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Q E l a s t i c  p r o p e r t i e s  o f  p o l y c r y s t a l l i n e  Gd203 

John August Haglund 

A resonant  . frequency technique  was used t o  determine t h e  

e f f e c t  . t h a t  t e m p e r a t u r e  and p o r o s i t y  have on t h e  e1ast i .c  

p r o p e r t i e s  , o f  g a d o l i n i a ,  wh i l e  t h e  t empera ture  dependence of  

thermal  d i f f u s i v i t y  was i n v e s t i g a t e d  by a f l a s h  method. 

Young's . . modulus, s h e a r  modulus, and P o i s s o n ' s  r a t i o  were 

s t u d i e d  from 2.48% t o  36.78% p o r o s i t y  t o  y i e l d  p o r o s i t y  depend- 

ence cu rves ,  w i t h  t h e  e x t r a p o l a t e d  0 %  p o r o s i t y  va lues  enab l ing  

t h e  c a l c u l a t 2 o n  of t h e  Debye tempera ture .  S e l e c t e d  spec-imens 

were chosen t o  be analyzed from room tempera ture  t o  135Z°C t o  

determine curves  f o r  the' t empera ture  'dependence o f ,  Young's . . 

modulus, s h e a r  modulus, Poi.ss,onts ra t i -o ,  bulk'  modu'lus,. and t h e  

f i r s t  -(y)  and second'  ( 8 )  .Griinefsen c o n s t a n t s .  

~ h e r m z l  -d?f f u s i v i t y  was measured and ' graphed over  t h e  
r - ,.. A - 

temperature  range 151-1347°C and t h e  thermal  c o n d u c t i v i t y  was 

calculated from these results. 



INTRODUCTION 

Gadolinium oxide (Gd203) has a great potential in the 

field of nucleonics due to its enormous thermal neutron 

absorption cross section of over 40,000 barns and its refrac- 

tory nature. .Gadolinium oxide can be homogeneously mixed with 

U02 as a "burnable poison" for use in nuclear fuels, or mixed 

with alumina and shaped into pea-size spheres or .thumb-size 

cylinders to be quickly introduced into a reactor to shut it 

down in an emergency, thereby acting as an "atomic fire ex- 

tinguisher" (1). Metallurgists have also learned how to 

incorporate gadolinium oxide into austenitic stainless steels 

that can be hot worked (2) for use in nuclear control appli- 

cat ions. 

For design considerations the elastic properties of 

gadolinium oxide must be known at not only room temperature, 

but also at elevated temperatures. Gadolinium oxide is often 

porous as a result of the sintering process used in fabrica- 

tion, and thus the variation in elasticity with porosity is 

also of prime importance. Another property which is used in 

design considerations is thermal diffusivity. Since thermal 

shock failure occurs under transient temperature conditions 

thermal diffusivity must be taken' into account. It is gener- 

ally assumed that thermal shock resistance is directly propor- 

tional to thermal diffusivity and therefore is of great 

interest. 



This study uses a resonant frequency technique to measure 

the variations of Young's modulus, shear modulus, Poisson's 

ratio, bulk modulus, and the first (y) and second (6) Gruneisen 

constants in monoclinic Gd203 as a function of temperature and 

specimen porosity. The Debye temperature is also determined 

by extrapolating the data to 0% porosity. An analysis is made 

of the thermal diffusivity and conductivity as a function of 

temperature. 



LITERATURE REVIEW 

E l a s t i c i t y  Theory 

The f i r s t  repor ted  work (3,4,5)  u t i l i z i n g  a  resonant  

technique f o r  t h e  determinat3on of t h e  e l a s t i c  moduli of  

m a t e r i a l s  was as soc ia ted  wi th  f e ~ r o m a g n e t i c  o r  ferromagnet ic-  

impregnated m a t e r i a l s  t o  f a c i l i t a t e  t h e  e l e c t r i c a l  observa t ion  

of t h e  v i b r a t i o n s .  A method of suppor t ing  n e a r l y  any r i g i d  

sample by suspending it wi th  t h r e a d s  near  t h e  nodal p o i n t s  and 

observing it i n  f l e x u r a l  resonance was l a t e r  descr ibed  by 

F o r s t e r  ( 6 ) .  A d e t a i l e d  d e s c r i p t i o n  of t h e  experimental  t ech-  

nique has been given by Spinner and T e f f t  ( 7 )  and, more 

r e c e n t l y ,  by Marlowe ( 8 ) .  it 

The e f f e c t s  of shear ing  f o r c e s  on adjacent  c r o s s - s e c t i o n -  

a l  elements of a  v i b r a t i n g  bar  were f i r s t  analyzed by Timo- 

shenko (9,,10) i n  1921. Since s that  t ime t h e r e  have been s e v e r a l  

s t u d i e s  (11,12,13) concerning t h e  e f f e c t  of  shape and e l a s t i c -  

i t y  on t h e  resonant  f l e x u r a l  frequency of a  v i b r a t i n g  ba r .  

\ P i c k e t t  (14) has given a  s e t  of  equat ions  f o r  t h e  computation 

of c o r r e c t i o n  f a c t o r s  t o  account f o r  t h e  e f f e c t s  of  r o t a r y  

i n e r t i a  and shea r .  

The equat ion  ( 7 )  f o r  a  r ec tangu la r  prism r e l a t i n g  t h e  

shea r  modulus t o  t h e  fundamental resonant  frequency o f  

t o r s i o n a l  v i b r a t i o n  i s  
i 

4 L  R m f.t 2 

G - 
A 



where G-is the shear modulus, 

L is the length of the specimen, 

m is the mass of the specimen, 

ft is the fundamental torsional frequency, 

A is the cross-sectional area, 

and R is a shape.factor given by 

where a is the length of the short side 

and b is the length of the long side of the cross-section. 

Spinner' -- et' 'a1 .. (7,15) have studha Pickett 's (14) equa- 
tions relating Young's modulus to the fundamental resonant 

frequency of flexural vibration for a prism with rectangular 

cross-section and have developed the equation 

where E is the Young's modulus, 

m is the mass of the specimen, 

ff is the fundamental flexural frequency, 

c is the cross-sectional dimension perpendicular to the 
direction of vibration, 

and S is a shape factor given by 



where d  i s  the  c r o s s - s e c t i o n a l  dimension p a r a l l e l  t o  t h e  
d i r e c t i o n  of  v i b r a t i o n ,  

L i s  t h e  l e n g t h  of t h e  specimen, 

and p i s  Poisson ' s  r a t i o .  

Since Poisson 's  r a t i o  would not  be known, a  va lue  would have 

t o  be assumed and an approximate Young's modulus va lue  c a 1 . c ~ -  

. l a t e d  u t i l i z i n g  Equation 2 .  The shea r  modulus and t h e  Young's 

modulus approximation could then  be used wi th  t h e  r e l a t i o n  

where a l l  terms a r e  p rev ious ly  de f ined ,  t o  c a l c u l a t e  a  

Poisson 's  r a t i o .  A comparison of t h e  c a l c u l a t e d  and t h e  

assumed va lues  of p could then  be made t o  determine t h e  accu- 

racy  of the assumption; i f  too  much d iscrepancy e x i s t e d ,  

another  approximate Young's modulus could be c a l c u l a t e d  using 

t h e  newest value of  p. Th3s procedure c o u l d , b e  repeated  u n t i l  

t h e  d e s i r e d  degree of  c o r r e l a t i o n  e x i s t e d .  

The r o l e  t h a t  p o r o s i t y  p lays  i n  a f f e c t i n g  t h e  mechanical 

p r o p e r t i e s  o f  m a t e r i a l s  has been a  s u b j e c t  of  prime i n t e r e s t  

(16,17,18,19).  The experimental  work done concerning t h e  

p o r o s i t y  dependence of e l a s t i c  p r o p e r t i e s  has produced s e v e r a l  

r e l a t i o n s .  

Aluminum oxide has been s t u d i e d  by Coble and Kingery (20) 

a t  p o r o s i t y  l e v e l s  up t o  about f i f t y  pe rcen t .  Their  r e s u l t s  

showed t h a t  aluminum oxide c l o s e l y  approximates t h e  t h e o r e t i c a l  

r e l a t i o n s h i p s  der ived  by Mackenzie (17) ,  which can be w r i t t e n  



and when combined wi th  ' ~ ~ u a t i o n  3' 

where G i s  t h e  shea r  modulus, 

Go i s  t h e  shear 'modulus a t  0% p o r o s i t y ,  

E i s  t h e  Young's modulus, 

Eo i s  t h e  Young's modulus a t  0% p o r o s i t y ,  

p i s  Poisson ' s  r a t i o ,  

yo i s  Poisson ' s  r a t i o  a t  0% p o r o s i t y ,  

P i s  t h e  volume f r a c t i o n  p o r o s i t y ,  

and D i s  a  cons tan t .  

When c a l c u l a t i n g  t h e  value of D it is necessary  t o  assume a  

value f o r  po and s e t  a  boundary cond i t ion .  Coble and Kingery 

(20) assumed t h a t  G = 0  when P = 1. Marlowe and Wilder (21) ,  

along wi th  Manning e t  a l .  ( 2 2 ) ,  have s t a t e d  t h a t  t h e  boundary -- 
cond i t ion  should be G = 0  a t  P = 0.4764 because 0.4764 i s  t h e  

volume f r a c t i o n  p o r o s i t y  f o r  p r i m i t i v e  cubic  packing of u n i -  

form s i z e d  s p h e r i c a l  p a r t i c l e s .  I t  would then  be t h e  minimum 

d e n s i t y  t h a t  could e x i s t  f o r  a  m a t e r i a l  of t h a t  type  and any 

inc rease  of  p o r o s i t y  beyond t h a t  po in t  would d e s t r o y  t h e  con- 

t i n u i t y  of t h e  s o l i d .  

Spriggs (23) proposed t h a t  t h e  r e l a t i o n s h i p  between 

Young's modulus and p o r o s i t y  was of t h e  same form a s  Duck- 



worth's (24) commentary on Ryshkewttch's (25) study of the 

compressive strength of refractory ceramic materials, i.e. 

where E, Eo, and P have been previously defined, 

e is the Naperfan constant, 

and" B is an empirical constant. 

Sprlggs and Brissette (26) went on to extend the semi- 

logarithmic relationship to the shear modulus, giving the 

relation 

where B1 is an empirical constant. 

It was noted by Hasselman (27) that at no realistic value 

of P would Equations 6 or 7 yield a value of zero for the 

elastic moduli. Because of this inability to satisfy the 

boundary conditions and based on the theoretical relationship 

by Hashin (19) he proposed an expression to explain the rela- 

tionship between the elastic moduli and porosity of the form 

where M is Young's or shear modulus at temperature T, 

Mo is Young's or shear modulus at room temperature, 

c f s a 'constant, 

and P is previously defined. 

A simple linear relation, advocated by Fryxell and 

Chandler (28), has been proposed to have the form 



where M, Mo and P have been previously defined and, A is a 

constant. 

When concerned w9th the effect that. a change in tempera- 

ture has on both Young's and shear moduli 'it is necessary to 

consider thermal expansion of .the sample in Equations 1 and 2. 

A complete recalculation of each equation is not necessary, 

however, and the moduli at a given temperature can be deter- 

mined from room temperature values by the relation 

where MT is Young's or s h e a ~  modulus at temperature T, 

Mo is Young's or shear modulus at room temperature, 

fT is the fundamental flexural frequency at temperature 
T when Mo is Young's modulus or,the fundamental 
torsional'frequency at temperature T when Mo is 
shear modulus, 

fo is the fundamental flexural frequency at room temper- 
ature when Mo is Young's modulus or the fundamental 
torsional frequency at room temperature when Mo is 
shear modulus, 

a is the co.efficient of linear thermal expansion, 

and AT is the difference between elevated temperature T and 

room temperature. 

Once the values of both Young's and shear moduli have 

been calculated at the elevated temperature it is a simple 

task to calculate Poisson's ratio at that temperature through 



t h e  use of Equation 3. 

Charac te r i za t ion  of  t h e  temperature dependence of t h e  

moduli seems t o  y i e l d  an approximately l i n e a r  dependence f o r  

many c r y s t a l l l n e  s o l i d s  and Wachtman e t  -- a l .  (29) have proposed 

a  r e l a t i o n  of  t h e  form 

M~ = M~~ I - kT exp(-To/T) (11) 

where MT i s  e i t h e r  Young's o r  shea r  modulus a t  temperature T ,  

. M~~~ 
i s  e i t h e r  Young's o r  shea r  modulus a t  abso lu te  ze ro ,  

T i s  t h e  e l eva ted  abso lu te  temperature,  

To i s  an abso lu te  temperature c o n s t a n t ,  

and k  is  a  cons tan t .  

This approaches a  l i n e a r  r e l a t i o n  a s  #To approaches , z e r o .  

Once Young's and shear  moduli have been thoroughly 

desc r ibed ,  o t h e r  e l a s t i c  p r o p e r t i e s  can be c a l c u l a t e d ' f o r  

i s o t r o p i c  m a t e r i a l s .  T h e ' a d i a b a t i c ' b u l k  modulus (30) can be. 

c a l c u l a t e d  from Young's and . shea r  moduli by t h e  equat ion  

where BT, ET,  and G T  a r e ,  r e s p e c t i v e l y ,  bulk  modulus, Young's 

modulus, and shear  modulus a t  temperature T. 

The Debye temperature,  an important parameter of so l2ds ,  

can be def ined  (31) a s  

where 9 i s  t h e  Debye temperature,  

h  i s  Planck 's  c o n s t a n t ,  



k is Boltzmannts constant, 

q is the number of atoms in the molecular formula, 

N is Avogadrots number, 

p is the density, 

M is the molecular weight, 

and Vm is the mean sound velocity. 

For isotropic materials it has been shown (32,33) t.hat 

where vS and vQ are the shear and longitudinal sound veloci- 

ties having the forms 

where p is density, 

G is shear modulus, 

and E is Young's modulus. 

With a knowledge of the specifTc heat, the coefficient 

of linear thermal expansion, and the bulk modulus, both the 

first (y) and second (6)   rune is en constants can b.e calculated 

(29,34) using the following relations 



where a is the coefficient of linear thermal expansion, 

YT is the molar volume at temperature T, 

BT is the bulk modulus at temperature T, 

C is the specific heat at constant pressure; 
P 

and dBT/dT is the slope of the bulk modulus versus tempera- 
ture curve. 

The dynamic resonance principle for determining elastic 

properties has been applied to several rare-earth oxides. 

Yttrium oxide, dysprosium oxide, erbium oxide, and holmium 

oxide (21,22,30,35,36) have been studied with respect to the 

temperature.and porosity dependence of Young's modulus, shear 

modulus, bulk modulus, Poisson's ratio, Debye temperature, and 

the first (y) and second (6) Gruneisen constants. Others, 

such as thorium oxide (37,38), ytterbium oxide (39), thulium 

oxide, and lutetium oxide (40) , have been only partly char- 
' acterized. 

Thermal. Dl.ffusivlty Theory 

Thermal diffusivity is a measure of how rapidly a thermal 

disturbance will travel through a sample and has been defined 

(41) as 

aT = h /  pCp (I6) 

where aT is thermal diffusivity, 

X is thermal conductivity, 

p is density, 

and C is the specific heat at constant pressure. 
P 



In 1961 Parker -- et al. (42) proposed a technique known as 

the flash method for measurlng thermal diffusivity. This 

method utilizes a small, thermally insulated disk that has one 

face exposed to a short pulse of energy. Thermal diffusivity 

is determined by monitoring the time-temperature history of 

the back face after the thermal disturbance. 

It has been shown ,(42,43,44) that the theoretical 'thermal 

reaction of the back face to a short pulse of energy supplied 

to the front of a uniformly thick sample is of the form 

having V = T(L, t)/TM 

and 2 W = n aTt/L 2 

where T(L,t) is the temperature of the rear face of a sample 
of thickness L after time t, 

TM is the maximum rear face temperature reached, 

and a~ is thermal diffusivity. 

This theoretical' curve is plotted in Figure 1. 

Parker' -- et al. (42) noted that in' theory when Y = ,0.5, 

W = 1.38. Using'this arbitrary, but much used, point in 

Equation 17 yields 

where t1/2 is the time required for the temperature of the 

rear face of the specimen to reach half its maximum value. 

The flash method of determining thermal diffusivl-ty has 



Figure 1. Theoret ical  thermal h i s t o ry  of r e a r  face.  



received a  g r e a t  d e a l  of cons ide ra t ion  i n  t h e  l i t e r a t u r e  (44, 

45,46,47).  A pulsed ruby l a s e r  was used by Deem and Wood (48) 

i n  1962 a s  t h e  energy source i n  a  s tudy of t h e  thermal d i f -  

f u s i v i t y  of s t a i n l e s s  s t e e l  and g raph i t e .  Severa l  au thors  

(49,50,51,52) have used t h i s  method t o  eva lua te  t h e  thermal 

d i f f u s i v i t y  of r a d i o a c t i v e  and r e a c t o r  m a t e r i a l s ,  while  Moser 

I and Kruger (53), i n  a  s tudy of U C ,  U P ,  and US, were t h e  f i r s t  

t o  c o r r e c t  f o r  p o r o s i t y  and o b t a i n  hea t  capac i ty  d a t a  by t h i s  

method. Zhuze' 'et  -- ' a l .  (54) have i n v e s t i g a t e d  t h e  thermal d i f -  

f u s i v i t i e s  of t h e  s i n g l e  c r y s t a l  r a r e - e a r t h  oxides ~ 2 0 3 ~  

E r  2.03 , Lu 03', and Sm2 03. 

Several  r e l a t i o n s  have been found t o  express  t h e  tempera- 

t u r e  dependence of thermal d i f f u s i v i t y .  In  h i s  work wi th  

ATJ-S g r a p h i t e  Morrison (55) found t h a t  t h e  b e s t  r e l a t i o n  was 

o f  t h e  form 

where aT i s  thermal d i f f u s i v i t y ,  

T i s  temperature,  

and A ,  B ,  and C a r e  cons tan t s .  

Branscomb and Hunter (44) found a s i m i l a r  r e l a t i o n  

L u  L r  r e p r e s e n t a t i v e  of t h e i r  work with T 1 B 2 ,  2 r B 2 ,  and HfB2. 

Nakata' 'et '  -- ' a l .  (56) observed t h a t  t h e  b e s t  f i t  f o r  t h e  tempera- 

t u r e  dependence of thermal d i f f u s i v i t y  f o r  some zirconium- 

. . 



uranium hydrides was of t h e  form 
' 

while f o r  o t h e r s  it was , . . . .  . . _  . . . . . 

where D i s  a  cons tan t .  Weeks e t  -- a l .  (57)  a l s o  found t h a t  

Equation 2 2  was t h e  opt imal  f i t  f o r  t h e i r  SNAP f u e l  d a t a .  

Thermal conduc t iv i ty  can be e a s i l y  c a l c u l a t e d  from 

Equation 16 once t h e  t h e r m a 1 , d i f f u s i v i t y  i s  known, s i n c e  hea t  

capac i ty  d a t a  a r e  u s u a l l y  a v a i l a b l e .  This is a  very d e s i r -  

ab le  way t o  determine thermal conduc t iv i ty ,  e s p e c i a l l y  a t  high 

temperatures ,  s i n c e  'it r e q u i r e s  only  simple measurements of 

l e n g t h  and t ime r a t h e r  than t h e  i n h e r e n t l y  l e s s  accura te  

measurements of temperature, g r a d i e n t s  and hea t  f l u x e s  requi red  

f o r  s tandard  thermal conduc t iv i ty  de terminat ions .  



EXPERIMENTAL PROCEDURE 

Specimen Prepara t ion  and Charac te r i za t ion  

The gadolinium oxide was provided by Ames Laboratory a s  

c l i n k e r  from t h e  ca lc ined  o x a l a t e  and was reduced t o  a  powder 

by hand gr inding  wi th  a  Diamonite mortar  and p e s t l e .  I t  was 

found t o  have a  p u r i t y  of b e t t e r '  than 99.75%; a  semiquant i ta -  

t i v e  a n a l y s i s  of t h e  powder was performed by t h e  Ames Labora- 

t o r y  Spectrographic Group and t h e  r e s u l t s  appear i n  Table I .  

Table I .  Spectrographic a n a l y s i s  of i m p u r i t i e s  

Element Concentrat ion  Element Concentration 
( P P ~ )  ( P P ~ )  

< l o .  
< l o  
< l o  
<20 
<so 

< l o o  
60 

c o n s t i t u e n t  
< 2.0 0  

The e l a s t i c  p roper ty  measurements u t i l i z e d  p r i s m a t i c  

ba r s  made by f i r s t  r e c a l c i n i n g  t h e  m a t e r i a l  a t  740°C f o r  40 

minutes and then  mechanically p ress ing  i t  i n  a  s t e e l ,  double- 

a c t i o n  d i e  a t  3000 p s i  followed by i s o s t a t i c  p ress ing  a t  

30,000 p s i .  S i n t e r i n g  was accomplished by p lac ing  t h e  b a r s  

on z i r c o n i a  s e t t e r s  i n  a  g raph i t e - suscep to r  induc t ion  furnace 

and f i r i n g  them i n  an a i r  atmosphere a t  a  v a r i e t y  of tempera- 

t u r e s  from 169S°C t o  1950°C. They were then  f i r e d  a t  1200°C 



under an air atmosphere in an electric resistance furnace to 

eliminate the graphite contamination acquired during the 

sintering process. 

X-ray measurements were made to confirm that the crystal- 

lographic form was monoclinic and analysis of the microstruc- 

ture indicated that the average grain size after firing was 

approximately 13 microns. 

A surface grinder was used to machine the specimen sur- 

faces flat and parallel within 0.001 cm. The bulk densities 

were computed from the dimensions and masses of the specimens 

after drying them at 740°C. The volum'e fraction porosities 

of the sintered bars .were calculated using the relation 

porosity.= 1 - (measured density/theoretical density). .The 

theoretical density of monoclinic gadolfnium oxide was calcu- 
3 lated to be 8.348 g/cm based on the lattice parameters given 

by Stecura (58). 

Appendix.A gives the dimensions, density, and volume 

fraction porosity for each of the sintered specimens. 

Fabrication of specimens for the thermal diffusivity 

measurements included the same preliminary preparation as 

used for the elastic property measurements, except that a 3/4 

inch diameter cylindrical disk was produced rather than a 

rectangular bar. The specimens were fired under vacuum in a 

furnace using a tungsten mesh heating element at various tem- 

peratures in the range -1850-1980°C. 



A s u r f a c e  g r i n d e r  was used t o  machine t h e  c y l i n d e r  t o  a  

th ickness  of approximately 0.5 cm wl th  ends f l a t  and p a r a l l e l  

t o  wi th in  0.0.01 cm. The specimen conf igura t ion  proposed by 

Branscomb (43,.44) was adopted. This r equ i red  t h a t  t h e  whole 

c y l i n d e r  be ground t o  a diameter of about 1 . 2 7  cm followed by 

a f u r t h e r  reduct ion  t o  a  diameter of about 1.11 cm along two- 

t h i r d s  of t h e  c y l i n d e r  l eng th .  This procedure formed a  l i p  on 

t h e  c y l i n d e r  end h a v i n g d a  3 : l  r a t i o  of  c y l i n d e r  l eng th  t o  l i p  

th ickness .  The reason f o r  t h i s  l i p - t y p e  specimen was t o  form 

a l i g h t  s e a l  wi th  t h e  support  system t o  avoid damaging t h e  

d e t e c t o r  by d i r e c t l y  exposing i t  t o  t h e  l a s e r  beam. A s  a 

precaut ion  aga ins t  d i r e c t  t ransmiss ion  of t h e  l a s e r  beam 

through t h e  specimen t o  t h e  d e t e c t o r ,  each specimen was coated 

wi th  a  t h i n  l a y e r  of  c o l l o i d a l  platinum suspended i n  an 

organic  base (Englehard No. 6082) t o  absorb t h e  i n c i d e n t  

l i g h t .  

Appendix B g ives  the  d e n s i t i e s ,  volume f r a c t i o n  poros i -  

t i e s ,  and th icknesses  of t h e  specimens before  a p p l i c a t i o n  of 

the  c o l l o i d a l .  pf atinum. 

E l a s t i c i t y  Measurements 

The F o r s t e r  (6 )  technique, which was mentioned e a r l i e r ,  

was used t o  observe t h e  s o n i c  resonance of  t h e  specimens i n  

t h i s  s tudy.  

A block diagram of  t h e  equipment i s  given i n  Figure 2 .  

A s i n u s o i d a l  e l e c t r i c a l  s i g n a l  was produced,by a  wide range 
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(5 to 50,000 hertz) variable frequency oscillator (Hewlett- 

Packard model 200CD) that supplled a signal not only to a 

power amplifier (Heathkit model EA-3, 14 watts) for amplifica- 

tion and control, but also to an electronic frequency counter 

(Hewlett-Packard model 5223L) for exact monitoring of the 

input signal. The amplified signal was converted to mechan- 

ical ,vibrati.on by the driver; a magnetic transcription cutting 

head (Astatic type M41-8). 

The coupling of the signal from the driver to the pickup 

was accomplished by suspending the specimen between them. 

Cotton suspending threads were used for the room temperature 

work while carbon yarn (Hitco) was used for the high tempera- 

ture readings. 

A high-output piezoelectric phonograph cartridge (Astatic 

62-1) was used to convert the mechanical vibration transmitted 

through the sample back to electrical impulses. A pickup 

amplifier (designed and built by Ames Laboratory. Instrumenta- 

tion Group) was used to amplify the signal before it was fed 

to a vacuum tube voltmeter (Hewlett-Packard model 400D), which 
\ 

was used to gauge the amplitude of the transmitted signal. 

As a visual aid in observing resonance of the sample an oscil- 

loscope (Hewlett-Packard model 130 BR) was introduced into the 

system in such a way that the output  of the power amplifier 

was applied to the horizontal plates of the scope while the 

output of the pickup amplifier was applied to the vertical 

plates. 



The e leva ted  temperature e l a s t i c i t y  d a t a  were taken under 

vacuum a t  p ressu res  l e s s  than 5x10-' t o r r .  The specimen was 

suspended i n  a  manual .1~-cont ro l led  carbon-rod r e s i s t a n c e  

furnace ,  and t h e  temperature was -sensed by a  P t -Pt  10% Rh 

thermocouple having t h e  measuring junc t ion  near  t h e  c e n t e r  of 

t h e  specimen. Thermal equi l ibr ium was ensured by monitoring 

t h e  thermocouple output  wi th  a  m i l l i v o l t  recorder .  A more 

d e t a i l e d  d e s c r i p t i o n  of t h e  furnace and vacuum system can be 

found i n  t h e  work by Marlowe ( 8 ) .  

The resonant  frequency was' determined approximately by 

varying t h e  s i g n a l  from t h e  o s c i l l a t o r  u n t i l  t h e  suspended 

specimen v i b r a t e d  i n  resonance producing a  L i s sa jous  p a t t e r n  

on t h e  osc i l loscope .  Further.  tuning  of t h e  o s c i l l a t o r  t o  g ive  

maximum d e f l e c t i o n  on t h e  vacuum tube  vol tmeter  allowed t h e  

exact  resonant  f r e q u e n c y ' t o  be. read on t h e  frequency counter .  

The type of  re,sonant v i b r a t i o n a l  mode a s s o c i a t e d  wi th  

each resonant  frequency peak was det.ermined by probing t h e  

specimen while  v i b r a t i n g .  Three non- longi tudina l  , funda-, 

mental resonant  v i b r a t i o n a l  modes can be as soc ia ted  wi th  a  

r ec tangu la r  prism (59) and a r e  i l l u s t r a t e d  i n  F igure  3 .  The 

r e l a t i v e  amplitudes of v i b r a t i o n a l  dtsplacement a r e  i n d i c a t e d  

by arrows and nodes a r e  shown a s  do t t ed  l i n e s .  

Only t h e  t o r s i o n a l  v i b r a t i o n  and one type of f l e x u r a l  

, v i b r a t i o n  a r e  requi red  f o r  t h e  c a l c u l a t i o n  of t h e  e l a s t i c  

moduli, but  t h e  o the r  a c t s  a s  a  good check on t h e  hom0genei . t~ 

and i s o t r o p y  of t h e  sample ( 7 ) .  The f requencies  a s s o c i a t e d  
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Figure 3 .  Fundamental modes of resonant v i b r a t i o n  i n  rec tangular  prisms. 



with the flatwise flexural and the torsional modes of vibra- 

tion were measured, along with the physical dimensions and 

mass of the. specimen. 

Thermal Diffusivity Measurements 

The flash method, as described earlier, requires a short 

pulse of energy to be absorbed by one face of a specimen while 

the thermal history of the opposite face is noted. The source 

of energy in this study was a water-cooled ruby laser (Korad 

model K-1) having a maximum energy rating of 25 joules with a 

500 microsecond peak width. 

The specimen was positioned in a vacuum furnace utilizing 

a tantalum heating element operating under a pressure of 

7x10~' torr. Temperature of the specimen was measured with 

a Pt-Pt 10% Rh thermocouple. 

A front-surface mirror was used to direct the laser beam 

onto the front surface of the specimen. An optical detector 

in the form of a photovoltaic indium antimonide infrared 

detector (American Electrunic Laboratories, Inc.) was uscd to 

monitor the temperature of the rear face of the specimen. The 

output of the detector was enhanced by an amplifier (designed 

and built by Ames Laboratory Instrumentation Group) before it 

was supplied to a recorder (Honeywell Visicorder model 906C) 

used to produce a time versus temperature plot. 

A block diagram of the equipment is given in Figure 4 

and a more detailed description is given in the work of 
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Branscomb (43,44).  

Alignment of t h e  equipment was necessary  before  i n s e r t i n g  
\ 

\ 
t h e  sample i n t o  t h e  furnace t o  ensure t h a t  t h e  most i n t e n s e  

p o r t i o n  of t h e  l a s e r  beam f e l l  on t h e  specimen. This was 

accomplished by r e f l e c t i n g  an ord inary  l i g h t  beam o f f  t h e  

f r o n t  f a c e  of t h e  ruby c r y s t a l .  The f r o n t - s u r f a c e  mi r ro r  was 

then  adjus ted  u n t i l  t h e  image o f  t h e  end of the, ruby, a s  

observed by s i g h t i n g  down through t h e  furnace tube ,  appeared 

t o  be centered  wi th in  t h e  tube.  

Alignment of t h e  d e t e c t o r  u n i t  was necessary  a f t e r  t h e  

specimen was placed i n  t h e  furnace t o  ensure t h a t  it was 

recording t h e  t empera tu re .o f  t h e  r e a r  f a c e  of  t h e  specimen. 

'Th i s  was accomplished b y . h e a t i n g  t h e  specimen t o  red  hea t  and 

p o s i t i o n i n g  t h e  d e t e c t o r  s o  t h a t  t h e  r ecorde r  d e f l e c t e d  a  

maximum amount. 

The i n i t i a l  and maximum values  of t h e  r e a r  f ace  tempera- 

t u r e  were taken  t o  be t h e  middle of t h e  band of no i se  on t h e  

recorder  t r a c e .  Using .the i n s t a n t  t h e  l a s e r  f l a shed  as time 

zero ,  t h e  va lue  t 
1 / 2  

was def ined  a s  t h e  e lapsed  time f o r  t h e  

r e a r  face  temperature t o  reach h a l f  i t s  maximum value .  



RESULTS AND DISCUSSION 

Room Temperature Elastic Properties 

The shear and Young's moduli of the specimens at room 

temperature were calculated from their masses, dimensions, and 

fundamental flexural and torsional resonant frequencies using 

Equations 1 and 2. These calculated values were then used in 

Equation 3 to yield Poisson's ratio. This information is tab- 

ulated in Appendix A ,  and the calculated elastic properties 

are plotted as a function of porosity in Figure 5. 

A least-squares technique was used to fit the Young's and 

shear moduli data to Equations 4-9, which represent several of 

the theories and empirical relationships that have been suc- 

cessful in describing the porosity dependence of elastic 

moduli; the resulting .curves are superimposed on the data 

points of Figure 5. The expressions best describing the data 

were taken to be those which provided the smallest standard 

error of estimate of the fit and, in both cases, were found 

to be linear of the form 

and 

respectively for Young's and shear moduli. 

Figure 6 shows the relative Young's modulus (E/Eo) and 

shear modulus (G/G,) versus porosity for gadolinia, and indi- 

cates how they compare to other rare-earth oxides studied by 
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Manning et -- al. (22) and Powell et a1 . (39) . In all cases, the -- 
values obtained for Gd203 were larger than those obtained for 

the other rare earths. A possible explanation of this is that 

Gd203 possesses a different crystallographic structure than 

the other oxides. All the rare-earth oxides cited possess 

cubic structure, while Gd203 is monoclinic. 

The best .fits for the Young's and shear moduli data, 

Equations 23 and 24, were substituted into Equation 3 to give 

the resultant curve for the porosity dependence of Poisson's 

ratio. This method gave 

as the representation of the porosity dependence of Poisson's 

ratio and is shown in Figure 5. It is not 'surprising that 

there is more scatter about the calculated curve for Poisson's 

ratio than in the independently measured Young's . . and shear 

moduli from which Poissonls ratio was calculated (37). 

A Debye temperature of 36Z°K was calculated from the 

room temperature elastic moduli data. This was accomplished 

by using the 0% porosity values of Young's and shear moduli 

in Equation .l3. 

Elevated Temperature Elastic Properties 

Equation 10 was used to calculate the Young's and shear 

moduli at elevated temperatures; the thermal expansion infor- 

mation was taken from the work of Stacy (60). Poisson's ratio 



was calculated from Equation 3 while Equation 12 was used to 

calculate bulk modulus. These values are tabulated in Appendix 

A and are plotted in Figure 7. 

The Young's and shear moduli data were fitted to Equation 

11; the resultant relations are shown in Table I1 and are 

plotted in .Figure 7. 

Table 11. Equations for temperature dependence of Young's and 
- kT exp(-T0/T) shear . moduli . . . . of . the . . form . MT = M I,I, , , , , , , , , , , 

~odulus Volume I0 I k M 
To 

fraction (kilobars) (kilobars 
porosity OK 1 (OK) 

Young s 0.0347 1429.9 0.1792 266 
Young s 0.2297 ' 929.9 0.1507 0 
Young ' s 0.3660 563.0 0.0948 0 
Shear 0.0347 565.5 0.0698 216 
Shear 0.2297 349.2 0.0586 208 
Shear 0.3660 222.8 0.0377 0 

The failure of the plot of moduli versus temperature to 

show a rapid drop off at some elevated temperature, as is 

observed in other polycrystalline materials (61), may be taken 

as an indication of the absence of grain boundary slippage (62, 

63) in the temperature range studied. 

As can be seen from the values of k in Table 11, the tem- 

perature dependence' of both Young ' s and shear moduli increase 

with increasing specimen density. This trend has also been 

observed by Spinner et al. (38) in his work with Tho2. 
, . -- 

The Poisson's ratio equations, shown in Table. 111, were 
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Table 111. , Equations f o r  temperature dependence of  Poisson ' s  
r a t i o  of  t h e  form 

v = 
A - BT exp(-X/T) + CT exp (-Y/T) 

1 - DT exp(-Y/T) 

Volume A B C D X Y 
, f r a c t i o n  ( x ~ o - ~ ) .  ( ~ 1 0 - 4 )  ( ~ 1 0 - 4 )  (OK) ' ( O K )  

p o r o s i t y  (OK-1). . .  (OK-1) . . . ( . O ~ - . l . ) .  

c a l c u l a t e d  a s  before  by us ing  Equation 3 and t h e  b e s t  f i t s  f o r  

t h e  e l a s t i c  moduli d a t a  (Table 11) r a t h e r  than by f o r c i n g  a  

l e a s t - s q u a r e s  f i t  t o  t h e  ind iv idua l  Poisson ' s  r a t i o  d a t a  

p o i n t s .  

The equat ions  i n  Table I1 were a l s o  used t o  c a l c u l a t e  t h e  

temperature dependence equat ions  f o r  t h e  bulk modulus d a t a  by 

u t i l i z i n g  Equation 1 2 .  The r e s u l t s  a r e  given i n  Table IY.  

The f i r s t  (Y) and second (6) Griineisen cons tan t s  were 

c a l c u l a t e d  f o r  t h e  denses t  specimen by us ing  Equations 1 4  and 

15. The work of  Pankratz ee a l .  (64 )  y ie lded  va lues  of C -- P 
while  t h e  molar volume a t  temperature T was determined by t h e  

r e l a t i o n  , 



Table I V .  Equations f o r  temperature dependence o f  bulk modulus o f  t h e  form 
- A - BT exp (-X/T) - CT exp ('-Y/T) '+ ' D T ~  . exp ' ' ( -  Z/T) 
- 1 - ET exp(-Y/T) + FT exp(-X/.T) 

Volume A - B C D E F X Y Z 
f r a c t i o n  (x10-4) ( ~ 1 0 ' ~ )  ( ~ 1 0 - 3 )  (OK) (OK) (OK) 
p o r o s i t y  (kbars) (kbars (kbars kbars 0 -  ( o K - l )  

Q K  0 (-1 



where VT is molar volume at temperature T, 

MW is molecular weight, 

Po is room temperature theoretical density, 

a is coefficient of linear thermal expansion, 

AT is the difference between temperature T and 
room temperature, 

and VFP is the volume fraction porosity. 

The computed values of the   rune is en constants are plotted in 

Figure 7. . These values 'agree favorably with the rare-earth 

oxide work of Manning and Hunter (30), but are more tempera- 

ture dependent. 

Thermal Diffusivity and Thermal Conductivity 

The temperature dependence of thermal diffusivity was 

determined by Equation 18 with the thickness L being corrected 

for thermal.expansion by the expression 

where L is the thickness at temperature T, 

Lo is the room temperature thickness, 

a is the coefficient of linear thermal expansion, 

and AT is the difference between temperature T and 
room temperature. 

A data point was taken as the average of three readings at 

each temperature. Values of the temperature, thickness, time, 

and thermal diffusivity are tabulated in Appendix B, while 

the values of thermal diffuslvlty are plotted in Figure 8 :  

The best expression for the data at each poros5ty was 
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determined by first fitting them to Equations 19-22 by a 

least-squares method and selecting the one with the smallest 

standard error of estimate. In all cases a third order poly- 

nomial as a function of T in degrees Kelvin was the best fit, 

as is indicated in Table Y and plotted in Figure 8. .I 
Table V. Equations for the temperature dependence of thermal 

d.i.f.f,u.s.iv.i.ty. .o.f. .the. .f o.rm .A -. .BT. .+. .c.T.~. .-. .D.T.~.  . . . . . . . 

Volume ' A 
fraction (x10 - 2 )  
porosity 2 .cm , 

It was noted that the thermal diffusivity of Gd203 tended 

to increase above some elevated temperature. This has been 

observed in other materials (65,66) and has been explained by 

Flynn (67) as being due to radiation heat transfer within 

material porosity. 
- - 

Figure 9 compares the results of this study with bast 

work done by Zhuze -- et al. (54) on single crystal rare-earth 

oxides. It can be seen that the curve for the most dense Gd203 

sample in this study agrees favorably with Zhuze's results. 

Thermal conductivity was determined by using Equation 16 

with the heat capacity data of Pankratz et al. (64) to give -- 
the data in Appendix B and Figure 10. The density was cor- 
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rec ted  f o r  thermal expansion by t h e  r e l a t i o n  

P = po(l-3aAT) 

where p i s  t h e  d e n s i t y  a t  temperature T ,  
I 

Po i s  t h e  room temperature d e n s i t y ,  

and a and AT have been previous ly  defined., 

A l eas t - squares  technique was used t o  f i t  t h e  d a t a  t o  an 

equat ion having the  form of the  r e s u l t a n t  thermal d l f f u s i v i t y  

equat ions.  The equat ions a r e  ind ica ted  i n  Table VI and 

p l o t t e d  i n  Figure 1 0 .  

Table VI. Equations f o r  t h e  temperature dependence of thermal 
conductiv.i.ty, of .  the.  f.o.rm A - B.T. .+. . c T . ~  .-. . D T ~  . . . . . 

Volume A B C D 
f r a c t i o n  (x10-2, (XI 0 '5) (x10-8) (XI 0 -I1) 
p o r o s i t y  

( watts  I ( wattst) w a t t s  3 
( wat t s  

cm-deg . . .~m-.de.~.4 
1 

cm-deg cm-deg 



SUMMARY AND CONCLUSIONS 

The p o r o s i t y  dependence of Young's modulus, shea r  modulus, 

and Poisson 's  r a t i o  was s t u d i e d  by t h e  F o r s t e r  method over t h e  

range from 2.48% t o  36.78% poros i ty .  These d a t a  were extrapo-  

l a t e d  t o  0 %  p o r o s i t y  t o  enable  c a l c u l a t i o n  of t h e  Debye tem- 

pe ra tu re .  

The F o r s t e r  method was a l s o  used t o  determine t h e  e f f e c t  

t h a t  temperature has on Young's and shea r  moduli from room 

temperature t o  135Z°C on specimens of  t h r e e  d i f f e r e n t  poros i -  

t i e s ,  I t  was then poss ib le  t o  c a l c u l a t e  t h e  temperature 

dependence of Poisson ' s  r a t i o ,  bulk modulus, and t h e  f i r s t  ( Y )  

L. and second ( 6 )  Gruneisen cons tan t s .  

Thermal d i f f u s i v i t y  was measured over t h e  temperature 

range 151-1347OC by t h e  f l a s h  method, and t h e  thermal conduc- 

t i v i t y  was c a l c u l a t e d  from these  da ta .  

.From'this  i n v e s t i g a t i o n  t h e  fol lowing conclusions can be 

1. The r e l a t i v e  Young's and shear  moduli show a  weaker tem- 

p e r a t u r e  dependence than  o t h e r  r a r e - e a r t h  oxides t h a t  

have been s tud ied .  

2 .  There i s  no g r a i n  boundary s l ippage  wi th in  t h e  temperature 

range of t h i s  s tudy.  

3. Higher d e n s i t y  specimens e x h i b i t  a s t r o n g e r  temperature 

dependence f o r  both Young's and shear  moduli than l e s s  

dense specimens. 



4 .  Radiat ive hea t  t r a n s f e r  wi th in  m a t e r i a l  p o r o s i t y  was 

apparen t ly  a  s i g n i f i c a n t  hea t  conduction mechanism above 

6OO0C.  
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APPENDIX A. ELASTICITY DATA 



Table AI. Dimensions, densities, and volume fraction porosities of resonant 
frequency specimens 

Specimen Length Width Thickness Density Volume 
no. (cm) (cm) (cm) 

(g/cm3) 
fraction 
porosity 



Table  A I I . Room t emp.e.r.at.ur.e. .r.e.s.on.ant .f.requenci.e.s. .and .e.l.as.t.i.c p.rop.e.rt i e s  

Specimen Volume F l e x u r a l  
no.  f r a c t i o n  r e sonan t  

p o r o s i t y  f requency  
( h e r t z ]  

To r s iona l  Young ' s Shear  Po i s son ' s  
r e sonan t  modulus modulus r a t i o  
f requency ( k i l o b a r s )  ( k i l o b a r s )  

( h e r t z )  
. . . . . . . 

10,385.65 903.92 352.21 0.2832 



Table A 111. Elevated temperature resonant frequencies and e l a s t i c  properties for  
specimen 4 - 4  D having 36.60% porosity  

Temp. Flexural Tors i m a l  Young s Shear Poisson's Bulk 
("c) resonant resonant modulus modulus r a t i o  modulus 

frequency frequency (kilobars) (kilobars) (kilobars) 
(hertz) (hertz) 



T a b l e  A I V .  E l e v a t e d  t e m p e r a t u r e  r e s o n a n t  f r e q u e n c i e s  and e l a s t i c  p r o p e r t i e s  f o r  
spec imen  2-2 D h a v i n g  22.97% p o r o s i t y  

Temp. 
( "C)  

F l e x u r a l  
r e s o n a n t  
f r e q u e n c y  

( h e r t z )  

1654 .88  
1646 .50  
1638 .05  
1 6 3 2 . 5 0  
1624 .20  
1 6 1 3 . 5 5  
1 6 0 5 . 7 5  
1596 .55  
1 5 8 7 , 3 5  
1581.60 
1570 .30  
1564 .05  
1557.20 
1549 .55  
1542 .20  
1532 .40  
1525 .50  
1518 .10  
1512 .00  
1505 .60  
1498.70 
1493 .10  
1 4 8 7 . 7 5  
1478 .60  
1472 .65  
1464 .20  

T o r s i o n a l  
r e s o n a n t  
f r equgncy  

( h e r t z )  

7921.50 
7829.00 
7815.05 
7816.55 
7762.20 
7731.60 
7704.85 
7639.05 
75.93.95 
7563.10 
7517.30 
7488.50 
7451.20 
7424.35 
7393.20 
7341.70 
7308.50 
7276.20 
7245.70 
7215.15 
7180:. 35 
7146.05 
7122.. 05 
7080.30 
7051.. 30 
7008.30 

Young's . S h e a r  P o i s s o n ' s  Bulk 
modulus modulus r a t i o  modulus  

( k i l o b a r s )  ( k i l o b a r s )  ( k i l o b a r s )  



~ a 6 l e  A V. E l e v a t e d  t e m p e r a t u r e  r e s o n a n t  f r e q u e n c i e s  and e l a s t i c  p r o p e r t i e s  f o r  
spec imen  6-6 A h a v i n g  3 .47% p o r o s i t y  

F l e x u r a l  T o r s i o n a l  Young's S h e a r  Bulk  G r u n e i s e n  
Temp. r e s o n a n t  r e s o n a n t  modulus modulus  P o i s s o n ' s  modulus  c o n s t a n t s  
(OC) f r e q u e n c y  f r e q u e n c y  ( k b a r s )  ( k b a r s )  r a t i o  ( k b a r s )  Y 6 

( h e r t z )  ( h e r t z )  

5 1  1851 .35  10 ,352 .70  1403.66 553.29 0.2685 1 0 1 0 . 4 1  1 .1946  2.5309 
96 1846 .40  10 ,324 .30  1395 .41  550.02 0.2685 1004 .65  1 .1576 2.9171 

144 1845 .35  10 ,322 .15  1393 .34  549.54 0 .2677 9 9 9 . 8 1  1 .1293  3 .2400  
1 8 5  1839 .90  10 ,296 .35  1384 .58  546.58 0.2666 988 .64  1 .1020  3.4884 
255 1833 .55  10 ,255 .80  1374.12 541.92 0 .2678 9 8 6 . 4 1  1 .0804  3.7748 
31  7  1826.10 10 ,205 .45  1362.19 536.30 0 .2700 987 .05  1 .0678  3.9560 
381  1818 .50  10 ,167 .05  1350 .05  531.95 0 .2690 973 .91  1 .0423  4.1579 
450 1812.30 10 ,137 .25  1339.98 528.49 0.2677 961 .57  1 .0187  4 .3376  
511  1807 .90  10 ,101 .70  1332.70 524.48 0.2705 9 6 7 . 8 1  1 .0171  4.3979 
566 1799 .65  10 ,063 .05  1319.89 520 .21  0.2686 9 5 0 . 7 1  0 .9925  4.5429 
635 17'93.45 10 ,027 .80  1309.95 516.23 0 .2688 944 .17  0 .9778 4.6455 
688  1787.10 9 ,990 .30  1300 .04  512.12 0 .2692 939 .09  0.9669 4.7159 
742 1779 .50  9 ,950 .90  1288.34 507 .83  0 .2685  927 .43  0 .9495 4.8155 
800 1772.60 9 ,908.95 1277.67 503.28 0 .2693 9 2 3 . 2 1  0 .9396 4.8750 
874 1765 .55  9 ,866 .70  1266.64 498.65 0 .2701  9 1 8 . 1 3  0 .9277 4.9429 
902 1761 .40  9,847.165 1260.36 496.60 0.2690 909 .31  0 .9163 5.0046 
952 1755.20 9 ,813 .05  1250 .91  492 .88  0 .2690  9 0 2 . 4 6  0 .9051  5 .0653  

1010  1751.10 9 ,791 .70  1244 .39  490.47 0 .2686  896 .16  0.8940 5.1244 
1053  1745 .35  9 ,760 .45  1235 .73  487.14 0 .2683  889 .09  0 .8835 5.1810 
1107 1738 .85  9 ,722 .70  1225.92 483.14 0 .2687 883.36 0 .8735 5 .2326  
1159  1734 .45  9 ,700 .60  1219.12 480 .71  0 .2680 875 .96  0 .8623  5.2925 
1190  1728 .20  9 ,662 .10  1210 .00  476.76 0 .2690 872.95 0 .8570 5.3194 
1226 1726 .15  9 ,658 .30  1206 .72  476.22 0.2670 863.09 0 .8446 5 .3900  
1274  1721 .75  9 ,629 .70  1200 .03  473.19 0 .2680 862.17 0 .8403  5 .4073  
1 3 1 8  1713 .25  9 ,579 .40  1187 .73  468.07 0.2687 856 .03  0 .8312 5 .4561  
1353  1708.00 9 ,550 .45  1180.07 465.09 0 .2686  850.12 0 .8231  5 .5015  



APPENDFX B . THERMAL D I F F U S I Q I T Y  DATA 



Table B I .  Thicknesses,  d e n s i t i e s ,  and volume f r a c t i o n  
. p~.r.o.s.it.i.e.s. 1o.f. .the.rm.a.l. .d.i.f.f.u.s.i.v.i.ty .s.pe.c.ime.n.s. 

Sampie Thickness Density Volume 
no. (cm) 

(s/cm3) 
f r a c t i o n  
p o r o s i t y  



Table B 1 1 . .  Elevated temperature times, thicknesses, thermal diffusivities and 
conductivities f0.r. .spe.c-imen .TD-3 having 17.85% porosity 

Temp. I, t1/2 (set) 
(" C) (cm) 



Table B 111.  Elevated temperature times, thicknesses, thermal diffusivities and 
conductivities for specimen Gd-4 having 11.46% porosity 

Temp. L (sec) a T (cm2/sec) A .  
("C) (cm> (watts/cm- 

1 2 3 1 2 .3 .avg . deg) 



Table B IV. Elevated temperature ttmes, thicknesses, thermal diffusivities and 
conductivities for spe.cimen Gd-.1.3 .havi.n.g. 4.. 5.1 % porosity 

-- -- 

Temp. L 5 1 2  ( ~ e c )  aT (cm2/sec) h 
("C) (zm ) (watts/cm- 

1 2 3 1 2 3 avg degl 
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