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The physical  proper t ies  of U02, ZrO , U02-Zr02 so l id  solutions,  
&02 -x' and Zircaloy-4 have been revieweg. Recommended and extrapolated 
values  of these  physical  proper t ies  a r e  given. The proper t ies  covered 
i n  t h i s  repor t  a re ,  t r a n s i t i o n  temperatures, heat  capaci t ies ,  heat con- 
t en t s ,  vapor presslires, thermal conduc$ivities and thermal expansion. 
The temperature ranges and mater ia ls  covered were geared f o r  use i n  the  
ana lys i s  of a loss-of-coolant reac tor  accident. 
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I. INTRODUCTION 

In various portions of the reactor safety program, including the 
LOFT experiments as originally planned, a knowledge of the high tempera- 
ture physical-chemical properties of reactor fuel materials is required 
both for the safety analysis and planning which must precede such tests 
and for the proper interpretation of the behavior of the core materials 
during the tests. Since major industrial interest centers on Zircaloy- 
4 clad uranium dioxide, and the first LOFT core is projected to use this 
fuel-cladding combination, the pertinent physical-chemical properties 
of these materials (and compounds which might reasonably be produced by 
the chemical interaction of these two substances) have been collected 
for use in the LOFT safety analysis and data interpretation. Temperatures 
approaching 3000°C may be reached in the fuel elements after the loss-of- 
coolant accident and it has not always been possible to find experimental 
values for the desired physical-chemical properties. In a number of cases 
best estimates have been made by the extrapolation of existing measurements 
guided by well known physical-chemical principles. Values for the follow- 
ing properties a.re reported: 

1.0 Transition Temperatures 

2.0 Thermodynamic Properties 

3.0 Equilibrium Vapor Pressure 

4.0 Thermal Conductivities 

5.0 Thermal Expansion 

For greatest utility the information in this report has been arranged 
in the following manner: Section 11, which follows immediately, contains 
t h e  recommended values for the physical-chemical properties to be used 
in the aforementioned calculations. In all cases values based on experi- 
mental data and estimates are clearly differentiated. 

Section I11 contains the sources of information, alternate presenta- 
tions of information appearing in Section 11, and values for some of the 
physical properties which are not listed in Section 11. Recommendations 
for further work with these materials are contained in Section IV. 

This survey was completed in July 1966 and includes information 
available from journals published as recently as ~ u n e  1966 with the ex- 
ception of one report published in September 1966. Research in this field 
is active, and pertinent information is appearing ,frequently; therefore, 
updating of this document in about two years would be advisable to con- 
tinue to fulfill the needs of the reactor safety program. 

It is expected that a General Electric report "Recommended Property 
and Reaction Kinetics Data for Use for Evaluating a Light-Water-cooled 
Reactor Loss-of-Coolant Incident Involving ~ircaloy-b or 304 ss Clad U02", 
will be shortly published. [11 It is anticipated that the General Electric 



repor t  w i l l  complement t h i s  one i n  several  areas ,  and therefore  it i s  
suggested t h a t  both documents ,be used as sources.of physical  property 
data .  

11. RECOMMEWDED 'VALUES FOR PHYSICAL PROPERTIES 

1. TRANSITION TEMPERATURES 

1.11 Melting Point-Unirradiated 
- - - . . -. 28 30 O c  

. 1.12 Change i n  Melting Point  with I r r ad i a t i on  -32°~/10,000 MWd/~tu 

3850°c 1.13 Normal Boil ing Point  

1.2 Zr02 - 
1.21 Monoclinic t o  Tetragonal Transi t ion 1205 OC 

1.22 Tetragonal t o  Cubic Transit ion 2285 OC 

. . 1.23 Melting Point  2700 O C  

1.24' Normal Boil ing Point  4 1 0 0 " ~  

1.3 Zr02 - (See' Phase Diagram-Figure 1 ) 

1.4 U02-Zr02 Solid Solutions (see Phase Diagram-Figure. 2 ) 

1 1.41 ~ u t e c t i c  Temperature 2 5 5 0 ~ ~  . .. 

1". 5 ,  ~ l r c a l o y - 4  

. . 1.51 (-x - B Transit ion.  . 9 5 0 " ~  . 

1.52 Melting Point  1850°c 

2. THERMODYNAMIC PROPERTIES . 

. , 

2.1 uO, (unir radia ted)  . . 

2.11, Heat Capacity 



2.113 Molten UO, 

2.12 Enthalpy 

2.121 25 t o  1200°c 

2.123 A H (f'usion) 7-, 28.5 Kcal/mo-le 

2.124 Molten UO, above 2830°C 

A H (vaporization) (see t ex t  under vapor pressure)  

2.21 Heat Capacity 

2.211 Monoclinic Zr02 ( 2 5 ' ~  t o  1 2 0 5 ~ ~ )  

5 -2 c = 16.64 + 1.80 x ~ o - ~ T  - 3.36 x 10 T cal/mole-OK 
(T i n  OK) 

2.212 Tetragonal Zr02 (1205 t o  172T0c) 

C = 17.8 cal/mole -OK 

P 

2.213 Tetragonal and Cubic Zr09 (1727 t o  2 7 0 0 ~ ~ )  

* 
Estimated 



2.22 Ehthalpy 

2.221 Monoclinic ZrO, (25 t o  1205 '~)  

2.222 Monoclinic t o  Tetragonal Transi t ion 

2.224 Tetragonal Zr02 (1727 t o  2 2 8 5 ' ~ )  

2.225 Tetragonal t o  Cubic Transi t ion 

2.226 Cubic ZrO, (2285 t o  2 7 0 0 ~ ~ )  

H ~ ~ ~ - ~ ~ ~ ~ ~  -, 11500 .+ 5 . 0 5 6 ~  + 3 186 x 10 -3 T 2 kcal/mole 
. . 

2.227 Heat of f i s i o n  of ZrO, 
(T  i n  O K ) *  

2.228 Molten ZrO, 
L 

2.229 A H (vapor izat ion) .  (see t e x t  page. 18)  

2.3 U O ; - Z ~ O ~  Solid Solutions (see t e x t  pager, 12 end 13 ) 

2.4 Zr02 fro111 x=O t o  x=2 (See .t&xt yage.14) - 

* 
Estimated 



2.51 Heat Capacities 

2.511 Q: -2ircaloy-4 (25 t o  9 5 0 ~ ~ )  

2.513 Liquid Zircaloy-4 

c = 8.8 X' 10'~ ~ a l / g - ~ K  
P 

* 
2.524 A H ( fus ion)  = 53.7 c a l l g  

2.525 A H (vaporization) (see t e x t  pages 16 and 17)  

3.11 Above Solid U02 

3.12 Above Liquid U02 

* 
Estimated 



3 -21 Sol id  Zr02 

 LO^ [P ( a h ) ] = - 3 9 , 7 7 ' ~ - ~  - 3 597 LoglOT + 21 
Zr02 

1 

L ~ ~ [ P ~ ~ ~ ~  (atrn 3 / 2 i  1 -61527~ '~  + 14.17 

3.22 Liquid Z r O  
2 

3.221 I * 
Log [PZrO (atrn) = - 3 1 , 6 8 0 ~ - ~  + 6.542 

- 
1 - 

LoglFzro p0 (atm 3/2)] = -57,507~-' + 12.86* 
0 

3.3 ~ i r s aboy - ) l  

3.31 Solid ~ i r c a l o y - 4  

LogbZr (atm)l= - 2 8 , 8 9 9 ~ - ~  + 5.804 

4. THERMAL CONDUCTIVITIES 

4.11 Unirradiated U02 ( f o r  more deta i led information see t e x t  page 24) 

4.111 Solid TJO 
2 

Temperature 
Ok 

4.112 Liquid U02 a t  3 2 0 0 ' ~  

Thermal  Conductivity, k 
w a t t s / ~ m - ~ C  

0.0680 
0.0370 , 

0.0262 
0.0230 
0.0280 
0.0428 

* 
k = 0.05 watts/cm-"C 

4.12 I r r ad i a t ed  Stoichiometric Solid UO, 

-3 3 
JC 38'24 + 4.788 x l o  T watts/cm-OC 
Estimated k=~c129.4 



4.3 U02-Zr02 Solid Solutions (See t e x t  page 25) 

4.41 Solid Z i r  caloy-4 
T 

O c  

200 
400 
600 
800 

1000 
1200 
1400 
1600 
1800 

4.42 Liquid Zircaloy-4 

1850°c 0 . 5 7 ~  

5. THERMAL EXPANSION 

5.11 Solid UO, 

5.111 ( 0  t o  2 2 0 0 ~ ~  from 0 ' ~ )  

-7 2 % Linear Expansion = 6.797 x + 2.896 x 10 T 

5.112 (2200 t o  2830 '~ from O'C) 

-7 2 % Linear Expansion = 0.204 + 3 x 10m4T + 2 x 10 T + 
lo-1°~3 (T i n  - OC ) 

5.12 'Melting Point  

Increase i n  volume on melting 9.6% 

5.13 Liquid UO, 

JC % Linear Expansion = 3.5 x ~ o - ~ / o c  
Es'k,inlate~-l 



5.21 Monoclinic Zr02 (0  t o  1 2 0 5 ~ ~ )  

-4 $ Linear Expansion = 7.8 x 10 /OC 

5.22 Monoclinic t o  Tetragonal Transi t ion 

Decrease i n  volume approximately 7.7% 

5.23 Tetragonal and Cubic Zr02 (1205 t o  2 7 0 0 ~ ~ )  

$ Linear m a n s i o n  = 1.302 x 1 o 3 / ~ c  

5.3 Zr02-U02 Solid Solutions (see t e x t  page 32) 

5.41 a.Form ( 0  t o  9 5 0 ' ~ )  

-4 -7 2 5 Thermal Expansion = 5.6 x 10 T + 4 x 10 T 

5.42 a-B Transi t ion 

Decrease i n  volume approximately 0.5% 

5.43 B Form (950 t o  1850 '~)  

-4, % Thermal Expansion = 9.7 x 10 1°C 

111. PHYSICAL PROFERTIES OF REXl CTOR MATERIALS 

1. TRANSITION TESIPERATURES 

1.1 Uranium Dioxide . . 

Solid uranium dioxide has the  face centered cubic s t ruc ture  a t  a l l  
temperatures up t o  i t s  melting point .  [23 

1.. 11 Unirradiated UO 
2 

Many d i f f e r en t  values of the  melting point  of UO have been 
2 reported.  i n  the  l i t e r a t u r e ,  ranging from 2176 t o  2880°c. Var ia t ions ,o f  

t he  recent r e s u l t s  indicate  t h a t  the melting point  l i e s  between 2730 and 
2880. The la rge  range of reported melting points i s  probabl f3:?jyj result. 
of stoichiometry changes i n  the  UO during the  measurements, 

2 and the  
higher reported melting points  a r e  probably the  be t t e r  determinations. 



1.12 I r rad ia ted  U02 

I r r ad i a t i on  of U02 of course e f f e c t s  the  melting point  a s  a 
r e s u l t  of the  build-up of f i s s i o n  products i n  the  fue l .  The r e s u l t s  of 
two determination e change i n  the  melting point  on i r r ad i a t i on  a re  

' i n  disagreement. 

The r e s u l t s  given i n  reference 8 indicate  an increase i n  the  
mel t ingpoint  a t  low exposures. A t  higher burn-ups there  i s  a rapid decrease 
i n  the  melting point  t o  about 2800'~. The melting point  was only s l i g h t l y ,  
ef fected between 5,000 and 50,000 ~ d / ~ t  U. The r e s u l t s  given i n  reference 
10 a re  i n  disagreement with t h i s  work since a constant decrease of 32O~/  
10,000 M W ~ / M ~  U was observed. The behavior observed i n  the  e a r l i e r  work 
a t  low i r r ad i a t i ons  may have been the  r e s u l t  of changes i n  U02 stoichiometry 
r a the r  than r e a l  changes caused by f i s s i o n  of U02. Since more data i s  
avai lable  a t  high burn-ups i n  reference 10, I recommend the  constant de- 
crease i n  the  melting point  of 32°~/10,000 M W ~ / M ~  U, although fu r the r  work 
i s  needed t o  resolve the  di f ferences  between these  two determinations. 

C11 I The reported t r ans i t i on  temperatures have been reviewed by Schick , 
and f o r  the  monoclinic t o  te t ragonal  t r ans i t i on ,  a temperature of 1478% 
i s  recommended. It has been shown t h a t  there  i s  a t r a n s ' t i o n  f om a 
te t ragonal  t o  a cubic form of Zr02 a t  high temperatures.t12, 135 A tempera- 
t u r e  of 2285O~ i s  recommended f o r  t h i s  t r ans i t i on ,  which was determined 
using a high temp r a  ure X-ray diffractometer.  The recommended melting 
point  i s  2700°c. T l l ?  

1 .3 Zr02-x from x = 0 t o  x = 2 

The phase diagram f o  t e zirconium-oxygem system has been reported 
by Hansen and co-workers. h-57 Since the  phasc diagram does not show the  
monoclinic, te t ragonal ,  and cubic forms of Zr02, t he  por t ions  of the  
phase diagram. a t  higher oxygen content, greater  than 30 atom percent, i s  
considered t o  be i n  doubt; however, the  l iquidus-solidus curve i s  probably 
reasonably accurate. This phase diagram i s  given i n  Figure 1. 

1.11 Solid Solution of U02 and Zr02 

There i s  disagre ment between workers on the  phase diagram fo r  the  
Zr02 and UO system. 7 5 9  16-201 Cohen and Schaner [191 has shown t h a t  
there  i s  no$ complete mi sc ib i l i t y  of the  cubic so l id  solut ion 
so l id  solut ions  a t  high temperatures a s  was suggested b Wolte 
indeed there  i s  a high temperature cubic form of Z r O  . f12, l37  Since 
Grimes e t  a 1  have made a f a i r l y  extensive study of tge  lower temperature 
regions of the  Z r O  -UO sy  tem, have incorporated l iquidus-solidus curve 
of Lambertson and I?uel%r 751, and have used the  high temperature r e s u l t s  
of Cohen and Schaner i n  t h e i r  phase diagram, the  phase diagram by Grimes 

--.e$ a 1  i s  recommended. Figure 2 i s  a copy of t h i s  phase diagram with 
s l i g h t  modifications. The melting point  of the  eu t ec t i c  mixture of U02 
and Lru2 iG 2 5 5 0 ' ~ .  
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The t r a n s i t i o n  temperatures of ~ i r c a l o y - 4  w i l l  be d i f f e r en t  than those 
l i s t e d  fo r  pure zirconium. It has been shown t h a t  oxygen, nitrogen, hafnium, 
and t i n  r a i s e  the  B t r ans i t i on  t m ra tu re ,  the  other a l loy ing  i n -  
gredient  would lower the  t r ans i t i on .  Since t i n  i s  the  major a l loying 
ingredient ,  it would be expected t h a t  the  ate B t r a n s i t i o n  would be a t  
a higher temperature than pure zirconium; however, there  i s  some evidence 
t o  indicate  t h a t  the  a t o  B t r a n s i t i o n  temper t .  e i s  lower than the  
reported t r a n s i t i o n  point  f o r  pure zirconium. A t r a n s i t i o n  point ,  
between 900 and ~OOO'C, has been reported, and a temperature of ~ ~ o O C  i s  
recommen ed The melting point  of ~ i r c a l o y - 4  has been reported t o  be 
1849'~. y23 j 

2. THERMODYNAMIC PEOPJBTIES 

The heat content of unirr d'ated UO has been determined above room 
temperature by three  workers. ad -261  ~ g e  r e s u l t s  of Popov e t  a 1  i n  the  
temperature range 160 t o  6 0 3 ' ~  i s  only i n  f a i r  agreement with t he  measure- 
ments of Moore and Kelley, i n  the temperature range 25 t o  1190'~.  The 
r e s u l t s  of Moore and Kelley a r e  i n  good agreement with the  measurements 
of Conway and Hein, i n  the  temperature range 900 t o  235o0c, a t  temperatures 
common t o  both. The r e s u l t s  of Moore and Kelley a r e  recommended i n  the  
temperature range 1200 t o  2830°c, although there  i s  considerable uncertainty 
i n  the  extrapolat ion of heat capacity and enthalpy above 2350'~. The 
heat of fusion was determined t o  be 28.5 + 7.5 kgal /  y L. N. Grossman from 
thermal ana lys i s  of U02 with 2 weight percent Eu 0 . mot'77 The heat  
capacity of 1.j p i . d  TTO, was assumed t o  be the  sang 2s t h a t  calculated f o r  
so l id  U02 a t  2830'~. 2 

The ~I;~ier'rr~uiiy'r~a~uic. p roper t i es  of i r radia ted UO a re  unlcnown. It i s  2 
expected t h a t  the  heat capacity of i r rad ia ted  UO would be higher than 
t h a t  of unirradiated U02, but not s i gn i f i c an t l y  gigher, s ince the  percent 
increase i n  the  number of atoms present i s  not large  even a t  high f u e l  
,burn -up. 

The measurements of the  thermod a i c  proper i of Zr02 have been 
reviewed a a r e  reported by Schick elT, Kelley, 128q, and i n  the  JANAF 
tables .  ret7 Kelley gives equations f o r  the  enthalpy and heat capacity 
of Z r O  i n  the  temperature range 25 t o  172T°C, and estimated the  heat 
capaci?y in, the  teuyerature range 1727 t o  2700°C. The data which Kelley 
and Schick and the  JANAF t ab l e s  r e f e r  t o  was obtained by the  drop ca lo r i -  
metry method. I f  the t r ans i t i on  from monoclinic t o  te t ragonal  Zr02 i s  
slow, the  heat capacity data above 1 2 0 5 ' ~  i s  probably i n  e r ro r  since there  
was probably only a p a r t i a l  t r a n s i t i o n  of the  te t ragonal  t o  the  monoclinic 
form on cooling. However, the  data does show a sharp t r ans i t i on  a t  1205 '~ .  
The heat of t r ans i t i on  from te t ragonal  t o  cubic Zr02 was estimated t o  be 



3 kcal/mole from the  data  compiled by H. W. Deem [301 f o r  Zr02-UO so l id  2 solut ions .  This i s  approximately the  same a s  the  heat of transition of 
UO from the  t e t ragona l  t o  t he  cubic form. The heat of fusion was e s t i -  
mageed by Schick t o  be 25 kcal/mole, and the  heat capacity of molten Z r O  
was estimated t o  be 24 cal/mole-OK. JANAF gives 20.8 kcal/mole and an 2 
estimated heat  capacity of 21  c a l / m ~ l e - ~ ~  f o r  molten Z r 0 2  A t  high 
temperatures fo r  a n ~ b e r  of ceramic mater ia ls  the  heat capacity increases 
wi th  temperature. Th i s  i s  probably because of the  expected anharmonicity 
of v ib ra t ions  and poss ible  e lec t ron ic  t r ans i t i ons .  The higher heat 
capacity a s  given by Schick, therefore,  seems more reasonable and i s  
recommended. A heat  capacity of 24 ~ a l / m o l e - ~ ~  i s  recommended f o r  l i qu id  
Zr02. The estimated 20.8 kcal/mole i s  recommended f o r  the  heat of f'usion. 

2.3 Zr02-U02 So.lid Solutions 

H. W. Deem has compiled data  on thc  hcat content and heat c~paclty 
of various mixtures of U02 and Zr02 i n  t he  temperature range 0 t o  2000'~. 
The following a re  equations represent ing the  heat  capacity of these 
mixtr~rcn : 

' Composition Zr02-10 M/U U02 

C = 0.0789 + 8.483 x ~ O + T  (273 t o  727%) 
B- 

-8 2 c = 0.1713 - 7.516 x ~ o - ~ T  + 3.279 x l o  T (863 t o  2273 '~)  
P 

Composition Z r O  -17.5 M/O U02 2 

Cp = 0.0972 + 2 -535 x (273 t o  1292°K) 

Composition zr02-31. 6 M/O U O ~  

C = 5.432 x loo2 + 22.12 x ~ o - ~ T  (597 t o  2273'~) 
P 

Where C = spec i f i c  heat, c ~ ~ / ~ - O K  

P 

T = temperature, OK 



The following equations give the  enthalpy a s  a function of tenperature 
f o r  various mixtures of Z r O  and UO 2 2 ' 

Composition Zr02-10 M/O U02 

Composition. Z r O  -17.5 M/O U02 
2 

H ' , - H " ~ ~ ~  = 30.1-0 + 0.0972T + 1.268 x 10 -5 - T 2 (273 to 1292%) 

Where H " ~ - H O  
298 

= enthalpy, c a l l g  

T = temperature, OK 

It i s  not c e r t a h  how r e l i a b l e  the  above equations are .  Voronov 
e t  a1,and Grimes e t  a 1  have pointed out t ha t  the  di f ferences  i n  the  
reported phase diagrams a r e  a r e s u l t  of non-equilibrium conditions. The 
t r ans i t i ons  a s  observed i n  the  enthalpy data reported by Deem, only 
p a r t i a l l y  correspond t o  e i t h e r  the data of Schaner e t  a l ,  or t o  t h a t  of 
Grimes e t  a l l .  It i s  suspected t h a t  the  heat capacity of non-equilibrium 
mixtures of UO -ZrO were measured. It would probably be near ly  a s  

2 accurate t o  esBimate the  heat capacity of Zr02-U02 mixtures by multiplying 
the  mole-fraction of each component by the  heat capacity of the  pure 
components. 



From the  heat  capaci ty  and from the  temperature of the  t r a n s i t i o n  o r  
temperature range of the  t r a n s i t i o n  obtained from Figure 2, and the  heat  
of t r a n s i t i o n  of t he  pure components, it would be poss ible  t o  reasonably 
est imate enthalpy a s  a f'unction of temperature f o r  the  ZrO .-U02 mixture. 2 The above equations a r e  recommended for  the  heat  capacity and enthalpy 
of mixtures of ZrO and U02 t h a t  a r e  near l i s t e d  compositions. For another 
composition estimage the  heat capacity and enthalpy from the  heat  capacity 
and enthalpy of the  pure components. 

The heat  capacity of & o ~ - ~  f o r  2 > x > 0 has not  been measured. 
A reasonable est imate of the  heat capacity and enthalpy could be obtained 
by multiplying the  heat capac i t i es  o f . t h e  hypothetical  components, Zr02 
and Z r ,  by t h e i r  mole f r ac t i on  i n  Zr02 - x. 

The heat  content and heat  capacity of Zircaloy-4 should.be very 
close  t o  t h a t  of pure zirconium since the  a l loying metals a re  minor com- 
ponents. The composition of Zircaloy-4 i s  approximately: 

The a l loying of components i n  Zircaloy-4 may change the  t r a n s i t i o n  tempera - 
t u r e s  f o r  Zircaloy-2 and Zircaloy-4 and thus change the  heat contents i n  
t h e  temperature region of t h e a t o  B t r ans i t i on .  The r e s u l t s  given i n  WCAP - 
(3269) - (3) f o r  Zircaloy-4 a r e  not however i n  good agreement with the  heat 
content and heat  capacity of pure zirconium. The.heat  content and heat  
capaci ty  data f o r  pure zirconium should be used. 

K. K. Kelley [281 and the  JANAF t ab l e s  [291 have given t ab l e s  and 
equations f o r  the  heat  content and heat  capacity of pure zirconium. The 
recommended heat  content and heat  capacity of Zircaloy-4 were derived from 
these  references.  

3. EQUrZlBRrUM VAPOR PRESSURES 

The vapor pressure of reac tor  mater ia ls  a r e  important p roper t i es  f o r  
r eac to r  s a f e ty  analyses. Vaporization i s  undoubtedly an important f ac to r  
i n  re lease  of many f i s s i o n  products. Excessive vapor pressure may cause 
rupture  of the  cladding mater ia l  or  by vaporization from the  surface give 
access of the  f i s s i o n  products within the  f u e l  p ins  t o  the  surface,  where 
they may be released.  The vaporization of a reac tor  mater ia l  may a l s o  be 
an important mechanism of heat  t r ans fe r .  

I n  the case of Zircaloy clad UO and f o r  a loss-of-coolant accident, 2 ' t he  vaporization of U02 does not appear t o  be d i r e c t l y  important a s . a  heat 
t r ans f e r  mechanism except perhaps a t  temperatures near the  melting point .  
Vaporization would be important i nd i r ec t l y  s ince  deposit ion on and vapor-iza- 
t i o n  from the  various surfaces w i l l  change the  emiss ivi ty  of the  f u e l  p ins  



and thus e f f ec t  the  rad ian t  heat t r ans f e r  between f u e l  pins.  

The r a t e  of vaporization i s  dependent on a number of fac to rs .  If 
equilibrium i s  es tabl ished,  the  r a t e  of vaporization i s  dependent upon 
the  gas flow r a t e  and the  vapor pressure of t he  mater ia l  of i n t e r e s t .  
I n  t h i s  case the  c a r r i e r  gas becomes saturated with the  vaporizing com- 
ponent. For a mate r ia l  not i n  equilibrium, the  predic t ion of the  r a t e  
of vaporization i s  much more d i f f i c u l t .  It i s  probably dependent upon 
t ranspor t  of the  vapors from the  surface through a t h i n  f i lm  of stagnant 
gas. 

I n  the  l imi t ing  case of extremely high gas flow r a t e s  the  r a t e  of 
vaporization becomes independent of the  flow r a t e  and may be given by 
the  following equation which may be derived from the  k ine t i c  theory of 
gases. 

A a P  Rate of Vaporitatiorl = MRT)z - 
Where A = surface area of mater ia l  vaporizing 

a = t he  condensation coef f ic ien t  

P. = equilibrium vapor pressure 

M = molecular weight of vapor species 

T = temperature 

R = gas constant 

. . 

From the experimental pressure measurements fo r  UO it appears 2 t h a t  the condensation coef f ic ien t  i s  near unity.  Since fo r  most 
simple vaporization processes a i s  near unity,  it may reasonably be 
assumed the  a = 1 f o r  Z r  and Zr02- 

A number of measurements of the  vapor pressure of uranium dioxide have 
been made. [31-401 The r e  i n  good agreement with the  exception of the  
work by Rehn and Cefcla"lif, and Smith and ~nderson[38] ,  which a re  higher 
than the  r e s u l t s  of other works by respect ively  about one and three  orders 
of magnitude. 

I t e effusion study of the  vaporization of uranium dioxide, Ackerman 
e t  a 1  P337 covered the g rea tes t  temperature range, 1600 t o  2800°~ ,  of any 
of the  workers. A t  temperatures above 2000 the  apparent vapor pressure 
o? UO from t h i s  work shows a pos i t ive  devia t ion from t h a t  expected f o r  
pure go:, ( g ) .  Ackerman suggested the  vapor species U 0 was the  cause 
of t h i s  deviation.  Later  workers have suggested t h a t  6h4s increased 
v o l a t i l i z a t i o n  was due t o  e i t h e r  UO or  UO. Since a t  temperatures above 
2 4 0 0 ~ ~  the  U02 becomes substoichiom2tric on vaporization, the  proposed 
mechanisms f o r  increased v o l a t i l i z a t i o n  a t  high temperatures waE e i t he r  
a l o s s  of atomic oxygen followed by an increase i n  the  v o l a t i l i z a t i o n  of 
UO, or  vaporization of UO From the  oxygen d i ssoc ia t ion  pressure f o r  

3 ' 



UO , given i n  reference 36, it appears tha t  the p a r t i a l  pressure of UO 
or2u0 i s  much lower than tha t  which would be necessary t o  account for  
the iacreased v o l a t i l i t y  observed by A ckerman. One possible explanation 
f o r  t h i s  increased v o l a t i l i t y ,  observed by several workers i n  effusion 
experiments, i s  reaction of the tungsten vessels with U02 followed by 
migration of oxygen t o  the outer surface of the vessels and vaporization 
of oxygen from the surfaces of the tungsten vessels. Since the surface 
area of tungsten f o r  the effusion experiments was orders of magnitude 
greater  than the surface area of the c e l l  o r i f ice ,  even re la t ive ly  small 
r a t e s  of vaporization of oxygen from the metal surfaces of the effusion 
c e l l  could f a i r l y  rapidly change the stoichiometry of the U02 i n  the 
effusion ce l l s .  

The data given i n  reference 36 was determined using the transpiration 
technique. The oxygen content i n  the transport  gas was buffered by using 
water and hydrogcn gas mixtures. Thcir data i s  i n  cxccllcnt agrcement 
wfth the low temperature data of Ackerman e t  a l .  The equation given by 
Ackerman e t  a i  For t h e i r  low temperature data i s  recommended fo r  the 
vapor pressure of UO?. 

For the LOFT reactor experiment the gases i n  the coolant channels 
might have an important bearing on the vola t i l iza t ion  of UO The p a r t i a l  2 ' pressure of oxygen i n  t h i s  gas can be rclatcd to  the p a r t i a l  pressure 
of the known uranium oxide vapor species. Equations giving the p a r t i a l  
pressures of the other possible vapor species a s  a function of oxygen 
p a r t i a l  pressure and temperature have been derived from the f ree  energy 
functions given i n  reference 41, the high temperature heat capacity given 
i n  reference 26, the&: values given i n  reference 41, and experimental 
data given i n  reference 42. The f ree  energy functions were extended t o  
high temperatures using the high temperature heat capacity daka, and were 
f i t t e d  t o  equations of the f o r m d ~ $  -M8 2 Then H: values 

T = A + B T + C T .  
were s l igh t ly  al tered t o  give be t te r  agreement with available experimental 
data. The changes i n  a l l  cases were well within the uncertainties i n  the 
values fo r  A H: 

A heat of fusion of 28.5 kcal/mole fo r  UO was used t o  derive equations 2 of the form Log K = -AT-' + B, which give the equilibrium pressures of the 
various vapor species above molten UO and t o  derive the heat of reaction 2' f o r  the various vaporization processes from l iquid UO 

2. 

The t'ollowing equAtions give the equilibrium vapor pressures fo r  the 
known vapor species of U02 and the heats of vaporization associated with 
each process : 

3.11 Vaporization Processes fo r  Solid U02 

3.111 For the process UO,(S) = UO ( a )  

(atm)] = -;3115 T-lL- 4.026 log T + 22.805 



3.112 For the process UO~(S) + 112 OP = UO (g) 
- - 3- 

3-113 For the process UO,(S) = UO(~) + f 09(g) - 
Log puo x % * (atm3I2 )I = -57900~-' + 15 .911 - 2.129 x 

2 
-7 2 + 3.345 x 10 T 

3.114 For the process uO2(s) = U (g) + 02(g) 
L Q ~  [P x-P (atm2)-= -83676~-1 + 17.701 - 1.525 x ~ o - ~ T  + 

O2 u 1 -7 2 2.33 x 10 T 

3.12 Vaporization Process for Molten UU2 

3 -121 For the process uo2(1) = uO2(g) - 
Log (atm)] = -214624-I + 4.99 

3.122 For the process uo2(l) + $ O 2  = TJO ( g )  
3 

A H = 35,800 cal/mole v 

3.123 For the process uO2(1) = UO(~) + f O2 (g) 

3.124 Fur Lhe process ~0,(1) = ~ ( g )  + q2M 
~ o g p ~  x %2 (atm5)]= -76667~-I + 12.954 



The vapor pressure of Zr02 i s  much lower than the  vapor pressure of 
U02 a t  l i k e  temperatures. The oxygen decomposition pressure, however, i s  
higher. 

The Z r O  formed by the  oxidation of Zircaloy-4 w i l l  have a considerable 
amount of meihl l ic  Sn. This 8n w i l l  probably be held within the  grain  
boundaries i n  the  Zr02, and w i l l  slowly d i f fuse  out. The maximum e q u i l i -  
brium vapor pressure of Sn would be t h a t  of the  pure Sn. 

The vapor pressure has been determined i n  two recent s tudies .  One 
a mass spectrometric study and the  other  study a t ransp i ra t ion  s 
a H2 and H 0 atmosphere t o  control  the  oxygen p a r t i a l  pressure. 
The two segs of data a re  i n  f a i r l y  good agreement. The data given f o r  the 
t r ansp i r a t i on  experiments were chosen t o  represent the  vapor pressure-of 
Zr02, since the  stoichiometry of the  ZrO, was c lose ly  controlled.  The 
equation fo r  the  vaporization from solidLZrO .has been modified t o  take 
i n t o  account the  di f ference i n  heat capacity;Ac ,between so l id  and vapor 
Zr02. P 

The work of Nalrata e t  a 1  [451 i s  recommended fo r  the  vaporization of 
Z r O  from Zro2(s). This reac t ion  was studied by the  effus ion technique, 
us ing a mass spectrometer t o  determine the  p a r t i a l  pressure of each vapor 
species .  

A heat of fusion of 20.8 kcal/mole was used t o  derive equations which 
give the  p a r t i a l  pressures of the  important vapor species above l iqu id  
Z r O  and the  heat  of reac t ion  f o r  the  vaporization react ions  of molten 2 
Z r  02. 

The following equations give the  equilibrium vapor pressure of Zr02 and 
of ZrO a s  a fmctkon ~f oxygen gseisure  above so l i d  and l iqu id  ZrQ2: 

3.21 Vaporization Processes f o r  EulLd Z r O  2 

3.211 For the  process zro2(s)  = zro2(g) 
- - 

(atm)]=-39778T-1 - 3.597 Log T + 21.701 

3.212 For the  process zrog(s)  = Z r O  + b O2 
- - 

1 - 
Log $ Z r O  x P O2 (atm3l2d = -6l527!C-l + 14.17 

3.22 Vaporization Processes f o r  Liquid ZrO, 



3.221 For the  process z ro2 ( l )  = zro2(,g) 

3.222 For the  process zro2(1) = zro(g)  + $ o2 

A normal bo i l ing  point  of 4 1 0 0 ~ ~  has bden'calculated from the  above 
equations. The .main vapor species a t  the  bo i l ing  point  a re  Z r O  and 0. 

The t i n  component i n  the  Zircaloy-4 has a higher-vapor pressure 
than the  zirconium, and by v i r t u e  of i t s  higher vapor pressure w i l l  p re f -  
e r e n t i a l l y  vaporize from the  a l loy .  It i s  d i f f i c u l t  t o ' p r e d i c t  the r a t e  
o f  vaporization of Sn above Zircaloy-4 since the  Sn w i l l  undoubtedly be 
depleted a t  the  surface of the  cladding. The r a t e  of vaporization of Sn 
would probably be dependent upon the  r a t e  of d i f fus ion  of Sn t o  the  Z i r -  
caloy-4 surface.  The vapor pressure of Sn would be approximately equal 
t o  i t s  mole f r ac t i on  a t  the  surface of the  Zircaloy-4 tfmes the  vapor 
pressure of pure Sn a t  t h a t  temperature. The r a t e  of vaporization of 
zirconium from Zircaloy-4 cladding mater ia l  i s  eas ie r  t o  p red ic t  since 

. 

it i s  by f a r  the  major component (- 97%). 

The v o pressure of sol id  Z r  has been determined by the  Langmuir 
P557 technique. 

A heat of fusion of 4.9 kcal/mole was used t o  calcula te  the  vapor 
pressure of Zr(g) above l iqu id  Z r O  and the  heat of vaporization of -liquid 
zr. 2 

The heat of vaporization and the  equilibrium vapor pressure of zirconium 
above so l id  and l iqu id  Zircaloy-4 a r e  given i n  the following equations: 

3.31 Vaporization from Solid Zircaloy-4 

3.311 For the  process ~ r ( s )  = Zr(g) 

3 -32 Vapoaization from Liquid Zircaloy-4 



3.321 For the  process z r (1 )  5 z r (g )  

31083 + 6.830 ~ o g [ P ~ ~  (a tm)l= ,- yjj- 

Hv = 142,000 calIg-a tom 

A normal bo i l ing  point  of 4550 '~  has been calculated from the  above 
equation.  

THERMAL CONDUCTIVITY 

The needs f o r  accurate thermal conductivity data a r e  .obvious. 
Although a number of determinations of t h e .  thermal. conduct ivi t ies  ' of the  
mate r ia l s  of i n t e r e s t  have been made, there  a re  s t i l l  great  uncer ta int ies  
i n  the  thermal conduct ivi t ies  of these materials .  A more systematic 
approach i s  needed ' t o  evaluate the  individual  components of t he  thermal 
conductivity. 

Reviews of the  e a r l i e r  d terminations of t m a 1  conductivity of 
27 U02 a r e  presented by Belle and by Seddon [427. Some of the de te r -  

minations of the  thermal conductivity t h a t  a re  repr  e t a t i v e  of the l a t e  
high tem r t u r e  determinat 'on a r e  by qtora e t  a 1  ?'Tq, Nishijima e t  a 1  148 I 9 

Reiswig Peg!, Coplin e t  a 1  t507, Fe i t h  15l1, and Christensen e t  a1[521. 

A great  number of determinations of the  thermal conductivity of U02 
have been made from room temperature t o  temperatures approaching the  
melt ing point  of U02. The di f ferences  between t he  r e s u l t s  of the  many 
workers i n  most cases i s  probably not from experimental e r ro r s  but from 
one or  more d i f f e r e n t  changes i n  s t ruc ture  or composition. Some of the  
changes which appear t o  be important are:  

1. For low t e  r a tu r e  r e su l t s ,  stoichiometry e f f e c t s  thermal con- 
duc t iv i ty .  ?R 

2. Radiation damage e f f e c t s  low temperature thermal conductivity 
(below 5 0 0 ~ ~ ) .  The l a t t i c e  damage can be annealed rom the  Q i r rad ia ted  UO, i f  it j,s i r r ad i a t ed  to less than lo1 fissiu11s/cm3. 
Beyond t h i s  exposure t he  changes i n  thermal conductivity cannot  
be annealed from the  UOg [ 5 3 ]  

3. A,L high .l;emperatures the  stoichiometry oi' UU2 g r ea t l y  e f f e c t s  
the thermal conductivity. This i s  probably a r e s u l t  of a change 
i n  t he  amount f he e lec t ron ic  contribution t o  the thermal 
conductivity. 7547 

4. Thermal cracking of the  t e s t  spe ns seems t o  have a g rea t  
e f f e c t  on thermal conductivity. w?? 



The dif ferences  between t he  r e s u l t s  of the  many workers can be ex- 
plained by the  above e f f ec t s .  The values of thermal-conductivity of U02 
obtained from in-p i le  measurements a r e  influenced by many of the  above- 
mentioned changes i n  s t ruc ture  and composition. Radiation damage of the  
l a t t i c e  e f f e c t s  the  thermal conductivity of the  UO a t  the  edges of the  

:fuel pins.  The grea t  thermal gradient  across the  go2 i n  the  f u e l  pins 
causes cracking of the  f u e l  p ins  and migration of oxygen from the  center 
of t he  f u e l  p in  t o  the  outside of the  f u e l  p-in. . Fropa thermal cycling of 
f u e l  rods and from the  large  .thermal gradients present i n  t he  i r r ad i a t ed  fue l  
rods,they?nal cracking of U02 w i l l  occur. The thermal cracking of the  
f u e l  p ins  w i l l  r e s u l t  i n  considerable change i n  thermal co u t i v i t y  un- 
l e s s  the f u e l  p in  i s  under considerable external  .?!77 The oxygen 
migration r e s u l t s  i n  substoichiometric U02 i n  , the center of the  f u e l  p ins  
and hyperstoichiometric U02 near the  surface of the  f u e l  pin.  This should 
r e s u l t  i n  a decrease i n  the  thermal conductivity near the  edges of the  
f u e l  pins. The e f f e c t s  of i r r ad i a t i on  damage on thermal conductivity of 
U02 a t  high temperatures i s  not wel l  known; t h i s ,  o f  course, could be  a 
very important fac to r .  Fission products probably have a considerable 
e f f e c t  on thermal conductivity of U02 i n  high burn-up fue l .  

The above e f f e c t s  a re  believed t o  cause the  di f ferencesbetween i n -  
p i l e  thermal conductivity measurements and out-of-.pile measurements using 
unirradiated U02. 

4.11 Unirradiated U02 

The IAEA Panel on Thermal Conducti t of U02 has recomme 
the  measurements of two workers, Stora e t  a 1  Yt97 and Godfrey e t  a 1  
Godfrey e t  a 1  measured the  thermal conductivity i n  the  temperature range 
- 5 7 ' ~  t o  1 4 0 0 " ~ .  Due t o  the  change i n  the  p roper t i es  of the  thermocouples 
a t  high temperatures only t he  r e s u l t s  given i n  the:.temperature range -57 
t o  1 1 0 0 ' ~  ' were considered r e l i a b l e .  

Stora e t  a 1  measured the  thermal conductivity of U02 i n  the  
temperature range' 200 t o  2400"~ .  These r e s u l t s  a r e  very s imilar  t o  t he  
r e s u l t s :  of Godfrey:et.:al. It should be pointed out t h a t  i n  t h e  measure- 
ments by Stora e t  a l ,  by the r a d i a l  heat flow technique, there  were g rea t  
temperature di f ferences  across h i s  sample which could have resul ted i n  
oxygen migration t o  the  outer edges of the  sample. The stoichiometry of 
h i s  sample was not measured a f t e r  the  determination so  t h a t  l o s s  or migra- 
t i o n  of oxygen from the  U02 sample could have caused thermal 'conductivity 
changes during the  experimental runs. The r e s u l t s  of Stora e t  a 1  are ,  
therefore ,  considered t o  be of much greater  uncertainty above 2000"~,  
probably by a fac tor  of 2-3 a t  the  highest temperature. The r e s u l t s  of 
Godfrey e t  a 1  and Stora e t  a 1  a r e  shown i n  Figure 3 along with the e s -  
t i m t e d  l a t t i c e  and e lec t ron ic  contributions t o  the  thermal conductivity. 
Table I contains the  recommended value f o r  the  thermal conductivity t o  
the  melting point  of U02. 
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TABLE I . / 

THWMAL CONDUCTIVITY OF UNIRRADIATD U02,, 

Temperature Thermal Conductivity, k 

3C 
Estimated 



The l a t t i c e  contribution t o  the thermal conductivity shown i n  
Figure 3 (page 22) i s  t h a t  recommended by the "IAEA Panel on T h e m 1  
Conductivity of UO*" and i s  presented below: 

The electronic  contribution t o  the thermal conductivity was 
calculated f o r  U02, assuming UO be v s a s  a nondegenerate semiconductor. 

P829 The equation of Drable and Goldsmid 5 was used t o  calculate the electronic 
contribution t o  t e hermal conductivity from the e l e c t r i c a l  conductivity P 9 data of Casselton 53 , assuming tha t  e i ther  the contribution of electrons 
t o  the e l e c t r i c a l  conductivity from migration i s  much greater than tha t  
from migration of holes, or tha t  the contribution t o  the e l e c t r i c a l  con- 
duct iv i ty  from migration of holes i s  much greater than tha t  from migration 
of ezectrons. This would be a minimum electronic  contribution t o  the 
thermal conductivity fo r  a material  behaving a s  a nondegenerate semi- 
conductor. The ~ u m  ot' the electronic  and l a t t i c e  contributions are  i n  
good agreement with the r e su l t s  of Lyons e t  a 1  up t o  2500°C, but l i e  
below the r e s u l t s  given by Stora e t  a l .  

A t  high temperatures the l a t t i c e  contribution t o  the thermal 
conductivity could be i n  considerable error,  since the,theory predicting 
l a t t i c e  contributions t o  thermal conductivity probably does not hold for  
highly imperfect l a t t i c e s  or f o r  anharmonic vibrations i n  the l a t t i c e .  
The prediction of the l a t t i c e  contribution i s  not yet possible for  highly 
imperfect c rys t a l  l a t t i c e s  or f o r  highly anharmonic vibrations.  

Probably the f5g-f equation correcting the thermal conductivity 
f o r  porosity- of U02 i s  : + (1-p) 

. . 

k = 
1 + P (a-1) 

where k = thermal conductivity of UO, 
L 

%' = thermal conductivity of UO a t  theore t ica l  density 2 

P = i s  the volume fract ion of porosity of the UO, 
L 

a = 1.5 f o r  porosi t ies  0.1 or less 

= 2.0 for pbrusi~l;ies between 0.1 and 0.15 

= 2.4 f o r  porosi t ies  between 0.15 and 0.20 

= 2.6 fo r  porosi t ies  between 0.20 and 0.25 

4.12 Irradiated UOg 

The r e su l t s  of Coplin e t  alr"lare probably the best representa- 
t i o n  on in-pile thermal conductivity data, i f  a single expression can r e -  
present the thermal conductivity of i r radiated U02. The following equation 
represents t h e i r  data: 

k = T 38*24 + 129. ,+ + 4.788 x 10-139 watt/cm-oc (T i n  OK) 

2 4 



The Zr02 produced from the  oxidation of ~ i r c a l o y - 4  w i l l  have a s  
impurit ies f r e e  t i n  and some other minor const i tuents .  The e f f e c t s  of 
these components on the  thermal conductivity i s  uncertain; however, t he  
e f f e c t  i s  probably small since it has been shown t h a t  the  addi t ion of f r e e  
zirconium has l i t t l e  e f f ec t  on thermal conductivity I611 0.f y i t t r ium oxide 
s tab i l i zed  Zr02. 

Very l i t t l e  thermal conduckivity data i s  avai lable  f o r  pure Zr02, but 
a great  dea l  pgli_gggrmation i s  avai lable  f o r  Z r O  s t ab i l i zed  with various 
other oxides. The data  fo r  pure Zr02 progably best  represents  the  
thermal conductivit  of the  mater ia l  formed by oxidation of ~ i r c a l o y - 4 .  

651 The data of Adamsr has been corrected t o  zero porosi ty  and i s  presented 
by the  following equation: 

Since therc  i s  no data f o r  p t r e  ZrO above 1300°c, the  above equation 
2 i s  recommended t o  the  melting point  of Zr02. This i s  probably not a bad 

est imate since a number of low porosi ty  s tab i l i zed  zirconia mixtures show 
s imilar  dependence of thermal conductivity on temperatuye a t  ' h igh  temperatures. 

The contribution t o  the  thermal conductivity of convective .heat t r ans f e r  
i s  probably f a i r l y  large,' s ince Z r O  would be expected t o  have a f a i r l y  
high Prandt l  number. 

2 

4.3 Zr02-U02 Solid Solutions 

The thermal conduct ivi t ies  of Z r O  -U02 so l id  solut ions  were ca lcu la ted  
from the  meaaured Fa? capaci t ies  and $ h e m 1  d i f f u s i v i t i e s  o f t h e  so l id  
so lu t  ons by Deem. 3' These thermal conduct ivi t ies  a s  a function of tempera- 
t u r e  a r e  shown i n  Figures 4, 5 ,  6, and 7. The thermal 'conductivit ies r e -  
pcrrt8ed, by Deem a re  i n  f a i r  agreement with thermal conduct ivi t ies  calculated 
from in-pi le  . data .  . [66] 

< 

There have be n four determinations of t he  thermal conductivity of 
Zi,rcal&y-4. [67-70Cj The r e su l t s  given by ~ o u n @ ; [ ~ 7 1 ,  ~ e i t h [ 6 9 1 ,  and Scott  [ 70 1 
appear t o  be more i n  l i n e  with r e s u l t s  f o r  ~ i r c a l o ~ - 2 [ 7 ~ - 7 ~ 1  and should 
probably be used fo r  t h e  thermal conductivity of ~ i r c a l o y - 4 .  The r e s u l t s  
given i n  reference 67-70 a re  shown i n  Figure 8. .The recommended thermal 
conductivity of Zircaloy-4 i s  given i n  Table 11; 
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TABLE I1 

THERMAL CONDUCTIVITY OF ZIRCALOY-4 
T k T k 

O C  - watts/cm-OC O C - watts/cm-OC 

100 0.138 1000 0.256 

1300 0.340 

1400 0 377 

1500 0.416 
1600 0.. 46% * 
1700 0.50 

1800 0 55* 

Molten (1850) 0-57* 

The var ia t ion  i n  r e s u l t s  shown i n  Figure 8 i s  probably t he  r e s u l t  
of d i f f e r i ng  oxygen content and d i f f e r i ng  mechanical treatment. The 
thermal conductivity estimated from the  e l e c t r i c a l  r e s i s t i v i t y  by t he  
Wiedemann-Franz law g i  considerably lower thermal conductivity than 

a t  high temperatures; however, t he  e l e c t r i c a l  t h a t  reported by Fe i t h  
conductivity data used was f o r  zirconium containing 1.8% hafnium. Since 
there  was l i t t l e  change i n  oxygen contcnt , in  t he  ~ i r ca l . oy -4  during the  
determination, the  thermal conductivity values a re  probably, reasonably 
eood; however, the  r e s u l t s  above 1000 '~  should be considered much l e s s  
accurate than the  lower temperature r e su l t s .  

The thermal conductivity. of molten ~ i r c a l o y - 4  w6~1ci probably not be 
appreciably higher than t h a t  of so l id  ~ i r c a l o y - 4  a t  t he  melting point. 
s ince  conduction by convection i n  the  molten metal would be expected t o  
be small since metals i n  general  have small Prandt l  numbers.. A value .of 
the  thermal conductivity of molten Zircaloy-4 was estimated by extrapolat ing 
the  est imates f o r  the  thermal conductivity of so l id  zirconium up t o  the  
melting point .  . 

. . .  

. 5. THERMAL EXPANSION 

A number of measurements of the  thermal expansion of UO have been 
2 

made. L 2 ,  74-T61 Most o t e measurements a r e  i n  good agreement. The 
r e s u l t s  of Conway e t  a 1  a r e  a good representa t ion of the  avai lable  
data  and a r e  probably some of the  more accurate determinations. The data  
of C1~clsl;eiistn i s  rccommndsd abcnre 2 2 0 0 ~ ~ .  The c ~ p e r i m e n t a l  data of 



Conway e t  a 1  a re  considered t o  be more accurate than the data of Ch??,istensen 
i n  the' temperature range common t o  both; however, the coeff ic ient  of thermal 
expansion a s  a function of temperature, derived from the data  of Christensen, 
is  considered t o  be accurate. The equation given by Christensen has been 
modified t o  agree with the equation of Conway e t  a1  a t  2200'~. The follow- 
ing  equations a re  recommended fo r  the % l i nea r  expansion and coeff ic ients  
of thermal expansion ( a )  of so l id  and l iqu id  U02: 

5.11 Solid UO, 

-4 -7 2 % Linear ' ~ x ~ a n s i o n  (from O'C ) = 6.79 x 10  . T + 2 -896 x 10 T 

$ Linear Expansion (f'rom OOC) = 0.204 + 3 x 1 0 - l r ~  + 
-7 2 2 x 1 0  T + l o  -10T3 

5-12 Solid t o  Liquid Transit ion 

Increase i n  volume on melting 9.6% 

% Linear ~ x ~ a n s i o n  (from O'C) = -4.74 + 3.5  x ~ o ' ~ T  

a = 3 . 5  x ~ o - ~ / o c  (T i n  OC.) 

The thermal expansion of U02 determined by u ~ i n g  an x-ray diffrac.l;ometer 
agrees well  with the data of Conway e t  a 1  t o  temperatures approaching 1200'~. f761 
Above 1200 '~  bulk expansion measurements show corlsiderably greater l inear  
expansion. This difference i s  possibly due t o  the  presence of Schottky de- 
f e c t s  a t  high temperatures. 

The above equations represent the isothermal expansion charac te r i s t ics  
of unirradiated U02. I n  a reactor,  however, there  are  great  thermal 
s t r e s se s  in  U02 f u e l  under irradiatiorl .  The thermal expansion charac te r i s t ics  
of UO i n  a f u e l  pin  under i r rad ia t ion  or under loss-of-coolant accident 
condigions would probably not follow the isothermal data. The percent 
thermal expansion would .probably be dependent upon other fac tors  such a s  
thermal gradients across the f u e l  pin, and burn-up. Further work i s  
needed t o  determine the e f f ec t  of these var iables  on the thermal expansion 
of i r radiated UO 2 



There have been a number of determinations of the l inear  thermal ex- 
pansion of pure.Zr0 below the monoclinic t o  tetragonal t ransi t ion.  There 
i s  a great amount o? information available on various formulations of 
s tabi l ized Z r O  The data of ~ulkerson[771 and the da resented i n  
Plenum Press "gndbook of High Temperature Platerials " 1951j is  i n  good 
agreement with the thermal expansion data given for  a number of formula- 
t ions of ZrO s tabi l ized with ~a0E63 ]. The fellawdng are  the thermal 
expansion c&acter is t ics  of monoclinic &02: 

-4 $ Linear Expansion (from O O C )  = 7.8 x 10 T (T i n  O C )  

[2'1 .I  
The decrease i n  volume for  the a t o  B phase t rans i t ion  i s  about 7.7%. 

The ax ia l  thermal expansion has been determined rystallographic 
ueasurements i n  the temperature range 1205 t o  1700°C.tY87 These ax ia l  
expansions i n  t h i s  temperature range fo r  the a and c ax is  respectively 
a re  0.001235%/~~ and 0.001435$1/~~. 

The following are the recommended thermal expansion character is t ics  
of tetragonzl Zr02: 

% Linear Expansion (from OOC ) = 1.302 x 10-3T (T i noc )  

5.3 Zro2 -UO2 Solid Solutions . . 

. .  . 
The following equations have been derived 'from datg presented in 

zwference 30: 

5.31 For Zr02-10 M/O U02 

$ Thermal Ekpansion(from oOc)= 5.9 x ~ o - ~ T  ('c) (0  t o  360 '~ )  

15% decrease i n  volume a t  360°c . - 



5.32 For Zr02 - 17.5 M/O U02 

'$ Thermal expansion from O'C = 1.23 x ~ o - ~ T  ( O C )  

a = 1.23 x (0  t o  2000'~) 

5.33 For ZrO - 31.5 M/O U02 
2 

- 4 -7 2 '$ Thermal expansion from 0% = 9.5 x 10 T + 1.42 x 10 T 

5 -34 For zro2- 87.5 M/O U02 

-4 -7 2 $'Thelma1 expansion from OOC = 9.9 x 20 T + 1.63 x 10 T 

The thermal expansion data  of c r y s t a l  ba i rconi t  and. of. Zircaloy-2 
a r e v e r y  s imilar  up t o  the  a t o  f3 Thermal expansion 
data  on ASTM "H-12" tempered ~ i r c a l o y - 4  tubing along t he  r a d i a l  d i rec t ion  a re  
i n  very good agreement with t h a t  of Zircaloy-2 and c r y s t a l  bar zirconium; 
however, expansion of t he  tubing along the  a x i a l  d i rec t ion  of tubing doe 
not c losely  follow the  data  f o r  Zircaloy-2 or  f o r  c r y s t a l  bar zirconium.Q791 
This i s  probably t he  r e s u l t  of mechanical working of the  Zircaloy cladding, 
and i s  probably what would be expected f o r  tlie thermal expansion of Zircaloy-4 
along the  a x i a l  d i r ec t i on  of the  tubing during a loss-of-coolant accident. 
The thermal expansion of B 'zirconium i s  recommended f o r  the  thermal expan- 
s ion  of B - ~ i r c a l o ~ - 4 .  The following a r e  the  recommended thermal expansion 
cha rac t e r i s t i c s  of ~ l r c a l o y - 4  : 

5.41 For a Zircaloy-4 

-4 -7 2 '$ Thermal expansion from . O O C  = 5.6 x 1 0 ,  T + 3.08 x 1.0 T 

a - B Transi t ion 

Decrease i n  volume w 0.5% 

5.43 For f3 Zircaloy-4 

$I Thermal expansion from OOC = 9.7 x ~ o - ~ T  ('c) (950 t o  1850 '~ )  



IV. RECOMMENDATIONS FOR FUTURE WORK 

For shor t  time periods a f t e r  a loss-of-coolant reactor  accident, the  
reac tor  mater ia ls  w i l l  maintain t h e i r  o r i g ina l  shape, and very l i t t l e  i n t e r -  
ac t ion  of mater ia ls  w i l l  take place. However, a t  temperatures greater  than 
1 0 0 0 ~ ~  there  w i l l  be in te rac t ion  of cladding mater ia ls  with water vapor and 
f i n a l l y  a t  higher temperatures the re  w i l l  be sol id-sol id ,  l iquid-sol id ,  gas- 
so l id ,  l iquid-gas in te rac t ions  t h a t  could produce a near ly  i n f i n i t e  va r i e ty  
of mater ia ls .  Obviously a l l  of t,he possible mater ia ls  formed could not be 
characterized.  It i s ,  therefore,  very important t o  i den t i fy  important 
phases t h a t  a r e  f,ormed from in te rac t ions  of U02, Zircaloy-4, !Type-304 s ta in -  
l e s s  s t e e l ,  and water vapor. The physical  proper t ies  of the  most important 
phases should then be determined. 

Within, the  scope of t h i s  repor t ,  the  following information i,s lacking 
f o r  the  analyses of possible reac tor  accidents:  

. . 
1. Phase diagram Zr-U-0 system 

. . 
2 . .  Heat capacity measurements of 

b. Zr02 from 2000 t o  3200°c 

d. Important phases i n  Zr-U-0 system 

3. Vapor pressure measurements 

b. Important phases i n  the  U-Zr-0 system 

4. Thermal conductivity 

b. A b e t t e r  understanding of the  e f f e c t s  of stoichiometry 
on the  thermal conductivity of U02 a t  high temperatures 

c. Important phases of the  U-Zr-0 system 

5. Thermal expansion (from O'C) 

b Tetragnnal and cubic ZrS, from 1800 t o  32000~  2 

c . Zr02 -x from 1000 t o  2500 '~  . . 

d .  Important phases in thc Z r - U - O  s ~ I - ; ~ , ~ I I I  
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