i t h  l i t h i u m  o r  l i t h i u m  
r e a c t i o n  products .  To accommodate f o r  the  r e a c t i v i t y  o f  l i t h i u m ,  areas 

i n  which i t  i s  t o  be used should be dry,  w i t h o u t  s p r i n k l e r  systems, f i r e -  
r e s i s t a n t  and a p p r o p r i a t e l y  v e n t i l a t e d .  (1) 

A. 

200 

LITHIUM CONTAINMENT 

L i t h i u m  should be packaged i n  meta l  con ta iners  h o l d i n g  up t o  

pounds o f  s o l i d  l i t h i u m ,  w i t h  a p r o t e c t i v e  atmosphere o f  hel ium, 
I 1  \ 

argon o r  hydrocarbon f 1 u i  ds . \I) 
o f  p a r a f f i n  vapor, l i t h i u m  can be handled a t  temperatures up t o  200 O C - - i t  

can be mel ted  and poured w i t h o u t  g r e a t  d i f f i c u l t y .  ( 2 4 )  
s t e e l s  and i r o n s  c o n t a i n  l i t h i u m  up t o  7'00 "C; heat  r e s i s t a n t  r e f r a c t o r y  

meta ls  t o  over 1500 OC.  ( l )  
of t h e  l i t h i u m  s ince  contaminat ion increases l i t h i u m  r e a c t i v i t y .  

I n  t h e  presence o f  an i n e r t  atmosphere 

S t a i n l e s s  

Care should be taken t o  uphold t h e  p u r i t y  

B. LITHIUM IGNITION 

Combustion r e a c t i o n s  i n v o l v e  carbon d iox ide.  oxygen and n i t r o g e n  o f  

There t h e  atmosphere. 

i s  much disagreement i n  t h e  l i t e r a t u r e  iis t o  t h e  a c t u a l  i g n i t i o n  tempera- 

t u r e  o f  l i t h i u m .  Measurement o f  t h e  spontaneous i g n i t i o n  temperature o f  
a poo l  o r  spray  o f  ' l i q u i d  l i t h i u m  depends on meta l  p u r i t y ,  h u m i d i t y  o f  

t h e  h e a t i n g  gas used, pressure,  sample :;ize, d i f f e r e n t  t reatments under- 

taken, apparatus, and techniques used. Therefore,  reproduc i  b i  1 i t y  and 

The f i n a l  p roduc t  i s  e s s e n t i a l l y  a l l  oxide. ('') 
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v e r i f i c a t i o n  o f  r e s u l t s  i s  d i f f i c u l t .  I g n i t i o n  occurs when t h e  q u a n t i t y  
o f  heat produced by t h e  o x i d a t i o n  r e a c t i o n  i s  g r e a t e r  than t h e  l o s s  of 

heat f rom t h e  l i t h i u m  t o  t h e  system. 

charac ter  o f  t h e  o x i d e  c r u s t  formed by t h e  o x i d i z i n g  r e a c t i o n .  

I t  i s  o f t e n  determined by t h e  

S o l i d  l i t h i u m  i s  n o t  easy t o  i g n i t e .  Even a smal l  p i e c e  must be 
heated f o r  some t i m e  be fore  a sus ta ined r e a c t i o n  takes place. (11)  

up t o  400 "C. ( 1 1  1 
Mol ten l i t h i u m  w i l l  n o t  spontaneously i g n i t e  i n  d r y  a i r  a t  temperatures 

Une s tudy  r e p o r t e d  an i g n i t i o n  temperature of 445 0C.(43) A t  tem- 
pera tures  above 445 OC,  n o d u l a t i o n  appeared. The sur face  o f  t h e  metal  

t ransformed s lowly ,  l o o k i n g  warped where i t  d isp layed y e l l o w  ox ide  p a r t i -  

c les .  I g n i t i o n  occurred a t  t h i s  spot on t h e  surface, spreading t o  t h e  
whole mass o f  meta l .  

remai ned. 

A very  hard r e s i d u e  i n  t h e  form o f  c a u l i f l o w e r  

Other s tud ies( " )  make reference t o  a porous, c o r a l - l i k e  growth of 

l i t h i u m  o x i d e  and l i t h i u m  n i t r i d e  which f l o a t s  on t h e  h o t  mo l ten  meta l  

and acts  as a wick and c a t a l y s t  f o r  t h e  combustion r e a c t i o n .  I n  t h e  

presence o f  t h i s  c o r a l  ( o r  l i t h i u m  c o r r o s i o n  produc ts ) ,  i g n i t i o n  can 

occur a t  temperatures around 200 OC.  

p iece  o f  c o l d  c o r a l - l i k e  r e s i d u e  i s  dropped i n t o  mol ten  l i t h i u m .  This  

seems t o  be a s p e c i f i c  e f fec t  s ince  o ther  m a t e r i a l s  (asbestos, sand, i r o n  
o x i d e )  do no t  i n i t i a t e  combustion l i k e w i s e .  Wi thout  t h e  c o r a l - l i k e  

compound, h o t  l i q u i d  l i t h i u m  may be s t i r r e d ,  poured and handled i n  a i r  

w i t h o u t  i g n i t i n g .  

spontaneous i g n i t i o n  w i l l  t a k e  p lace  w i t h  pure m e t a l l i c  l i t h i u m .  

0 

Combustion begins prompt ly  i f  a 

A t  temperatures over 600 O C  (around 640 C ( 7 ) )  , 

Once i n i t i a t e d ,  combustion s l o w l y  spreads across t h e  mol ten meta l  

s u r f a c e  th rough a l a t e r i a l  growth u n t i l  t h e  e n t i r e  exposed s u r f a c e  i s  

taken up by t h e  combustion process. Expansion f rom a pea-sized f i r e  t o  a 
burn ing  area o f  2 t o  3 square f e e t  takes around 10 minutes, s t a r t i n g  w i t h  
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molten metal a t  200 "C w i t h  a depth o f  3 t o  4 inches. I n  s t i l l  a i r ,  t h e  
temperature o f  the  molten metal r i s e s  t o  an asymptote around 400 OC. 

l a r g e  temperature grad ien t  e x i s t s  across the  burn ing l aye r  s ince sur face 

temperatures around 800 O C  were observed. The r a t e  o f  combustion w i t h  
respect t o  l i t h i u m  ox ide format ion appears t o  be s t r o n g l y  d i f f u s i o n  con- 
t r o l l e d .  Very s l i g h t  d r a f t s  o f  a i r  accelerate combustion ex tens ive ly .  

Th is  i s  not  t r u e  f o r  l i t h i u m  n i t r i d e  format ion.  A stream o f  n i t rogen  

d i r e c t e d  onto a burn ing sur face d i d  not  accelerate combustion appreci-  

ably.  

f o r e  be expected t o  increase as convection above a burn ing sur face 

increases, w i t h  both t h e  temperature o f  t he  f i r e  and r a t e  o f  heat 

generat ion increas ing.  The heat o f  format ion o f  oxide i s  around th ree  

times t h a t  o f  n i t r i d e .  

A 

The p ropor t i on  o f  ox ide t o  n i t r i d e  format ion occu r r i ng  may there-  

I n  t h i s  study'"), i t  was emphasized t h a t  very  d i f f e r e n t  r a t e s  o f  

f i r e  propagat ion can be observed i f  molten metal  i s  suddenly dumped a t  a 

h igh  temperature (around 800 "C)  i n t o  a metal catch pan. 

Combustion i s  accompanied by emission o f  dense, wh i te  and opaque 

fumes, tend ing  t o  mask the  seat o f  the f i r e .  This i s  very  s i m i l a r  t o  

t h a t  seen wi th  sodium. S p l a t t e r i n g  o f  hot  metal ,  acc identa l  contact  o f  

hot  l i t h i u m  w i t h  water, o r  o ther  h i g h l y  r e a c t i v e  mater ia ls ,  r a d i a t i o n  t o  

and i g n i t i o n  o f  nearby combustible mater ia ls ,  escape o f  mol ten metal  and 
the  product ion o f  l a rge  volumes o f  i r r i t a t i n g  fumes are a l l  p r i n c i p l e  
dangers o f  l a r g e  l i t h i u m  f i r e s .  

C* LITHIUM FIRE EXTINGUISHMENT 

L i th ium f i r e s  are hard t o  c o n t r o l  and ex t i ngu ish  F i r e  c o n t r o l  con- 

s i s t s  o f  coo l i ng  t h e  r e a c t i n g  mass, p revent ing  d i f f u s i o n  o f  r e a c t i n g  
gases t o  the combust ib le sur face and prevent ion o f  evolvement o f  com- 

b u s t i b l e  vapor or aerosols. Metal catch pans, dump tanks f o r  r a p i d  

d r a i n i n g  o f  the system i f  leaks develop, and f l o o d i n g  w i t h  i n e r t  atmo- 

sphere a l l  a i d  i n  conta in ing  s p i l l s  and d imin ish  t h e  p o s s i b i l i t i e s  f o r  
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l a r g e  l i t h i u m  f i r e s .  A few s tud ies  have been made examining the  ef fec-  

t iveness o f  d i f f e r e n t  ex t ingu ishants  on l i t h i u m  f i r e s .  The r e s u l t s  are 

sub jec t  t o  c a r e f u l l y  c o n t r o l l e d  t e s t i n g  cond i t ions  and may vary  i n  an 

actual  acci dent s i t  u a t i  on. 

I n  one study, bo th  powdered sodium c h l o r i d e  (NaC1, a l so  known as 

MET-L-X) and g raph i te  were found e f f e c t i v e  i n  ex t i ngu ish ing  l i t h i u m  

f i r e s .  Other poss ib le  ex t ingu ishants  were c i t e d  as z i rconium s i l i c a t e ,  

potassium c h l o r i d e  (KCl), and l i t h i u m  ch lo r ide .  A powdered carbon prepa- 

r a t i o n ,  LITH-X, was a lso recommended. Conventional f i r e  ex t i ngu ish ing  

agents were s t r o n g l y  discouraged s ince  l i t h i u m  r e a d i l y  reac ts  w i t h  t h e  

water, carbon d iox ide,  sodium carbonate, aqueous foams, soda a c i d  mix- 
t u res  and carbon t e t r a c h l o r i d e  (CC14) found i n  these agents. ( l )  One 

t o  two pounds reagent per pound o f  burn ing l i t h i u m  s u f f i c e d  t o  ex t i ngu ish  
the  f i r e .  
guishment was accomplished by a p p l i c a t i o n  o f  sodium b icarbonate fo l l owed  

by MET-L-X. 

scrubbers. For f l o o r s  w i t h  s tee l  drainage troughs, an angle w i t h  a t  

l e a s t  a 7 O  s lope lead ing  t o  a sump was necessary t o  he lp  prevent 

ser ious  l i t h i u m  f i r e s .  

For d ispers ions o f  burn ing  l i t h i u m  i n  organic  l i q u i d ,  e x t i n -  

Fumes were reduced by use o f  e l e c t r o s t a t i c  p r e c i p i t a t o r s  and 

(1) 

The r e s u l t s  o f  a second study (11) were q u i t e  comprehensive and are 

i l l u s t r a t e d  i n  Tables 13 and 14. The most e f f e c t i v e  o f  t h e  ex t i ngu ish -  

ants tes ted  was a t e r n a r y  i no rgan ic  eu tec t i c :  NaC1-KC1-BaC12. The 

MET-L-X mentioned above was a lso  found t o  be good. 

c lus ions  were drawn from the  study: 

The f o l l o w i n g  con- 

o The t e r n a r y  i no rgan ic  e u t e c t i c  i s  i n e f f e c t i v e  when app l ied  from 

a pressur ized  e x t  

. The e f fec t i veness  

a p p l i  ca t i on  ra te .  
optimum a p p l i c a t i  

nguis  her. 

o f  any ex t ingu ishant  i s  in f luenced by t h e  

Thus f o r  any g iven s i z e  and t ype  o f  f i r e ,  an 
n r a t e  e x i s t s  which permi ts  a t ta inment  o f  f i r e  

c o n t r o l  i n  minimum time. 
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TABLE 13 

EXTINGUISHANTS FOR SMALL L ITHIUM FIRES 

1 , 

E f f e c t  o f  v a r i o u s  agents on smal l  q u a n t i t i e s  (1 .3 g)  o f  b u r n i n g  l i t h i u m .  

Comments -- 

1. Lead ( s h o t )  ‘X X 

2 .  Lead (powder) X X 

3. Brass ( g r a n u l a r )  X 

4. Sodium b i c a r b o n a t e  

5.  L i t h i u m  ‘ c h l o r i d e  

6. Potass ium c h l o r i d e  

7. L i t h i u m  and potassiirrn 

tn 
W 

c h l o r i d e s  (50-50)  

8. C e l i t e  545 

9. G r a p h i t e  

10. Pyrene G-1 Powder 

11. Sodium C h l o r i d e  

X 

X 

X 

X 

X 

X 

X 

X 

12. L i t h  X X 

13. B o r i c  a c i d  X 

14. Graph i te  i n  #30 motor  o i l  X-burns 

15. C e l i t e  and #30 motor  o i l  X-burns 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Good quenching b u t  e x t i n g u i s h i n g  a c t i o n  
n o t  complete. 

Small e x p l o s i o n  o c c u r r e d  t h i r d  t r i a l -  
p o s s i b l y  a contaminant .  

Good quenching a c t i o n ;  e x t i n g u i s h a n t  
i f  l i t h i u m  i s  comp le te l y  b lanke ted .  

Acted as f u e l  r a t h e r  than  e x t i n g u i s h e r .  

Too hygroscopic  f o r  s to rage .  

Moderate s p a r k i n g  occurred.  

E f f e c t i v e  c o o l i n g ;  s p a r k i n g  more 
v igorous than  w i t h  KC1 a lone.  

Appeared t o  be combust ib le .  

Complete ex t i ngu ishmen t  i f  e n t i r e  
b u r n i n g  s u r f a c e  w e l l  covered. 

Same as above. 

Much spark ing;  poo r  quenching 
p r o p e r t i e s .  

L i t h i u m  must be covered comp le te l y  
f o r  ex t i ngu ishmen t .  

Secondary f i r e  develops - i s  o f  s h o r t  
d u r a t i o n .  Coa t ing  o f  o x i d e  b l a n k e t s  
l i t h i u m .  

May be t o o  v i s c o u s - t h i n s  o u t  when i n  
c o n t a c t  w i t h  b u r n i n g  l i t h i u m .  Very 
l i t t l e  o i l  f i r e .  

Same as above. 

Ref. 11, Table I 



TABLE 13 

EXTINGUISHANTS FOR SMALL LITHIUM FIRES (Cont Id )  

Reac t ion  E f f e c t i v e n e s s  
Comments 

Extinguishing Agents E x p l o s i v e  Vigorous L i t t l e / N o n e  Good F a i r  Poor 

16. Pyrene G-7 and t 3 0  
motor  o i l  X Resul ted i n  more o f  an o i l  f i r e  than  

g r a p h i t e  i n  motor  o i l .  
X 

17. G r a p h i t e  and l u b r i c a n t  
LB650X X X-burns Viscous d i s p e r s i o n ;  o i l  d i d  n o t  l o s e  

v i s c o s i t y  on a p p l i c a t i o n  t o  b u r n i n g  
1 i t h i  urn. 

18. G.E. S i l i c o n  o i l  
9996-1000 and g r a p h i t e  V i s c o s i t y  n o t  lowered when i n  c o n t a c t  

w i t h  b u r n i n g  l i t h i u m .  
f i r e .  

Very l i t t l e  o i l  
X X 

19. Sand 
0 9  
P 20. T r ime thoxyborox ine  

( 1  i q u i d )  

X X V i o l e n t  spa rk ing .  

Easy t o  app ly ;  secondary f i r e  burns 
w i t h  green f lame f o r  o n l y  a s h o r t  t ime .  

X X 

21. S a f  ( F i r e  r e t a r d a n t  p a i n t )  

22. U n i c e l  ND ( b l o w i n g  agen t )  

23. Pe t ro leum o i l  

( 1  i q u i  d )  X X Burns g i v i n g  o f f  heavy b l a c k  smoke. 

Some f r o t h i n g  observed. 

Loses v i s c o s i t y  a t  h i g h  temps.; f l o w s  
away; secondary o i l  f i r e .  

coverage. 
X Poor r e s u l t s  due t o  l a c k  o f  f l o w  and 

X 

X-burns 

X 

X 

24. B o r i c  a c i d  anhydr ide  X 

25. U n i c e l  N O  1 
Petro leum o i l  5 

26. Celogen ( b l o w i n g  agen t )  

X 

X 

X-burns 

X 

No more e f f e c t i v e  t h a n  o i l  alone. 

E x c e l l e n t  f ro th ing -smothe red  f i r e  
r a p i d l y ;  i n e f f e c t i v e  i n  pe t ro leum o i l  
and TMB. 

Good f l o w  p r o p e r t i e s .  F a i r l y  good 
smother ing a c t i o n .  

27. Lead and t i n  a l l o y  X X 

28. Te rna ry  e u t e c t i c  s a l t  m i x t u r e  
25% BaC1, 35% NaC1, 40% KC1 

29. Te rna ry  e u t e c t i c  p l u s  ce logen 

X 

X 

Very e f f e c t i v e .  

Very e f f e c t i v e .  
Some b l o w i n g  e f f e c t .  

Forms 1 i q u i d  c r u s t ,  
X 

X 
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TABLE 14 

EXTINGUISHANTS FOR MODERATE L ITHIUM FIRES 

E f f e c t i v e n e s s  o f  s e l e c t e d  e x t i n g u i s h a n t s  on moderate-s ized l i t h i u m  f i r e s .  

E x t i n g u i s h a n t  F i r e  c o n d i t i o n s  
A rea , ( i n  ) 64 64 64 110 81 346 

(amounts Metal d e p t h , ( i n )  0.4 0.6 0.8 1.0 3.5 3.0 used shown i n  
c e n t e r  columns) Pounds meta l  112 314 1 2 5 14 

Remarks 

ABC H i g h l y  dangerous; secondary f i r e ,  spark 
shower, exp los ions .  

Not e f f e c t i v e .  

Secondary f i r e ;  b l  ac k smoke. 

No foaming o r  f l o t a t i o n  e f f e c t  observed. 
D i d  n o t  appear t o  o f f e r  any advantage 
o v e r  s t r a i g h t  MET-L-X. 

Smoke; secondary y e i i o w  f iames. Reia- 
t i v e l y  l a r g e  amount r e q u i r e d .  

As above. 

F i e r c e  secondary f i r e ;  u n c o n t r o l l a b l e .  

Very e f f e c t i v e .  D i d  n o t  s i n k  i n  these  
exper iments.  Some suggest ion o f  sodium 
fo rma t  i on. 

Smoke; secondary f lames; s low a f t e r -  
c o o l i n g .  Carbon glows a f t e r  l i t h i u m  
ex t i ngu ishmen t .  

Very e f f e c t i v e .  S i n k i n g  p reven ted  by 
c o r a l  f o rma t ion .  

Not e f f e c t i v e .  

Secondary f lames.  

Dangerous fumes. 

CaF2 

Cel ogen 

20% celogen,  80% MET-L-X 

7 
2.8 

4.7 

Powder chemi c.ai concen t ra tes  4.2 b.5 

L i t h - X  

Lube o i l  

MET-L-X 

2.5 6 
- 

0.8 1.5 3.5 5.1 14 

Pyrene G-1 3.5 4.2 

S a l t  t e r n a r y  e u t e c t i c  2.5 2.5 2.2 1.5 

TMB 1.6 

2.8 

3.0 

Note: E x t i n g u i s h a n t s  a p p l i e d  by shovel .  

Ref. 11. Tab le  I 1  



. There i s  no d i f f icu l ty  i n  keeping extinguishants from s i n k i n g  
below the molten lithium surface despite the low density of 
liquid lithium. This is due t o  the relat ively high surface 
tension of l i q u i d  l i t h i u m  and low apparent density of l i t h i u m  
oxide, coupled with i t s  wetting properties. 

Different resul ts  may be obtained if the burn ing  lithium is at  
h i  gher temper a t  ures . 
The resul ts  of the manufacturers of MET-L-X's t e s t s  on the i r  own 
product are considered erroneous. 
applied MET-L-X sank beneath the b u r n i n g  lithium surface while 
that  remaining on the surface appeared to react, yielding f r ee  
sodium. I n  e f f e c t ,  a sodium f i r e  was s u b s t i t u t e d  f o r  a l i t h i u m  

f i r e .  The reasons for  this discrepancy are t h a t  the manufac- 
t u re r ' s  t e s t s  used larger areas of b u r n i n g  lithium and higher 
temperatures. 
turer was large. 
have caused s i n k i n g  below the molten l i t h i u m  surface. Instead, 
i t  was f o u n d  t h a t  no s i n k i n g  occurred when MET-L-X was applied 
to a l i t h i u m  f i r e  3 inches deep. The l i g h t ,  porous, coral-l ike 
growth mentioned before acts as a f lotat ion layer, suf f ic ien t ly  
buoyant t o  support the agent. 
surface tension of molten lithium. 

During the l a t t e r  t e s t s ,  

Also the amount of MET-L-X used by the manufac- 
Therefore the sheer weight o f  i t  alone may 

The effect  i s  aided by the high 

The most e f f ic ien t  agent--a pulverized fused s a l t  eutectic mixture 
(melting point: 
sodium chloride (35%) and potassium chloride (40%). The preparation 
procedure is outlined i n  Table 15. I t s  extinguishing action depends on a 
blanketing effect  since no chemical reaction was f o u n d  between the s a l t  

640 "C) is composed mainly of barium chloride (25%), 

mixture and b u r n i n g  lithium. Only the presence of the original agent 
components p l u s  lithium oxide and l i t h i u m  n i t r ide  were found  i n  x-ray 
studies of the f i r e  res due. The possibi l i ty  of f ree  sodium or potass 
formation s t i l l  exists.  
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TABLE 15 

LITHIUM FIRE EXTINGUISHANT PREPARATION 

Ingredients of Ternary Eutectic Sa l t  Mixture (100 lb )  

Barium Chloride 
Sodium Chloride 
Potassi um Chl ori  de 

25% by Weight 
35% by Weight 
40% by Weight 

Procedure 
The c rys t a l l i ne  s a l t s  were purchased as Technical Grade a t  80 t o  100 

Each l o t  was tumbled mesh grain s ize .  
i n  a five-gallon glass j a r  rotated on a set of ball  mil l  rolls t u r n i n g  a t  
about 44 rpm fo r  30 minutes. 
six or seven 4 - l i t e r  Pyrex glass beakers s e t  inside one-gallon paint cans 
or steel beakers. The charges were heated for 2 hours a t  720 OC. A t  this 
temperature, the  s a l t  mixture was completely l i q u i d .  
insure uniformity, the masses were allowed t o  cool and the glass beakers 
broken away. 

Five 20-pound batches were made. 

The mixture of . s a l t s  was dis t r ibuted i n t o  

After s t i r r i n g  t o  

The en t i r e  100-pound l o t  of so l id  fused s a l t  was broken up by hammer 
and ground t o  pass a 200 mesh sieve. 
2.5 pounds of magnesium s t ea ra t e  were added t o  prevent caking of the 
product and t o  assure easy f low.  

During the  mill ing operation, 

Ref. 44; 11, Appendix B 
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(11) Met-L-X was found good on f i r e s  f rom 0.75 t o  14 pounds i n  s ize.  
Almost 75 t o  80% o f  t h e  o r i g i n a l  l i t h i u m  was present as l i t h i u m  a f t e r  

extinguishment. Complete replacement o f  sodium i n  MET-L-X by l i t h i u m  i s  

not a r e q u i s i t e  f o r  successfu l  extinguishment. Evidence e x i s t s  t h a t  

small amounts o f  m e t a l l i c  sodium are formed but  no m e t a l l i c  sodium could 

be i d e n t i f i e d  i n  t h e  f i r e  residue. Dur ing e a r l y  a p p l i c a t i o n  o f  t h e  

ext inguishant ,  ye l l ow  flames were observed. 

amounts can be performed w i thou t  s i n k i n g  o f  t h e  agent i n t o  t h e  mol ten 

App l i ca t i on  i n  s u f f i c i e n t  

was added t o  the  center  area o f  t he  

ng slow y outward t o  avoid b r i d g i n g  f rom 
l i t h i u m .  I n  a 14-pound f i r e ,  

f i r e  w i t h  a shovel w h i l e  work 
the  conta iner  wa l ls .  

Due t o  the  s e n s i t i v i t y  o f  

currents ,  once a l i t h i u m  f i r e  

MET- L-X 

the  burn ing  r a t e  t o  even s l i g h t  convect ion 

has s ta r ted ,  attempts t o  v e n t i l a t e  t h e  area 
cou ld  be de t r imenta l  t o  f i r e  con t ro l .  Any attempts t o  improve v i s i b i l i t y  
through smoke removal o f  v e n t i l a t i o n  should be avoided. 

reason, gas-propel led ex t ingu ishants  are less  e f f e c t i v e  than the  same 

agents appl i ed by shovel 

For t h i s  same 

App l i ca t i on  o f  an i n e r t  gas l i k e  argon t o  a w e l l  es tab l i shed l i t h i u m  
D i r e c t  a p p l i c a t i o n  t o  t h e  burn ing  sur -  f i r e  was complete ly  i n e f f e c t i v e .  

face  d i d  r e t a r d  the  f i r e  somewhat bu t  removal o f  t he  argon gas source 
caused combustion t o  immedi a t e l y  resume. (11) 

D. LITHIUM REMOVAL 

L i th ium s p i l l s  may be t r a n s f e r r e d  t o  buckets f i l l e d  w i t h  100 mesh 

powdered graphi te .  Residual l i t h i u m  contaminat ion should be wiped 

c lean w i t h  f lameproof rags. Disposal  o f  c o l d  l i t h i u m  res idue i s  more 

d i f f i c u l t .  The res idues cons is t  o f  a m ix tu re  o f  l i t h ium,  l i t h i u m  oxide, 
n i t r i d e ,  and carbonates. Reactions o f  t h e  residues w i t h  water may pro- 

ceed q u i e t l y  o r  v i o l e n t l y .  Residues i n  less than one pound l o t s  should 
be placed i n  drums w i t h  w i re  mesh screens cover ing the  tops. (11) If 
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s t ee l  catch pans containing residue are included, a17 will  s i n k  t o  the 
bottom and the reaction will occur peaceiully. 
hydrolysis in  natural bodies of water i s  not feas ib le  due t o  the 
formation of noxious fumes and toxic  acqiieous waste harmful t o  human, 

Burn ing  in  a i r  or 

animal, and vegetable l i f e .  (1) 
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V I I .  FUTURE STUDIES AND EXPERIMENTATION 

The o v e r a l l  o b j e c t i v e  o f  t h e  l i t h i u m  s p i l l  s t u d i e s  p r o j e c t  i s  t o  

i n c r e a s e  t h e  s t a t e  o f  knowledge concern ing t h e  e f f e c t s  o f  l i t h i u m  s p i l l s  

under p o s t u l a t e d  acc iden t  c o n d i t i o n s  f o r  t h e  purpose o f  s u p p o r t i n g  mag- 

n e t i c  f u s i o n  energy dev ice s a f e t y  assessments. 

A l l  r e a c t i o n  p roduc ts  r e s u l t i n g  f rom l i t h i u m  i n t e r a c t i o n s  shou ld  be 
c h a r a c t e r i z e d  as w e l l  as t h e i r  r a t e  o f  f o r m a t i o n  and t h e  temperatures 

i nvo l ved ,  f o r  a l l  acc iden t  c o n d i t i o n s  p l a u s i b l e .  Tests t o  determine 

r e a c t i o n  k i n e t i c s ,  t h e  chemical n a t u r e  o f  r e a c t i o n  products ,  heats  o f  

r e a c t i o n ,  and aerosol  p r o p e r t i e s  f o r  l i t h i u m  r e a c t i o n s  w i t h  t h e  atmo- 

sphere, concrete,  and i n s u l a t i n g  m a t e r i a l s  proposed f o r  use i n  MFE 

f a c i l i t i e s  shou ld  be performed. 

T e s t i n g  under bo th  s t a t i c  and dynamic c o n d i t i o n s  i s  suggested. The 

e f f e c t s  o f  r a d i a t i o n  on t h e  p r o p e r t i e s  and i n t e r a c t i o n s  o f  l i t h i u m  shou ld  

be determined a lso.  F u r t h e r  development and demonstrat ion o f  e f f e c t i v e  

m a t e r i a l s  and techniques f o r  e x t i n g u i s h i n g  smal l  and l a r g e  l i t h i u m  f i r e s  

r e s u l t i n g  f rom pool  and spray acc idents  i s  needed. F l o o d i n g  w i t h  a gas 

t o  induce an i n e r t  atmosphere shou ld  be f u r t h e r  i n v e s t i g a t e d .  F i n a l l y ,  

s t u d i e s  shou ld  i n v o l v e  methods f o r  removing l i t h i u m  smoke ae roso ls  f rom 

ce l l s  and v e n t i l a t i o n  systems. An e v a l i i a t i o n  o f  l i t h i u m  and sodium 
s p i l l s  t o  determine t h e  a p p l i c a b i l i t y  o f  e x i s t i n g  sodium f i r e  and s p i l l  

t echno logy  t o  l i t h i u m  hazards may p r o v i d e  a more e f f i c i e n t  nrethod f o r  

deve lop ing  l i t h i u m  f i r e  and s p i l l  technology. 

Suppor t i ve  and a d d i t i o n a l  i n f o r m a t i o n  about t h e  c h a r a c t e r i s t i c s  o f  

l i t h i u m  and i t s  i n t e r a c t i o n s  w i t h  o t h e r  compounds are con ta ined  i n  

References 45 th rough  98. 
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D r .  L e w i s  D .  Muhlestein 
Westinghouse Hanford Company 
P.O. Box 1970 
Richland, WA 99352 

Dear L e w i s :  

SUBJECT: Lithium-Concrete S tudies  by D i f f e r e n t i a l  Thermal Analysis ,  
Your Requis i t ion  No. Y83259 

A s  d e t a i l e d  i n  t h e  above-referenced r e q u i s i t i o n ,  w e  have s tud ied  t h e  chemical 
r e a c t i o n s  between l i t h i u m  and va r ious  concre tes  and dry Por t land  Cement (11) 
paste by D i f f e r e n t i a l  Thermal Analysis  (DTA) over  t h e  temperature range of 
25 t o  800OC. Eight  DTA measurements were made on f i v e  concre te  samples and 
one cement as d e t a i l e d  by your tes t  matr ix .  The o b j e c t i v e  of t h e s e  s t u d i e s  
was t o  provide prel iminary base  da t a  on t h e  e f f e c t s  of l i t h i u m  s p i l l s ,  
under p o s t u l a t e d  acc iden t  condi t ions ,  f o r  t h e  purpose of suppor t ing  your 
CTR F a c i l i t y  S a f e t y  Analysis .  

The conc re t e  samples, which w e r e  cha rac t e r i zed  under a previous c o n t r a c t  w i th  
the  Westinghouse Hanford Company (I.W.R. Order No. Y6W-S44-35602), were used 
i n  these  s t u d i e s .  The dry Por t land  Cement (11) p a s t e  sample w a s  prepared a t  
the  Westinghouse R&D Center by mixing t h e  as-received cement wi th  water 
followed by a i r  cu re  f o r  seven days. 
was t h a t  used i n  the  sodium-concrete s t u d i e s  d e t a i l e d  i n  previous r e p o r t s .  ( I s 2 )  

The DTA appara tus  u t i l i z e d  i n  t h i s  work 

Upon completion of t he  DTA scans ,  d i s t i l l a t i o n  t o  remove t h e  excess  l i t h i u m  
from t h e  r e a c t i o n  products  (625OC a t  6 x mm Hg f o r  approximately n i n e  
hours) proved unsuccessful .  Therefore ,  t o  remove t h e  excess  l i t h ium,  each 
DTA sample r e a c t i o n  product  w a s  reacted i n  a i r  wi th  d i s t i l l e d  water i n  a 
s t a i n l e s s  s t ee l  beaker.  This  procedure,  f o r  t h e  removal of t h e  l i t h ium,  
r e s u l t e d  i n  two f r a c t i o n s  of r e a c t i o n  product f o r  each DTA sample; t h e  water 
s o l u b l e  and i n s o l u b l e  r e a c t i o n  products .  The samples were cen t r i fuged  t o  
s e p a r a t e  t h e  two f r a c t i o n s ,  t h e  in so lub le  material then washed wi th  e thano l  
and cen t r i fuged  aga in .  The s o l u b l e  f r a c t i o n  w a s  obtained by evapora t ion  of 
t h e  d i s t i l l e d  water on a hot  p l a t e .  Both f r a c t i o n s  were d r i ed  and loaded i n  
appropr i a t e  XRD sample c a p i l l a r y  tubes.  The c a p i l l a r y  tubes were sea l ed  and 
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r e a d i e d  f o r  .m,ilysis.  C h a r a c t e r i z a t i o n  o f  the r e a c t i o n  p r o d u c t s  f o r  each 
of  the. t h r e e  d i € f t l r e i i t  t y p e s  o f  concr(’ te5 <ind one cement 5ample exposed t o  
l i t h i u m  t iere  performed by X-Kay D i t  f r ac t  ion (XKD)  , see Appendix I .  

The DTA r e s u l t s  of t h i s  e f f o r t  a r e  g i v e n  i n  Tab le  1 which p r e s e n t s  t h e  
t e m p e r a t u r e ( s )  a t  which t h e  exotherm(s1 o c c u r r e d ,  and t h e  h e a t  e v o l u t i o n  f o r  
each m a t e r i a l .  The h e a t  e v o l u t i o n  v a l u e s  ( -AH,  ca l /g ram)  a r e  based on t h e  
c a l i b r a t i o n  of t h e  DTA a p p a r a t u s  w i t h  a 200 mg s a m p l e  of  N i O  which w a s  run  
s e p a r a t e l y  w i t h  e x c e s s  l i t h i u m .  The c h a r a c t e r i s t i c  DTA c u r v e s  f o r  each 
run are  p r e s e n t e d  i n  F i g u r e s  1 th rough  5; t h e  N i O  c a l i b r a t i o n  run i s  shown 
i n  F i g u r e  6 .  The endotherms no ted  i n  each f i g u r e  a t  approx ima te ly  190°C 
r e p r e s e n t  t h e  m e l t i n g  of t h e  l i t h i u m  metal .  

Lased on t h i s  a b b r e v i a t e d  s t u d y ,  t h e  f o l l o w i n g  p r e l i m i n a r y  c o n c l u s i o n s ,  
r e l a t e d  t o  l i t h i u m - c o n c r e t e  i n t e r a c t i o n s ,  may be drawn: 

A .  

B .  

C .  

D .  

E .  

The DTA s t u d i e s  of t h e  c o n c r e t e  sample M1 (magne t i t e  a g g r e g a t e )  y i e l d e d  
i n c o n c l u s i v e  r e s u l t s ;  two e n t i r e l y  d i f f e r e n t  p l o t s  w e r e  o b t a i n e d  as shown 
i n  F i g u r e  1; a l a r g e  d i f f e r e n c e  i n  h e a t  e v o l u t i o n  v a l u e s  r e s u l t e d .  The 
p r e s e n c e  of Fe ,  as g iven  i n  t h e  XRD r e s u l t s  f o r  t h e  i n s o l u b l e  r e a c t i o n  
p r o d u c t s ,  i s  i n d i c a t i v e  of t h e  r e d u c t i o n  of  t h e  m a g n e t i t e  component t o  
e l e m e n t a l  Fe. The l a r g e  d i f f e r e n c e s  i n  t h e  DTA p l o t s  may be  due t o  
(1) t h e  s e p a r a t i o n  of magnet ic  and non-magnetic c o n c r e t e  components 
d u r i n g  sample  p r e p a r a t i o n  o r  ( 2 )  p r e l i m i n a r y  i n t e r a c t i o n  of t h e  l i t h i u m  
w i t h  t h e  c o n c r e t e  sample p r i o r  t o  h e a t i n g .  

During p r e v i o u s  s t u d i e s  i n v o l v i n g  sodium-concrete i n t e r a c t i o n s ,  l a r g e  
d i f f e r e n c e s  i n  h e a t  e v o l u t i o n  v a l u e s  were a l s o  n o t e d . ( l )  The fund ing  
a v a i l a b l e  f o r  t h i s  e f f o r t  d i d  n o t  p e r m i t  a d d i t i o n a l  DTA r u n s  t o  be  made 
t o  r e s o l v e  t h i s  problem. 

The b a s a l t  a g g r e g a t e  c o n c r e t e  materials (CON-B1 and CON-B2) gave t h e  
h i g h e s t  a p p a r e n t  h e a t  e v o l u t i o n  values of a l l  samples s t u d i e d .  
r e s u l t s  i n d i c a t e  t h e  r e d u c t i o n  of t h e  s i l i ca t e s  t o  s i l i c i d e s .  S i m i l a r  
DTA p l o t s  were o b t a i n e d  f o r  e a c h  sample as shown i n  F i g u r e  2 .  

Concre t e  sample L1 ( l i m e s t o n e  a g g r e g a t e )  gave t h e  most r e p r o d u c i b l e  h e a t  
e v o l u t i o n  v a l u e s  and exotherms, see F i g u r e  3 .  The r e s u l t s  o f  XRD 
a n a l y s i s  f o r  bo th  t h e  water s o l u b l e  and i n s o l u b l e  f r a c t i o n s  of t h e  
r e a c t i o n  p r o d u c t s  do n o t  o f f e r  a r e a d i l y  v i s i b l e  r e a c t i o n  mechanism. 

The XRD 

The exotherms of t h e  dry P o r t l a n d  Cement (11) pas t e ,  see F i g u r e  4 ,  can 
be  a t t r i b u t e d  t o  t h e  d i r e c t  r e d u c t i o n  of  t h e  s i l i c a t e s  t o  s i l i c i d e s .  
T h e  XKD a n a l y s i s  o f  t h e  i n s o l u b l e  r e a c t i o n  p roduc t s  has  i d e n t i f i e d  
s i l i c i d e s  as a minor phase.  

I n  g e n e r a l ,  t h e s e  r e s u l t s  show l i t h i u m  t o  be,  as expec ted .  a s t r o n g e r  
r e d u c i n g  a g e n t  t han  sodium. T h i s  i s  p a r t i c u l a r l y  evidenced by t h e  
r e d u c t i o n  o f  t h e  aggregate/cement  s i l i c a t e s  t o  s i l i c i d e s .  

. 
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D r .  L e w i s  D. Muhles te in  

September 7,  1 9 7 7  

We hope t h i s  p r e l i m i n a r y  s t u d y ,  i n t o  t h e  i n t e r a c t i o n  of  l i t h i u m  w i t h  c o n c r e t e ,  
f u l f i l l s  your  near- term requi rements .  I f  you have any q u e s t i o n s  concern ing  
t h i s  work o r  i f  w e  can b e  of f u r t h e r  a s s i s t a n c e ,  p l e a s e  f e d  f r e e  t o  g i v e  u s  
a ca l l .  

S i n c e r e l y  , 

G .  C. Burrow 
Liquid  14etal Technology 

L:iquid Metal  Technology 

R.  G.  Char les  
S:?ecial P r o j e c t s  

- 
* ,# . 

J- { ’.- I A’/ APPROVED: , 
8: G. ,&rqefla ,  Manager 

/Liqui*x Ifeta1 Technology 
/[ . )  

s e f  

cc: J .  B a l l i f ,  Westinghouse Hanford Company 
W .  T. Lindsay,  J r . ,  R&D Center 
R.  M. Lowy, R&D Center 
PIC-2-File 
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TABLE I 

D i f f e r e n t i a l  Thermal A n a l y s i s  R e s u l t s  f o r  t h e  React ion 
of 300 mg Samples i n  Excess Lithium (1000 mg). 
316 SS Sample Containers  w i th  Argon Cover Gas ___ 

Exo therm *Heat Evolut ion 
Sample O C  - -AH,  cal/gram 

I d  en t i f i c a t  i o  n Run #l -- kun 112 Run #I Run #2 

CON-Ml 

CON-B1 

CON-B2 

482 w 351 s + 218 + 991 
596 s 593 w 

(522 m 

268 w - 
308 s 
364 w 

391 s - 
430 w 

+ 1051 - 

+ 770 

CON-L1 695 s ‘702 s i 4 0 3  + 536 

~ r y  Por t land  690 s 1558 s + 224 + 182  
Cement (11) Paste 

* 
Based on c a l i b r a t i o n  of the apparatus w i t h  a 200 rng sample of N i O  w i t h  
excess l i t h ium.  

w = weak m = moderate s = s t r o n g  
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Cur S C J I t D j - k  

I I I I I I I 
R u n  # 2  R u n  #1  

1 ( 596 1 

0 100 200 300 400 500 600 700 800 
Temperature, OC 

Fig. 1 - Differential thermal  analysis (DTA) curves obtained for two 
indiv idual  300 mg samples of Con-M1 in excess l i t h i u m  (1000mg) . 
316 S. S. sample container with argon cover gas 
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Con - B1 I 

5OC 

I 
Con - B2 

11 1 

0 100 200 300 400 5 0 0 6 0 0 7 0 0 & 0 0  
Temperature,, O C  

I 
E 
L 
Q) 

0 
-0 c 
W 

5 

v 

Fig. 2 -  DTA curves obtained for  300 mg samples of Con-B1 and C o n B 2  
i n  eycess lithium ( lo00  mg) . 316 S. S ,  sample container with argon 
cover gas 
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C u r v e  691602-3  

0 l@o 200 300 400 500 600 700 800 

Temperature, O C  

Fig. 3 -  DTA curves  obtained fo r  two indiv idual  300 mg samples of 
Con - L1 in  excess l i t h i u m  (lo00 mg) . 316 S. S. sample container 
with argon cover gas 
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Fig. 4 - DTA curves obtained fo r  two ind iv idual  300 mg samples of a i r  
c u r e d  ( 7  days) d ry  port land cement (11) paste in excess l i t h i u m  (1000 mg) . 
316 S. S. sample sample conta iner  w i th  argon cover gas 
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1 I 1 I I I I 

T 
I 5 O C  

NiO Std. 
( 265) 

I 

Temperature, O C  

n 

Fig. 5 - DTA curve obtained for a 200 mg sample of NiO standard in 
excess l i t h ium ( lo00 rng) . 316 S. S. sample container with argon 
cover gas 
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APPENDIX I 

X-Ray Diffraction and Energy Dispersive Analysis 
by X-Ray of Lithium-Concrete Reaction Products 
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R.  E .  Witkowski 
R&D 303 

cc: G. C .  Burrow, R&D 303-2 

From R&D CENTER 
WIN 
Date August 31, 1 9 7 7  
Subject 

S i x  samples of c o n c r e t e  ( c a p i l l a r i e s )  t r e a t e d  w i t h  l i t h i u m  were 

submi t ted  t o  t h e  x-ray d i f f r a c t i o n  l a b o r a t o r y  and SEM l a b o r a t o r y  f o r  

i d e n t i f i c a t i o n  of t h e  r e a c t i o n  phases .  

L i s t e d  below are sample d e s i g n a t i o n s :  

GCB 111 CON-M1 + L i  (water  i n s o l u b l e  f r a c t i o n )  

GCB 82  CON-L1 + L i  (water  i n s o l u b l e  f r a c t i o n )  

GCB 113 CON-B1 + L i  (water  i n s o l u b l e  f r a c t i o n )  

GCB #4 CMT-1 + L i  (water  i n s o l u b l e  f r a c t i o n )  

GCB #5 CON-L1 + L i  (water  . s o l u b l e  f r a c t i o n )  

GCB #7 CON-Ml + Li (water s o l u b l e  fraction) 
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R. E .  Witkowski 
August 31, 1 9 7 7  

XRD - 
Sealed  c a p i l l a r i e s  of t h e  r e a c t i o n  p r o d u c t s  were exposed i n  a Debye 

S c h e r r e r  powder camera (114.6 mm). 
used because  c e r t a i n  e lements  c a u s e  f l u o r e s c e n c e  w i t h  copper  r a d i a t i o n  

(e.g. ,  Fe) w h i l e  o t h e r  e lements  cause  f l u o r e s c e n c e  w i t h  chromium r a d i a t i o n  

(e .g . ,  Ca) . 
( 2 . 2 9  b )  which p e r m i t s  b e t t e r  r e s o l u t i o n  of l i n e s .  

a n a l y s i s  of samples w i t h  m u l t i p l e  phases .  

Both chromium and copper  r a d i a t i o n  were 

I n  a d d i t i o n ,  chromium r a d i a t i o n  has  a l o n g e r  wavelength 

This  f a c i l i t a t e s  t h e  

The XRD r e s u l t s  are p r e s e n t e d  i n  Table  1 
* 

SEM and EDAX 

The reaction products were removed from the capillary tubes and 

mounted on a s t a n d a r d  aluminum sample mount. This  mounting was done by 

u s i n g  a small p i e c e  of d o u b l e - s t i c k  t a p e .  

o n  t h e  t o p  s u r f a c e  of t h e  t a p e  and t h e  e n t i r e  mount was t h e n  c o a t e d  w i t h  

approximate ly  300 A of  carbon to  p r o v i d e  a conduct ive  s u r f a c e .  

The powders were g e n t l y  p r e s s e d  

0 

The samples were t h e n  examined i n  t h e  SEM u s i n g  a n  a c c e l e r a t i n g  

v o l t a g e  o f  20 KeV. 

t o  d e t e c t  and r e c o r d  t h e  r e s u l t i n g  X-rays produced from t h e  e l e c t r o n  

bombardment. A l l  e lements  w i t h  atomic numbers g r e a t e r  t h a n  10  (Neon) 

are d e t e c t e d  s i m u l t a n e o u s l y  w i t h  ?he  EDAX u n i t .  

The Energy D i s p e r s i v e  X-Ray Analyzer  (EDAX) w a s  used 

' i e s u l t s  of t h e  EEAX i d e n t i f i c a i i o n s  were c o r r e l a t e d  w i t h  t h e  

X-ray d i f f r a c t i o n  p a t t e r n s  tz d i n i n a t e  OK confirm p o s s i b l e  compound 

f o r m a t i o n s  p r e s e n t .  T a b l e  2 sanunarizes che e lements  and re la t ive  amounts 

p r e s e n t  i n  each of t h e  six c o x c r e t e  samples.  

* 
XRD p a t t e r n s  a r e  r e f e r e n c e d  a g a i n s t  s t a n d a r d s  a s  p r e s e n t e d  i n  " J o i n t  
Committee on Powder D i f f r a c t i o n  S t a n d a r d s ,  1976 Edi t ion".  
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R. E .  Witkowski 
Augus t  31, 1977 

TABLE 1: XRD F.esults 

Log No. Sample Resul t s  

Fe 
I 

630-77 GCB #l 

631-77 

632-77 

,633-7 7 

GCB //2 C a  ( OH)2 major 

Ca(C03) high minor 

Fe minor 

634-77 GCB #3 Fe major 

635-77 S i l i c i d e  phase major *1 

636-77 GCB 84*3 Ca(OH)2 major 

637-77 
662-77 C a O  t r a c e  

664-77 S i l i c i d e  phase,  minor phase 

Ca(C03) high minor (higher than GCB #2)  

*2 

638-77 GCB L i  (OH) major 

639-77 Li(OH)*B20 major 

L i z  (Cog) high minor 

(smooth l i n e s  i n d i c a t e  f i n e  g r a i n  s i z e )  

640-77 GCB //7*4 Li(0H) *B20 major 

641-77 Li2C03 major 

Li(0H) h igh  minor 

Fe minor 

(Lines a r e  spotty i n d i c a t i n g  coarse  g r a i n  s i z e )  

* 
See fol lowing pages f o r  explanat ion.  
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R. E. Witkowski 
August 31, 1977 

*1 A Comparison of d-spacings and Relative Line Intensities for GCB 13, 
Fe, Fe Si, and Fe Si Reference Patterns 3 2 

Fe3Si Fe2Si GCB #3 Fe 

d Intensity d Intensity d Intensity d Intensity - 
3.26 40 
2.80  40 2.80 40 

2.03 S 2.03 100 
1.98 S 1.97 100 1.99 100 

1.70 40 

1.62 20 1.62 10 

1.43 W 
1.41 W 

1.43 20 

1.178 W 
1.17 W 1.17 30 

1.15 S 
1.01 W 1.01 10 

1.00 W 
.90 W .906 12 

.894 W 

1.41 100 1.406 60 
1.256 20 

1.45 100 

.995 100 

1.15 100 

.995 100 

The extra lines strongly resemble the Fe Si and/or Fe Si. 

(L.P. 5.64) [NaCl structure] and Fe2Si is B.C.C. (L.P. 2.81) and Fe is 
B.C.C. (L.P. 2187). A search of literature produced no information on the 

(LiSi), (FeLi), or (FeLiSi) systems. 

Fe Si is F.C.C. 3 2 3 
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R .  E .  Witkowski 
August 31, 1977 

*2 Three Major d-Spacings f o r  t h e  S i l i c i d e  Phase of GCB 84 

d spaces 2.00 S 

1 . 4 2  W 

1.16 W+ 

0 

Latt ice  parameter  of 2.84 A ,  s i m i l a r  t o  F e ,  however, t h e  l a t t i c e  parameter  

i s  c o n t r a c t e d .  

* 3  P o s s i b l e  Assignments of U n i d e n t i f i e d  XRD L i n e  f o r  Sample GCB f 4  

There w a s  some concern over  GCB # 2  and GCB # 4  due t o  t h e  s i m i l a r i t y  

of b o t h  XRD and EDAX r e s u l t s .  

and ana lyzed  - t h e  r e s u l t s  were i d e n t i c a l  w i t h  p r e v i o u s  results of 

GCB # 4 .  A l l  t h e  l i n e s  (d s p a c e s )  of t h e  X-ray p a t t e r n  g e n e r a t e d  by 

GCB 84 were i d e n t i f i e d  w i t h  t h e  e x c e p t i o n  of one - d s p a c e  7 . 3 0  i. 
p o s i t i v e  i d e n t i f i c a t i o n  i s  d i f f i c u l t  w i t h  only  one l i n e ,  however, by 

u s i n g  o t h e r  l i n e s  c o i n c i d e n t a l  w i t h  t h e  o t h e r  p h a s e s ,  t h e  f o l l o w i n g  

compounds were p o s s i b l e .  

Another sample of GCB # 4  w a s  prepared  

A 

Ca ( S O 4 )  * 2H20 (ASTM 6 - 4 6 )  

Mg3 ( O H )  5 C 1 *  4H20 7-420 

KMg(S04)Cl*2. 75H20 25-1237 

L i H  (A102) 5H20 24-617 

L i  ,I1 0 .4H20 20-618 t 2 4  

*4 P o s s i b l e  Presence  of L i 2 C 2  

L i  C 

because  t h e  d s p a c e s  are superimposed on t h e  t h r e e  ( 3 )  p r e v i o u s l y  

i d e n t i f i e d  phases  Li(OH), Li(OH)*H20, and Li C O  

Is i t  p o s s i b l e  t h a t  t h i s  phase can exis t  under t h e s e  c o n d i t i o n s ?  

i s  p o s s i b l y  p r e s e n t  i n  samples GCB #5 and GCB #7  p r i m a r i l y  2 2  

2 3' 
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Table 2: EDAX Resul ts  

T i  F e  - - C a  - C 1  K - - S - S i  Sample N a Q S  - 

GCB /I1 T S S T T S S ?I -- -- 
W M T T T T W 

W W M T T T M T W 

-- -- -- I 2  

H 3 

t 4 T T W W W T T M 

# 5 T T W M T T W 

w 7 T W T M T T T M T 

-- 
-- -- 
-- -- -- 

-- 

M = major. S = st rong.  W = weak. T = t r ace .  

C .  W .  Hughe, 

A-20 
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