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SUMMARY 

Condi t ions necessary f o r  r a p i d  p roduc t i on  (approx imate ly  20 minutes 

p repa ra t i on  t i m e )  have been determined f o r  a  6-9 sample o f  z i rcon ium 

hyd r i de  w i t h  a  composi t ion o f  ZrH1.5 t o  ZrHl.9. Two a l t e r n a t e  se t s  o f  con- 

d i t i o n s  were found t o  produce a hyd r i de  o f  s u i t a b l e  phys i ca l  i n t e g r i t y  f o r  

t r i t i u m  storage:  t h e  f i r s t  c o n d i t i o n  i nvo l ves  i so therma l  abso rp t i on  o f  Hz 

a t  760 t o r r  and 600°C; t h e  second i nvo l ves  a d d i t i o n  o f  Hz a t  760 t o r r  as 

t h e  temperature i s  increased f rom 600°C u n t i l  abso rp t i on  ceases. The l a t t e r  

method appears t o  produce a hyd r i de  which i s  e s s e n t i a l l y  c rack - f r ee .  Small 

amounts of a i r  i n  t h e  hydrogen were found t o  have a ve ry  d e l e t e r i o u s  e f f e c t  

on t h e  h y d r i d i n g  r e a c t i o n .  

The c o s t  o f  z i rcon ium i s  a  disadvantage. However, t h e  use o f  scrap 

metal  may make t h e  method more a t t r a c t i v e  and t h e  p o s s i b l e  use o f  i r r a -  

d i a t e d  Z i r c a l o y  c l add ing  h u l l s  would be even more economica l ly  f avo rab le .  

Quest ions t o  be answered ma in l y  concern t h e  a c t i n i d e  and o t h e r  r e s i d u a l  

a c t i v i t y  remain ing i n  t h e  h u l l s  a f t e r  dec ladding.  Z i r c a l o y - 2  t ub ing ,  c l a d -  

d i ng  scrap, was s tud ied  and found t o  be ve ry  e a s i l y  hydr ided.  Hydr ides 

were produced f rom 0.25- and 0.50- i  n. d iameter  Z i r c a l o y  rod, 0.50- in.  

d iameter  Z i r c a l o y  t ub ing ,  and 0.25- in.  d iameter  z i r con ium rod.  
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ZIRCONIUM HYDRIDE AS A STORAGE MEDIUM FOR TRITIUM 

by 

R. D. Scheele and L. L. Burger 

IIVTRODUCT 1011 

4  I n  t h e  LUR f u e l  c yc l e ,  about  2.5 x  10 Ci/GWe-yr of t r i t i u m  a r e  p ro -  

duced, most o f  which e n t e r s  t h e  fue l  rep rocess ing  p l a n t .  A l though p resen t  

r e g u l a t i o n s  p e r m i t  env i ronmenta l  d i s p e r s a l  o f  t h e  t r i t i u m ,  methods a r e  

be ing cons idered t o  p reven t  f u t u r e  re leases .  I n  these  cases i n t e r i m  o r  

permanent s to rage  forms may be requ i r ed .  

Among t h e  s to rage  forms t h a t  appear a t t r a c t i v e  f o r  use w i t h  concen- 

t r a t e d  t r i t i u m  wastes a r e  n ie ta l  hydr ides .  The obv ious advantages i n c l u d e  

h i g h  s to rage  c a p a c i t y  ( v o l  ume e f f i c i e n c y )  and t h e  easy recoverab i  1  i t y  o f  

t r i t i u m .  Several  r e c e n t  surveys d e s c r i b e  t r i t i u m  pathways i n  t h e  f u e l  

c yc l e ,  and d iscuss  and eva lua te  removal and s to rage  concepts.  (1-6)  hi^ 

r e p o r t  desc r ibes  p r e l i m i n a r y  work on t h e  use o f  z i r con ium h y d r i d e  as a  

t r i t i u m  s to rage  form. 

To determine t h e  f e a s i b i l i t y  o f  z i r con ium h y d r i d e  as a  f i x a t i o n  medium, 

an exper imenta l  program was designed t o :  1 )  eva lua te  t h e  exper imenta l  

parameters f o r  r a p i d  p roduc t i on  o f  massive hydr ides  w i t h  adequate phys i ca l  

i n t e g r i t y ,  2)  observe t h e  p h y s i c a l  s t a b i l i t y  of t h e  hydr ides,  3 )  p repare  

t h e  t r i t i a t e d  h y d r i d e  and examine t h e  l each  r a t e ,  4 )  determine t h e  e f f e c t s  

o f  v a r i o u s  phys i ca l  forms o f  z i r con ium and Z i r c a l o y ,  and compare o t h e r  

meta ls  such as t i t a n i u m ,  y t t r i u m ,  and hafnium, 5 )  i n v e s t i g a t e  t h e  py ro -  

p h o r i c i t y  o f  meta l  hydr ides ,  and 6 )  cons ider  and eva lua te  t h e  a p p l i c a t i o n  

o f  meta l  h y d r i d e  s to rage  t o  r ep rocess ing  p l a n t  waste streams. Termina t ion  

o f  t h e  program be fo re  t h e  end o f  t h e  f i r s t  yea r  prevented many of these 

goa l s  fro111 be ing  achieved. T h i s  r e p o r t  summarizes t h e  f i r s t  phase o f  t h e  

work which d e a l t  l a r g e l y  w i t h  h y d r i d i n g  parameters u s i n g  Z i r c a l o y .  



CANDIDATE METALS 

Most metals forni hydrides by d i r e c t  combination w i t h  elemental hydro- 

gen, and the  m e t a l l i c  hydrides o f  zirconium, t i tan ium,  hafnium, y t t r i u m ,  

niobium, tantalum, and uranium have been used o r  proposed f o r  hydrogen o r  

t r i t i u m  f i x a t i o n  and storage. ( 4 )  A good candidate hydr ide  must be s t a b l e  

towards r e a c t i o n  w i t h  water and a i r ,  and must have a low d i s s o c i a t i o n  pressure. 

These requirements leave zirconium, t i tan ium,  hafnium and y t t r i u m  as pos- 

s i b l e  ma te r ia l s .  Due t o  t h e  r e l a t i v e l y  h igh  costs of t h e  metals, considera- 

t i o n  may be f u r t h e r  r e s t r i c t e d  t o  the  more ava i l ab le  z i rconium and t i t an ium.  

As a c lass  t h e  metal hydrides a re  reasonably we l l  character ized and tech-  

niques f o r  t h e i r  product ion ( w i t h  hydrogen) have received much a t t e n t i o n .  (7-8) 

The chemical and physical  s t a b i l i t y  o f  these hydrides i s  found t o  be depen- 

dent t o  some ex ten t  on the  hydrogen content  and upon the  method o f  prepara- 

t i o n .  Resistance t o  o x i d a t i o n  i s  a func t ion  of p a r t i c l e  s ize ,  bu t  zirconium 

and t i t a n i u m  hydr ide  powders appear t o  be s tab le  below about 300°C and, i n  

massive form, can be heated t o  h igher temperature. Other advantages o f  

metal hydrides i nc lude  t h e  r e v e r s i b i l  i t y  o f  t h e  hydr id ing  reac t i on ,  i .e., 

t he  t r i t i u m  i s  recoverable, and t h e  very h igh space economy; ZrH2 f o r  

example has about t w i c e  t h e  hydrogen dens i t y  o f  l i q u i d  hydrogen. 

Di sadvantages o f  metal hydrides i nc lude  the  requirement t h a t  t he  tri - 
t i um be i n  the  elemental hydrogen form and t h a t  i t  be reasonably f ree from 

other  r e a c t i v e  gases. Another disadvantage i s  the  h igh cos t  of t h e  metals 

which may be p a r t i a l l y  e l im inated i f  scrap metal from the  nuclear  program 

(e.g., c ladd ing h u l l s )  can be u t i l i z e d .  

Based on t h e  avai l a b i l  i ty o f  z i rconium as Z i rca loy-2  and 4, i t  was 

chosen as the  medium f o r  t r i t i u m  f i x a t i o n .  The p roper t i es  of zirconium and 

t h e  hydr ides p e r t i n e n t  t o  t h i s  study are  l i s t e d  i n  Table 1 and i n  Figures 1 

and 2. As can be seen from the  phase diagram (Figure 1 ) hydrogen s t a b i l i z e s  

the  B phase by 1 owering the  a-8 t r a n s i t i o n  from 862 t o  550°C. However, some 

u n c e r t a i n t i e s  e x i s t  about the  exact l i m i t s  of t h e  6 and E reg ions  and a 

meta-stable y phase ( b c t )  which coex is ts  w i t h  t h e  a and 6 phase a t  low 

temperatures. A 6 + ~  reg ion n o t  shown i n  F igure  1 e x i s t s  below about 



455°C. ( l o )  The hyd r i de  d e n s i t i e s  1 i s t e d  a r e  f rom X-ray data (11) which can 

be compared t o  a measured d e n s i t y  f o r  ZrHlSg2 o f  5.47 repo r ted  by Trzec iak .  (12) 

TABLE 1. P rope r t i es  o f  Z i rconium and Z i rconium 
Hydrides a t  25OC 

Composit ion - - 61.4-62.5 62.5-66.7 

C rys ta l  
S t r u c t u r e  hc P bcc f c c  f c t 

Dens i ty  6.50 - 5.64-5.65 5.61-5.64 

Z r  20 40 60 ZrH2 

ATOM PERCENT HYDROGEN 

FIGURE 1 . Z i r c o n i  um-Hydrogen Phase Diagram (9 )  



H IZr  ATOP4 R A T I O  

FIGURE 2. Pressure-Composi ti on Isotherms (Composite Data) ( 9  



EXPERIMENTAL CONS1 DERATIONS 

We used a mod i f i ed  S ieve r t s  apparatus s i m i l a r  t o  t he  one descr ibed by 

~ l a c k l e d ~ e ' ~ )  t o  prepare z i rcon ium hydr ide .  Th i s  system cons is ted  of a  

copper vacuum manifold,  a  qua r t z  r e a c t i o n  vessel ,  Bourdon and McLeod pres-  

su re  gages, and a gas bure t .  Commercial 99.95% pure H2 was supp l ied  t o  

t he  gas b u r e t  through copper t ub ing .  The metal sample was p laced i n  a  

basket made o f  s t a i n l e s s  s t e e l  screen and i n s e r t e d  i n t o  t h e  r e a c t i o n  tube 

where t h e  temperature was measured us ing  a chrome1 -alumel thermocouple. 

The system was l a t e r  mod i f i ed  t o  p rov ide  pressure measurement w i t h  a  capaci -  

tance manometer. Flashback a r r e s t o r s  were placed i n  key l o c a t i o n s  t o  p re -  

ven t  propagat ion o f  a  hydrogen f i r e  ( exp los ion ) .  The system was checked 

f o r  l eaks  us ing a he l ium mass spectrometer l e a k  de tec to r .  

The m a t e r i a l s  hydr ided  were 0.25- in.  diameter Z i r ca loy -2  and 99.97% 

pure z i rcon ium rod, 0.50- in.  Z i rca loy -4 ,  and 0.50- in.  Z i r ca loy -2  t u b i n g  

( f u e l  c l add ing  scrap) ;  s p e c i f i c a t i o n s  f o r  t he  Z i r c a l o y  rods a r e  l i s t e d  i n  

Appendix A. Samples o f  i r r a d i a t e d  Z i  r c a l o y  c l add ing  f rom Sh ipp ingpor t  

r e a c t o r  fue l  were prepared f o r  h y d r i d i n g  b u t  e a r l y  t e rm ina t i on  of t h e  p ro -  

gram prevented compl e t i  ng t h e  t e s t .  A goal composi t ion o f  sZrH1 . was 

se lec ted  on t h e  bas is  t h a t  a  s i n g l e  phase ( 6 )  cou ld  e x i s t  over t h e  e n t i r e  

temperature range o f  t he  experiments. B lack ledge has l i s t e d  a number o f  

f a c t o r s  which i n f l u e n c e  hyd r i de  p repara t ion :  ( 7 )  i m p u r i t i e s  i n  t h e  meta l ,  

surface c o n d i t i o n  o f  t h e  metal  ( o x i d e ,  n i t r i d e  f i l m s ,  e t c . ) ,  i m p u r i t i e s  i n  

hydrogen, form o f  t h e  metal  t o  be hydr ided, pre- and post-heat t reatment ,  

as w e l l  as pressure-temperature r e l a t i o n s .  These f a c t o r s  a r e  discussed i n  

t he  f o l  1  owing paragraphs. 

The p r i n c i p a l  exper imental  d i f f i c u l t y  encountered i n  t h e  present  work 

was a i r  in- leakage i n t o  t h e  hydrogen gas supply  l i n e .  Th i s  a l lowed forma- 

t i o n  o f  t h e  t h e r m o d y n a ~ i c a l l y  favored  ox ide  and n i t r i d e  (Table 2 )  which 

form p r o t e c t i v e  f i lms, p reven t ing  r a p i d  hydrogen absorp t ion .  I t  i s  t he re -  

f o r e  impor tan t  t o  e l i m i n a t e  a i r  in- leakage.  

The e f f e c t  o f  su r face  c o n d i t i o n i n g  was i n v e s t i g a t e d  by sub jec t i ng  

se lec ted  samples t o  t h e  f o l l o w i n g  t rea tment :  t h e  metal surface was f i r s t  



abraded w i t h  f i n e - g r i t  s i l i c o n  ca rb ide  paper then cleaned w i t h  reagent-  

grade acetone t o  remove any r e s i d u a l  su r face  o i l s .  The metal  was then  

t r a n s f e r r e d  t o  t h e  r e a c t i o n  chamber w i t h  metal tweezers. 

TABLE 2. Thermodynamic Data f o r  Relevant ~ a t e r i a l s ! ' ~ )  298°K 

LHf 
kca l  /g-atom Z r  

ZrO -261 .50 

ZrN -87.30 

zrH1 . 5  -33.70") 

ZrH2 -38.90 

ZrD2 -40.22 

Z r ( d  - 

c P 
c a l  /mol -deq 

13.40 

9.60 

7 . 5 0 ' ~ )  

7.40 (b )  

9.63(b) 

( a )  For ZrH, .58 f rom Tomasch, Reference 14. 

( b )  Ca lcu la ted  f rom t h e  data o f  Reference 14 and en t ropy  o f  elements. 

( c )  Ca lcu la ted  from H z  pressure data and equat ions g iven  by Gulbransen and 
~ n d r e w .  (15)  A G ~  da ta  l i s t e d  by L i bow i t z ,  -23.0, g ives  a  nega t i ve  
en t ropy  f o r  ZrH1.5. A c t u a l l y ,  an inc rease  i n  en t ropy  over  t h a t  f o r  
ZrH2 would n o t  be s u r p r i s i n g .  

The normal procedure was t o  evacuate t he  system t o  t o r r  f o l l owed  

by i n c r e a s i n g  t h e  temperature t o  t h e  des i r ed  va lue  be fo re  hydrogen was 

in t roduced and t h e  r e a c t i o n  i n i t i a t e d .  I n  o t h e r  cases a  p r e l i m i n a r y  

degassing was i nco rpo ra ted  by ma in ta i n i ng  t h e  sample a t  temperature and 

under vacuum f o r  a  pe r i od  o f  t ime  be fo re  t h e  a d d i t i o n  of hydrogen. Inme- 

d i a t e l y  f o l l o w i n g  cornplet ion o f  t h e  r e a c t i o n ,  t he  hyd r i de  was norma l l y  

a l lowed t o  cool  i n  t h e  presence of hydrogen. However, i n  some cases t h e  

e f f e c t  o f  anneal ing was s tud ied  by ma in ta i n i ng  t h e  r e a c t i o n  temperature up 

t o  1 hour a f t e r  t h e  r e a c t i o n  was completed. These and o t h e r  except ions t o  

t h e  normal ope ra t i ng  procedure a re  noted i n  Table 3, which summarizes t h e  

experiments performed. . 
To s tudy  t h e  e f fec ts  of temperature and pressure, we used combinat ions 

o f  400, 600, o r  900°C and 200 o r  760 t o r r ;  except ions a r e  aga in  noted i n  

Table 3. 



TABLE 3. Experimental Data 

0.25" rod 

0.25" rod 

0.25" rod 

0.25" rod 

0.25" rod 

0.50" tubing 

0.25" rod 

0.25" rod 

0.25" rod 

0.25" rod 

0.25" rod 

0.50" tubing 

0.25" rod 

0.25" rod  

0.25" rod 

0.25" rod 

0.25" rod 

0.25" rod 

0.25" rod 

M S S  Of 
Metal, 
L 

6.4719 

3.1711 

3.0950 

3.2204 

3.0003 

3.2556 

6.3818 

3.1110 

3.0324 

2.7874 

3.1156 

3.5428 

5.9134 

3.1682 

3.3010 

3.1086 

2.7442 

2.5134 

2.3674 

3.3664 

Pydr id ing 
leap.. "C 

600 

800 

(c)  

( c )  

(c)  

( c )  

( c )  

500-800 
3 cyc les 

500-800 
3 cycles 

91 9 

91 9 

91 9-400-91 9 

918 

627 

627 

627 

23-626 

626 

91 5 

627 

Hydriding 
Pressure, 

t o r r  

200 

200-250 

(c)  

( c )  

( c )  

( c )  

( c )  

10-4 

10-4 

200 

760 

600 

760 

760 

760 

760 

760 

See Notes 

See Notes 

200 

H:Zr Atom 
Ratio by 
Mass Gain 

0.1019(~) 

o . i g ~ a ( ~ )  

0 .6192(~)  

0 .0905 (~ )  

0 .0223 (~ )  

0 .2128(~)  

0.60 
See Notes 

0.0000 

0.0000 

0.713 

1.473 

1.918 

1.917 

1.667 

1.509 

1.676 

1.808 

1.532 

1.314 

0.721 

Experi - 
ment 

Time, Hr. 

3.7 

77.4 

20.6 

25.0 

24.6 

10.2 

21.9 

3.0 

4.0 

4.25 

4.00 

4.55 

0.77 

2.40 

2.86 

1.87 

3.50 

4.20 

3.00 

7.30 

95% 
Absorption 
Time. Hr. 

1.75 

1.90 

1.86 

0.64 

1.38 

1.96 

1.30 

2.13 

3.64 

1.60 

7.30 

Notes 

Dark gray t o  black co lor  due t o  oxide 
and n i t r i d e  formation; see Table 3. 

Same as # l .  

3/4 brown and 114 black co lo r  due t o  
oxide and n i t r i d e  formation; see Table 
3; s i l v e r  gray i n t e r i o r ;  heav i l y  cracked. 

Same as # I ;  edges are sp l in tered;  degas- 
sed 15 hr .  

Same as # l .  

Same as # l .  

L i gh t  gold w i t h  black spots; H:Zr r a t i o  
determined by volume Hz absorbed. 

Eio hydrogen introduced; preparat ion per- 
formed t o  determine mass ga in i n  absence 
of hydrogen; sample washed and abraded; 
degassed a t  25°C for  1 h r .  

No hydrogen introduced; degassed 17 hr. 
25°C and 1 h r  450°C; d u l l  gray co lo r .  

Degassed 1 hr . ;  reddish w i t h  gray spots. 

Reddish gray; few deep cracks; degassed 
1 hr.; annealed 2 hr.;  metal washed and 
abraded. 

Brown w i th  deep cracks; annealed 1.5 hr.; 
metal washed and abraded. 

S i l ve r  w i t h  tan edges; cr iss-crossed 
w i t h  microcracks; b r i t t l e ;  metal washed 
and abraded. 

S i l v e r  gray w i t h  several cracks; metal 
washed and abraded; degassed 1 hr .  

S i l v e r  w i t h  s l i g h t  ye l low t i n t ;  metal 
washed and abraded; a feu deep cracks; 
see Table 3. 

S i l v e r  w i t h  y e l l n  t i n t .  

Hydrogen added a t  23'C; T was increased 
t o  626°C; took 20 minutes once 626'C 
was reached f o r  react ion t o  begin; hydr ide 
was dark gray t o  black. Bottom end more 
severely cracked than upper. 

Suf f ic ient  hydrogen t o  make ZrH 5 was 
added; pressure was al lowed t o  h o p  as 
Hp was absorbed; hydride was s i l v e r  w i t h  
ye l low t i n t ;  see Table 3. 

Same as X18; on ly  reddish s i l v e r  w i t h  
small cracks. 

S i l v e r  w i t h  ye l low t i n t ;  no cracks. 



TABLE 3.  (contd) 

Mass of Degas Hydriding H:Zr Atom Experi- 
Sam111 e Metal, Tap . ,  Hydriding Pressure. Pat io  by ment 

NO. ~ o r m ( ~ )  _ g c ~emp., o c  Mass Gain t o r r  Time. Hr. 

21 0.50" tub ing 5.1931 625 760 1.844 2.40 

95% 
Absorption 
Time, Hr. 

1.38 

Notes 

S i l ve r ;  several deep cracks i n  bottom 
end; a few cracks i n  top end; b r i t t l e .  

22 0.25" rod 3.3602 626 7 60 1.629 1.90 S i l ve r ;  several deep cracks on the ends; 
shallow cracks on sides. 

23 0.50" tubing 8.2188 418 760 0.488 z8.0 
See Notes 

The sample was severely cracked and 
broken; therefore.  the H:Zr was deter -  
mined by volume Hz absorbed. The 
hydride was black; no t  b r i t t l e .  

24 0.50" tub ing 6.1712 627 629 760 1.741 3.0 S i l v e r  w i t h  numerous deep cracks i n  
bottom; f ou r  small cracks on top; f l a k i n g  
on bottom; degassed 1 hr . ;  b r i t t l e .  

25 0.50" tubing 6.6457 626 636 1.894 2.4 
See Notes 

S i l ve r ;  deep cracks on bottom; shallow 
i n  middle and top; Hz absorption was 
very rap id ;  760 t o r r  was no t  reached 
before ZrH1,5 was; b r i t t l e .  

26 0.50" tubing 6.7366 92 1 760 1.741 23.0 

27 0.50" tub ing 3.5543 622 630 1.897 1.1 
See Notes 

Si lver -gray;  many microcracks on surface; 
b r i t t l e .  

S i l ve r ;  bottom i s  heav i ly  clacked; top 
and middle have several small cracks; 
absorption was again too rap id  t o  reach 
760 t o r r ;  b r i t t l e .  

28 0.50" tub ing 3.2485 700-846 760 1.799 2.6 
See Notes 

Temperature was increased as H2 added 
u n t i l  absorption ceased. Hydride i s  
s i l v e r  and has no cracks. Not b r i t t l e .  

29 0.50" tub ing 4.3964 918 200-760 1.940 5.5 
See Notes 

Pressure was incrementa l ly  increased 
when absorption a t  previous pressure 
ceased. Hydride was p r i n c i p a l l y  brown 
w i th  a gray top. Very small cracks; 
b r i t t l e .  

Sample degassed 15 hr . ;  hydr ide i s  s i l v e r  
w i t h  deep cracking on bottom. Surface 
has numerous small cracks; b r i t t l e ,  
annealed 1 h r .  

30 0.50" tub ing 4.9920 25 626 760 1.910 2.32 

625 626 1.908 2.50 
See Notes 

627 760 1.619 3.20 

Same as Y25; annealed f o r  1 h r . ;  b r i t t l e .  

32 0.50" rod 10.7643 
See Notes 

Z i rca loy-4 rod used; hydride i s  s i l v e r  
w i t h  ye l low t i n t ;  top i s  black; bottom 
more cracked than top. 

' 33 0.50" tub ing 4.9881 S i l v e r  w i t h  ye l low t i n t ;  few large cracks; 
many small cracks; b r i t t l e .  

Same procedure and r e s u l t s  as Y28; sample 
annealed 1 hr.;  b r i t t l e .  

34 0.50" tub ing 5.5172 628-854 760 1.858 2.70 
See Notes 

S i l ve r ;  deep cracks on the end; and shallow 
on sides; b r i t t l e .  

35 0.50" tub ing 5.1598 

36 0.25" rod 2.1995 
See Notes 

Pure zirconium s t a r t i n g  mater ia l ;  hydr ide 
i s  s i l v e r  w i t h  ye l low t i n t  and i s  heav i l y  
cracked. 

(a)  Z i rca loy-2 except f o r  Y32 and 36. 
(b)  H:Zr r a t i o  determined by f us ion  analys is .  
( c )  Temperature and pressure were var ied i n  attempts t o  promote H-Zr react ion.  



ANALYTICAL PROCEDURES 

We used both weight ga in  and volume (STP) o f  Hz absorbed t o  determine 

the,  f i n a l  composit ion o f  t he  z i rconium hydrides prepared. The former can be 

measured more accura te ly  bu t  inc ludes a p o t e n t i a l  e r r o r  due t o  reac t i on  w i t h  

i m p u r i t y  gases. However, except as noted f o r  the  f i r s t  seven samples ( d i s -  

cussed below) t h i s  e r r o r  i s  bel ieved t o  be small and the  composit ion de te r -  

mined by weight ga in  i s  l i s t e d  i n  Table 3. It i s  worth no t i ng  t h a t  t h e  two 

values d i f f e r  by no more than 5% f o r  any o f  t he  hydrides. Hydrogen, oxygen, 

n i t rogen,  and carbon concentrat ions were determined by fus ion  ana lys i s  i n  

se lected samples (Tab1 e 4 ) .  

The volume (STP) o f  t h e  hyd r id ing  system was ca lcu la ted ,  assuming 

i d e a l i t y ,  us ing  the  pressure change caused by a d d i t i o n  o f  a known volume 

o f  H2. The "apparent" volume o f  the  system i s  a f u n c t i o n  o f  t h e  r e a c t i o n  

vessel e q u i l i b r i u m  temperature and was deterinmined a t  two po in t s :  25 and 

91 5°C. A 1 i nea r  r e l a t i o n s h i p  between "apparent" volume and temperature was 

assumed and used t o  c a l c u l a t e  hydrogen absorp t ion  a t  a p a r t i c u l a r  temperature. 

TABLE 4. Carbon, Oxygen, Nitrogen, and Hydrogen Analyses 
o f  Selected Hydride Samples 

Sample 

1 

2 

3 

4 

5 

6 

15 

18 (ou te r )  

18 ( i n n e r )  

Oxygen , 
w t  ppm 

2,351 

Hydrogen, 
w t  ppm 

1,113 

2,100 

6,716 

986 

Carbon, 
w t  ppm 

77.5 

110.0 

73.0 

125.0 

Ni t rogen , 
w t  ppm 

833 

586 

342 

593 



RESULTS AND DISCUSS I O N  

The cond i t ions  o f  preparat ion and the physical  c h a r a c t e r i s t i c s  o f  the  

product hydrides are inc luded i n  Table 3. Samples 1-7 were prepared p r i o r  

t o  complete e l i m i n a t i o n  o f  a i r  inleakage i n t o  the  hydrogen supply l i n e .  

They a re  examples o f  the  i n h i b i t i n g  proper t ies  of the  n i t r i d e  and oxide 

f i l m s  formed by absorpt ion o f  N2 and O2 i m p u r i t i e s  i n  H2. With t h i s  i n h i b i -  

t i o n  present, v a r i a t i o n s  i n  temperature, pressure, and pretreatment were 

equa l ly  i n e f f e c t i v e  i n  speeding up the  desi red reac t ion .  The n i t r i d e s  and 

oxides o f  z i rconium a re  except iona l ly  s t a b l e  compounds (see Table 2) and 

form a  b a r r i e r  t o  the  hydrogen reac t ion  apparent ly even a t  temperatures 

above where the  oxide should d isso lve  o r  migra te  i n t o  the  metal.  

Ne i ther  pretreatment (degassing o r  surface cond i t i on ing  by washing and 

abradi ng ) nor pos t - r e a c t  i o n  treatment (anneal i ng a t  t he  r e a c t i  on temperature) 

had detectable e f f e c t s  on e i t h e r  format ion r a t e  o r  physical  c h a r a c t e r i s t i c s  

o f  the  hydr ide:  f o r  degassing e f f e c t s ,  see Samples 10, 11, 14, 24, f o r  

sur face cond i t i on ing  see Samples 8-15, and f o r  anneal ing ef fects,  see 

Samples 11, 12, 31, and 34. 

The s t a r t i n g  form of the  metal was important  i n  determining the  r a t e  

of reac t i on  and the  physical  s t a t e  o f  the  hydride. Samples 22, 31, and 

32 shown i n  Figures 3  and 4, show the d i f ference between the  0.25 in . ,  

0.50 i n .  diameter rod  and the  0.50 i n .  tub ing forms. Because of i t s  l a r g e r  

surface- to-volume r a t i o  the  tub ing accepted hydrogen more r a p i d l y  and 

w i t h  l e s s  des t ruc t i on  o f  physical  i n t e g r i t y .  Sample 32 shows the  e f f e c t  

o f  decreasing the  surface-to-volume r a t i o .  Comparison of 36 and 22 i n  

Figures 3  and 4  suggests an increased reac t ion  r a t e  f o r  pure z i rconium 

r e l a t i v e  t o  Z i rca loy-2 .  The a d d i t i o n  o f  the  a l l o y i n g  components i n  Z i r c a l o y  

poss ib l y  i n h i b i t s  the  r a t e  of reac t i on  s l i g h t l y .  However, the  pure z i rconium 

i s  more severe ly  cracked than i t s  Z i rca loy-2  counterpar t .  A s i n g l e  0.50-in. 

Z i  r c a l  oy-4 rod  was hydrided , b u t  no Z i  rca  1  oy-2 nor  z i  r con i  um of comparabl e  

s i z e  were hydrided. Thus, a  comparison cannot be made. It must be 

emphasized t h a t  the  small number o f  samples examined makes the  above comments 

very t e n t a t i v e .  Likewise, the  effects of ~ t h e r  a l l o y i n g  ma te r ia l s  o r i g i n a l l y  

schedul ed were not determined. 



FIGURE 3. E f f e c t  o f  S t a r t i n g  Form o f  Z i rcon ium on Reac t ion  Rates 
a t  ~ 6 3 0 ° C  and 760 T o r r  Hydrogen Pressure 

The e f f e c t  of H2 p ressure  on t h e  r e a c t i o n  r a t e s  was g r e a t e r  than 

expected, t h e  r a t e  a t  200 t o r r  be ing much s lower  than  a t  h i ghe r  pressures 

(see f o r  example Exper iments 10, 11, 12, 18, and 22) .  The da ta  a r e  inade-  

qua te  t o  p e r m i t  q u a n t i t a t i v e  i n t e r p r e t a t i o n .  Exper iments performed a t  

Brookhaven Na t i ona l  Labo ra to r y  (BNL) a1 so showed cons ide rab le  v a r i a t i o n  

i n  r e a c t i o n  t imes  w i t h  pressure.  6, For  p r e p a r a t i o n  o f  tr i  t i a t e d  hydr ides ,  

t h e  BNL workers  chose t h e  s lower  r e a c t i o n  a t  pressures < I 0 0  t o r r  t o  a v o i d  

h y d r i d e  c rack i ng .  

I t  would be expected t h a t  soniewhat h i g h e r  equ i  1  i br i um pressure  would 

e x i s t  over  t h e  Z i r c a l o y  as compared t o  pure  z i r con ium,  and t h e r e f o r e  a  lower  

t e rn i i na l  hydrogen- to-z i rcon iur i l  (H/Zr)  r a t i o  would be reached f o r  Z i r - ca loy  

under s i m i l a r  c o n d i t i o n s .  I n f o r m a t i o n  i s  l a c k i n g  for- Z i r c a l o y s .  t!!jl:?ver, 

t h e  assumption i s  suppor ted by t h e  measurements o f  T r zec iak ,  who f l ~und  a  





maximum H/Zr r a t i o  o f  1.78 f o r  a  4  a t . %  'Sn a l l o y .  ( I 2 )  For  a  5  a t . %  Sn a l l o y ,  

Beck observed 2 cons iderab ly  h i ghe r  p la teau  pressure f o r  t h e  B + 6 system 

a t  800°C, 225 t o r r  versus 134 t o r r  f o r  Zr.  (11) 

The maximum a t t a i n a b l e  hydr ide  composit ion (H/Zr r a t i o )  i s  l i m i t e d  by 

t h e  p a r t i a l  pressure o f  hydrogen a t  a  p a r t i c u l a r  temperature,  thus from 

F igure  2, h igher  pressures than those used were necessary t o  o b t a i n  a  com- 

parab le  f i ~ a l  composi t ion a t  900°C t o  t h a t  a t  600°C. Thus, the e f f e c t  o f  

temperature on r e a c t i o n  r a t e s  i s  bes t  compared a t  a  lower hydrogen con ten t .  

A t  t h e  p o i n t  where t he  composi t ion i s  ZrHOa8 t h e  average r e a c t i o n  t imes 

were (F igures 3, 5 and 6 ) :  

Rod a t  915"C, 0.71 h r .  
625"C, 0.75 h r .  

Tubing a t  915"C, 0.22 h r .  
T increased from 600°C, 0.08 h r .  

625"C, 0.42 h r .  
400°C, >15 h r .  

The very  slow r e a c t i o n  found a t  400°C, Sample 23 (F igu re  5) i s  i n  agreement 

w i t h  work o f  LaGrange e t  a l . ,  who found t h e  H2-Zr r e a c t i o n  t o  proceed very  

s low ly  below 550°C.(17) The long  r e a c t i o n  t imes observed below about 600°C 

may be due more t o  l ack  o f  m o b i l i t y  o f  t h e  p r o t e c t i v e  f i l m s  o f  ox ides,  

n i t r i d e s ,  e tc . ,  r a t h e r  than t h e  e f f e c t  o f  temperature on t h e  H 2 - Z r  r e a c t i o n  

i t s e l f .  The h y d r i d i n g  r e a c t i o n  i s  probably  d i f f u s i o n  c o n t r o l l e d  over  t h e  

temperature range o f  t h e  p resen t  exper iments.  

The e f f e c t  o f  temperature on t he  i n t e g r i t y  of samples w i t h  h i g h  hydrogen 

con ten t  i s  s i g n i f i c a n t .  Higher temperatures apparen t l y  a l l o w  t h e  meta l  t o  

s t r ess  r e l i e v e  i t s e l f  as t h e  hydrogen i s  absorbed. Samples prepared by 

H2 a d d i t i o n  w h i l e  the  temperature was being increased from 600 t o  about 900°C 

showed no cracks under a m a g n i f i c a t i o n  o f  215X. I t  might  be a n t i c i p a t e d  

t h a t  temperature changes which c a r r y  t h e  sample through phase changes d u r i n g  

h y d r i d i n g  migh t  lead  t o  more phys i ca l  d e t e r i o r a t i o n .  Huff ine, f o r  example, 
observed t h a t  temperature v a r i a t i o n  and f l u c t u a t i o n  caused increased c rack-  

ing. (18)  However, t h i s  was n o t  ev i den t  f rom t h e  p resen t  work. 

Un i f o rm i t y  of h y d r i d i n g  was examined i n  Sample 18. Samples from t h e  

i n t e r i o r  and e x t e r i o r  o f  t he  rod  showedthe same hydrogen content .  



FIGURE 5. E f f e c t  o f  Low Pressure and Low Temperature on 
Z i  rconium-Hydride Forma t i o n  
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from the samples. Pieces about 0.75 mm by about 1.5 mm square could n o t  
be ignited with a propane-oxygen torch. Smaller pieces, about 0.3 mm by 

1 mm would igni te  with the torch when held with a pair of forceps. These 

conclusions are supported by work carried o u t  for  BNL a t  the University of 

Denver. ( I 9 '  In t h a t  study, the e lec t ros ta t ic  spark susceptibi l i ty  of the 

powders of metals and the i r  hydrides was measured. Zirconium and ZrHZ were 

found t o  have minimum ignition energies of 6 x 1 0 ' ~  and 3.2 x joules, 

respectively. 

The combustion of zirconium has been studied in considerable detai l  

and established guidelines should be useful for  work with hydrides. There 

appears t o  be l i t t l e  hazard from massive pieces of ei ther  zirconium or 

zirconium hydride. However, pyrophoricity i s  direct ly related to the 

surface/volume ra t io ,  and because of the b r i t t l e  nature of the hydride and 

the consequent propensity t o  form small part icles ,  some further studies 

are warranted. 

As previously mentioned , the experimental program was n o t  completed ; 

thus no information was obtained on the s t a b i l i t y  of the t r i  t ia ted hydride, 

i . e . ,  the leachabili ty of tritium from the solid.  However, preliminary 

leach t e s t s  were carried o u t  a t  BNL and very low losses were observed. (20)  

Likewise, the experiments with cladding hulls were n o t  completed. 

Pieces of Shippingport fuel cladding were washed with 6M HN03 and O . 1 M  

Ce(1V) in 4M - HNO? The radiation was low enough that they could be handled 
in the regular apparatus. Questions concerning the kinetic behavior of the 

irradiated versus unirradiated samples of Zircaloy and the physical behavior 
of the products have n o t  been answered. 



RECOMMENDATIONS 

The b r i e f  study described here i nd i ca tes  t h a t  zirconium hydr ide should 

be an acceptable storage form f o r  t r i t i u m  ahd t h a t  scrap Z i r ca loy  can be 

employed i n  place o f  zirconium. Used ( i r r a d i a t e d )  Z i r ca loy  c ladding h u l l  s 

can probably be used, bu t  t h i s  has not  been demonstrated. (a) 

Thus, al though the  f e a s i b i l i t y  i s  demonstrated, a number of problems 

need c l a r i f i c a t i o n :  

Elemental t r i t i u m  i s  required. This can be achieved by e l e c t r o l y s i s  o r  by 

decomposition o f  t he  t r i t i a t e d  water w i t h  heated metal.  Zirconium scrap 

may be idea l  f o r  t h i s  purpose, bu t  t h e  process has no t  been demonstrated. 

I m p u r i t i e s  i n  the  t r i t i a t e d  hydrogen may severely i n h i b i t  t he  hyd r id ing  

ra te .  The obvious method o f  removing these i s  t o  pass t h e  gas over a 

bed o f  Z i r ca loy  scrap heated a t  a temperature above which the  hydr ide 

i s  s tab le ,  about 1000 t o  1200°C. Preparat ion o f  the hydrogen using 

heated metal as suggested above should simultaneously solve t h i s  

problem. The possib i  l i t y  o f  us ing a f l o w  system, i .e., p lac ing  the  

zirconium t o  be hydrided downstream from the  p u r i f i c a t i o n  bed, as 

opposed t o  t h e  batch-vacuum technique used here should be inves t iga ted.  

Fur ther  in format ion  on the importance o f  the presence o r  absence of 

ox ide ( o r  o the r )  f i l m s  on the  zirconium i s  needed. 

Fur ther  study o f  t he  e f f e c t s  o f  small amounts o f  a l l o y i n g  ~ i i e ta l s  such 

as present i n  Z i r ca loy  may be desi rable.  

Studies w i t h  i r r a d i a t e d  c ladding h u l l s  should be c a r r i e d  ou t  t o  examine 

both the  k i n e t i c s  and the  physical  s t a b i l  i t y  of t he  r e s u l t i n g  hydride. 

Considerat ion o f  storage as re1 ated t o  res idua l  r a d i o a c t i v i t y  i n  these 

h u l l s  i s  a l so  required.  

Fur ther  leach t e s t i n g  under a v a r i e t y  o f  condi t ions,  a c i d i t y ,  tempera- 

ture,  etc.,  should be done. 

Selected py rophor i c i t y  s tudies w i t h  p a r t i c l e  s i z e  and the  Zr/H r a t i o  

as parameters should be c a r r i e d  out .  

(a)  Workers a t  Bat te l le-Northwest  have shown t h a t  re -cas t  Z i r c a l o y  can be 
used t o  absorb t h  small q u a n t i t i e s  o f  hydrogen l i b e r a t e d  when o ther  
h u l l  s a re  me1 ted. ?21) 
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APPENDIX  A 

COIYPOSITIONS OF Z I R C A L O Y S  



Composition i n  Percent 

Element Top Bottom 

S n 1.56 1.41 
Fe 0.14 0.16 
C r  0.11 0.11 
N i 0.06 0.06 
Fe+Cr+N i 0.31 0.33 

Impur i t i es  i n  ppm 

A 1 5 1 5 8 
B <0.2 <o. 2 
Cd <O. 2 <O. 2 
C 150 1 40 
Co <10 <10 
Cu 13 13 
H f 58 66 
H 9 6 
Mn <25 <25 
N 28 2 7 
S i <50 <50 
T i  <2 5 <25 
W <25 <25 
U 0.9 <O. 5 

(a)  Analys is  provided by Tel edyne Wah 
Chang Albany 



 COMPOSITION'^) OF ZIRCALOY -4 
Composition in Percent 

Element & Bottom 

S n 1.31 1.51 
Fe 0.20 0.19 
C r 0.11 0.11 

Impurities in ppm 

5 0 5 3 
0.2 0.2 
<o. 2 <o. 2 
90 80 
110 <lo 
28 3 1 
74 7 7 
1 1  7 
-.25 ~ 2 5  
.35 <35 
33 3 2 
..25 <25 
:25 <25 

<O. 5 0.7 
< 5 < 5 
~ 2 5  ~ 2 5  
.-lo -10 
.25 <25 
.- 1 0 <lo 
9 5 8 8 
k25 4 5  
<50 <50 
1420 1420 
<10 <10 
<loo <loo 

-- ~ 

(a) Analysis provided by Teledyne 
Wah Chang Albany 
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