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INTERACT IONS OF CERTAIN REFRACTORY MATERIALS 
WITH SODIUM 

J. K. Fink, J. J. Heiberger, R. Kumar, 
R. A. Blomquist, L. Leibowitz, E. S. Sowa, 

J. R. Pavlik, and L. Baker, Jr. 

ABSTRACT 

Commercial refractories of alumina, magnesia, zirconia, and 
silica, as well as samples of graphite, thoria, beryllia, boron 
carbide, and quartz, were tested for compatibility with high-tem- 
perature and boiling sodium. Samples were exposed either to static 
sodium at 850°C for five hours or to boiling sodium for about an 
hour. Graphite, thoria, beryllia, boron carbide, and refractories 
with high alumina or magnesia contents, but with low silica and 
chromic oxide contents, were found to be compatible with high- 
temperature and boiling sodium. Sample compatibility with sodium 
decreased with an increase in the silica content of the sample. 
Samples with large silica content failed completely. Bricks with 
high zirconia content did not withstand exposure to boiling sodium, 
but high-fired zirconia crucibles appeared to be in good condition 
after sodium exposure. 
bricks, the results of the ANL experiments with refractory bricks 
are in good agreement with those obtained in sodium compatibility 
experiments done at Westinghouse Advanced Reactors Division. 

Except for the results with the high-zirconia 

I. INTRODUCTION 

Various systems have been proposed for ex-reactor core retention following 
a hypothetical core-disruptive accident in a liquid metal fast breeder reactor 
(LMFBR). A s  a consequence of such an accident, the reactor vessel may fail, 
releasing fuel and sodium coolant to the reactor cavity. The proposed core- 
retention systems include stable barriers, sacrificial barriers, and cooled 
liners and trays. ' s 2  

materials, such as graphite, refractory metals, and ceramics, whereas liners 
and trays would generally be made of steel. In support of the sacrificial bed 
concept, some studies have been carried out to assess the interaction of fuel 
debris with basaltic rock, as well as with engineered beds of basalt, alumina, 
magnesia, urania, and thoria. 2,4 However, the feasibility of using these 
materials as beds .will depend on their compatibility with high-temperature 
sodium. Little data are available on the compatibility of refractory ceramics 
with sodium. Some work has been done on the compatibility of refractories 
with liquid metals in connection with MHD s y s t e m s ,  and some experiments have 
been performed on the compatibility of basalt with sodium. 

Stable and sacrificial barriers would use refractory 
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To provide information on the compatibility of materials proposed for 
core-retention systems with sodium at high temperatures, experiments were 
performed simultaneously at Argoane National Laboratory (ANL) and at Westing- 
house Advanced Reactors Division (WARD) . Commercially available brick samples 
of refractories of magnesia, alumina, zirconia, and mixed ceramic oxides were 
obtained by WARD for both groups of experiments. In addition to the refractory 
bricks obtained from WARD, samples of graphite, tantalum, boron carbide, and 
quartz and refractories of thoria, beryllia, alumina, and zirconia were obtained 1 

from other sources and tested at ANL. 
are given in Table 1. 
bricks, small high-fired crucibles, or rods. 

The manufacturers of the various samples 
The materials tested were in the form of small rectangular 

Table 1. Commercial Refractories Used In 
Sodium Compatibility Experiments 

Manufacturer Sample Description or Tradename 

Corhart Refractories Co. 

Harbison Walker Refractories Co. 

Norton Co. 

Pure Carbon Co. 

Union Carbide Corporation 

A-414 
C-104 
RFG 

UNICOR I 
X-317 
ZS 1300 

SR-504C 

Duro Fireclay Acid Brick 
Harklase 
HW Corundum 
HW Magnesite 
HW Ruby 
Korundal XD 
Oxibak H 
Varnon BF Super Duty Fireclay 

AH-199B 
m-199B 
Crucible of Norton Mix 2-302 
MN 197 
Thoria Rod 
ZH 192A 
ZH 392C 

FC-14 

AGOT Graphite 
ATJ Graphite 

. 
c 
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The major constituents--Mg0, Al2O3, Zr02, and Si02--of the refractories 
selected for the experiments satisfy the criterion for thermodynamic stability 
in sodium. 
in an alkali metal is that the free energy of formation of the refractory 
oxide must be less (more negative) than that of the corresponding alkali metal 
oxide. 
not a sufficient condition for the ceramic's compatibility with ~ o d i u m , ~  
since the refractories tested are not chemically pure, their stability in sodium 
is not easily predicted. The presence of other substances in the ceramics and 
in the binders used in fabrication, as well as the method of fabrication, affects 
the capability of the refractories to survive exposure to sodium at high tempera- 
tures. 

The criterion for thermodynamic stability of a refractory oxide 

Since this criterion for thermodynamic stability is a necessary but 
and 

Two different series of experiments were performed at ANL. In one series, 
samples were exposed to static sodium at 850°C for five hours, and in the other 
series, samples were immersed in boiling sodium for about one hour. The first 
series of experiments simulated reactor accident conditions which would result 
in the sample material being exposed to high-temperature sodium for several 
hours. In the second series of experiments, the test samples were exposed to 
more severe conditions, which better represented reactor accident conditions 
that would cause sodium to invade the ceramic structure and would then result 
in the sodium being heated by overlying and adjacent heat-generating pools. 
both series, the samples were examined visually after they had been exposed to 
sodium. To determine their mechanical strength after sodium exposure, some 
of the surviving samples, that is, the samples that remained more or less 
physically intact, were crushed with a standard laboratory press, and the 
crushing strength of the exposed samples was compared with the crushing 
strength of unexposed samples of the same materials. The weight of other 
surviving samples was determined after the sodium had been removed from the 
samples with ethyl alcohol and water. 

In 

At WARD, samples of the commercially available refractory bricks of 
alumina, magnesia, zirconia, and various mixed ceramic oxides and commercial 
ramming cements were immersed in boiling sodium for one to four hours.7 
After sodium exposure, the sodium was removed from the samples by vacuum 
distillation. A visual examination of the samples was followed by a weight 
loss determination. 

11. DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURE 

Before the samples were exposed to sodium, they were physically charac- 
terized as to weight, density, porosity and dimensions, and then were photo- 
graphed. The samples were in the form of rectangular bricks, about 1.5 cm 
by 2 cm by 3 cm or high-fired crucibles, 1 cm ID, 1.5 cm OD, and about 2.5 cm 
high, or rods approximately 2.5 cm in length. 

Following the physical characterization of a sample, it was either 
exposed to static sodium at 850°C for five hours, or immersed in boiling 
sodium for one hour. 
types of tests are described below. 

The experimental apparatus and procedure for the two 
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A. Exposure to Static Sodium at8850"C 
n 

The loading of the samples into the test capsules was carried out in an 
argon atmosphere glove box. 
steel capsule made from l-in. Sch 40 pipe with a welded bottom. In the case 
of rods and bricks, a sufficient amount of reagent-grade sodium was added to 
each capsule to allow, at the test temperature, two-thirds of the sample to 
be immersed in liquid sodium and one-third of the sample to remain in the 
vapor space. When a sample in the form of a crucible was tested, the crucible 
was filled with sodium, and sufficient sodium was added to the capsule so that 
it reached two-thirds of the way up the crucible at the test temperature. Each 
capsule was welded shut. Three capsules were stacked in a secondary container 
made from a 13.97-cm long piece of nominal 1-1/2-in. Sch 40 pipe fitted with 
end caps. For stability, the annular space between the capsules and the 
secondary container was packed with stainless steel helices. The secondary 
container was placed in the maximum temperature zone of a platinum-wound tube 
furnace having a heated zone 40 cm in length. 
test assembly is shown in Fig. 1. Prior to the runs with sodium, the maximum 
temperature region and the temperature spread in the heated zone were deter- 
mined, using a mockup of the capsule assembly. 
ture spread in the region of the sample capsules was less than 2OoC.  The 
monitoring thermocouple located on the outside surface of the secondary con- 
tainer had been calibrated against a thermocouple placed inside the mockup 
capsule assembly. 

Each sample was placed in a 5-cm long, stainless 

A schematic diagram of the 

It was found that the tempera- 

In the sodium exposure experiments, the capsules were heated to 850°C 
and held at this temperature for five hours. The thermocouple located on 
the secondary container (see Fig. 1) was attached to a recorder to monitor 
the temperature at all times. Approximately three hours were required to 
reach the test temperature. After five hours at the test temperature, the 
furnace was turned off, and the capsules were allowed to cool below 98°C 
before returning them to the glovebox where they were cut open. After 
visually examining and photographing the contents of each capsule, the 
capsules containing the surviving samples were heated to melt the sodium in 
order to remove the samples. After cooling, the sodium-coated refractory 
samples were crushed in an inert-atmosphere glovebox, using a standard hydrau- 
lic laboratory press. Unexposed samples of each refractory material were also 
crushed. 
of unexposed samples to determine if any l o s s  of structural strength had 
occurred from the exposure to sodium. 

The crushing strengths of exposed samples were compared with those 

B. Exposure to Boiling Sodium 

The apparatus used for the compatibility tests with boiling sodium was 
also used for studies of heat transfer in volume-heated U02-sodium debris beds 
and is described in detail elsewhere.8 
the apparatus. 

Figure 2 shows a schematic diagram of 
b 
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Three samples were p laced  i n  a t h r e e - t i e r  s t a i n l e s s  s t ee l  baske t  i n  a n  
iner t -a tmosphere  glovebox. 
and s u f f i c i e n t  sodium was added s o  t h a t  t h e  samples were comple te ly  immersed. 
The c o n t a i n e r  w a s  removed from t h e  glovebox and mounted i n  t h e  a p p a r a t u s  as 
i n  F ig .  2 .  The sodium w a s  hea t ed  by passage  of a 10 ,000  amp, 60 Hz c u r r e n t  
th rough t h e  c o n t a i n e r  by means of copper  bus b a r s  which were connected t o  a 
s i n g l e - t u r n  secondary  of two t r a n s f o r m e r s  connected i n  p a r a l l e l .  By c o n t r o l -  
l i n g  t h e  i n p u t  v o l t a g e  t o  t h e  t r a n s f o r m e r s ,  t h e  s a m p l e s  could  be s u b j e c t e d  t o  
v a r i o u s  l eve ls  of s p e c i f i c  power. 
i n  t h i s  r e p o r t  as  t h e  h e a t  energy  developed pe r  c u b i c  c e n t i m e t e r  of sodium 
and is expres sed  as cal/s-cm3 of sodium. 
i n  t e r m s  of i t s  e f f e c t  on t h e  sodium t h a t  has  permeated t h e  i n t e r i o r  of t h e  
sample. 
in s i t u  b o i l i n g  of  sodium. 
w e r e  more severe t h a n  t h o s e  t h a t  would have r e s u l t e d  from s imple  immersion 
of  t h e  samples  i n  b o i l i n g  sodium, s i n c e  i n t e r i o r  c a p i l l a r y  channe l s  re tard t h e  
b o i l i n g  of t h e  sodium. Consequent ly ,  a deg ree  o f  supe rhea t  i s  r e q u i r e d  b e f o r e  
t r a n s f o r m a t i o n  of t h e  l i q u i d  t o  a vapor .  The sample i n t e r i o r s ,  t h e n ,  a re  
exposed t o  a h i g h e r  tempera ture  sodium, a s  w e l l  as t o  t h e  p o t e n t i a l  mechanical  
d i s r u p t i v e  e f f e c t s  of expanding vapor  and of l i q u i d  metal be ing  e j e c t e d  through 
t h e  channels .  
r e a c t o r  c o n d i t i o n s  under which sodium would invade  t h e  ceramic s t r u c t u r e ,  and 
then  b e  s u b j e c t e d  t o  h e a t i n g  from o v e r l y i n g  o r  a d j a c e n t  hea t -gene ra t ing  p o o l s .  
Inc reased  power levels w e r e  accommodated by i n c r e a s e d  r e f l u x i n g  between t h e  
poo l  and t h e  N a K  c o o l i n g  c o i l .  

T h i s  baske t  w a s  i n s e r t e d  i n  t h e  d e b r i s  c o n t a i n e r  

The s p e c i f i c  power g e n e r a t i o n  i s  d e f i n e d  

Th i s  t ype  of h e a t i n g  i s  s i g n i f i c a n t  

Passage  of  t h e  c u r r e n t  t h rough t  t h e  i n t e r n a l  sodium channe l s  produced 
Thus, t h e  samples were exposed t o  c o n d i t i o n s  t h a t  

I t  i s  b e l i e v e d  t h a t  t h i s  c o n d i t i o n  more c l o s e l y  r e p r e s e n t s  

After t h e  samples had been exposed t o  sodium f o r  one hour ,  t hey  w e r e  
a l lowed t o  c o o l  t o  room t empera tu re .  The sample c o n t a i n e r  w a s  r e t u r n e d  t o  
t h e  glovebox, and t h e  samples w e r e  removed by r e h e a t i n g  t h e  sodium t o  t h e  
m e l t i n g  p o i n t .  A f t e r  t h e  samples  had been v i s u a l l y  examined, sodium w a s  
removed u s i n g  e t h y l  a l c o h o l  which r e a c t e d  w i t h  t h e  sodium t o  form sodium 
e t h y l a t e .  The samples w e r e  t hen  washed w i t h  w a t e r ,  d r i e d ,  and reweighed 
t o  de t e rmine  weight  l o s s .  
of t h e  samples  t o  s u f f e r  c o n s i d e r a b l e  breakdown. Such s t r u c t u r a l  d i s i n t e -  
g r a t i o n  by t h i s  t r ea tmen t  h a s  a l s o  been observed by Meacham.7 
t h i s  p r o c e s s  of  sodium removal w a s  n o t  used on l a t e r  samples and no weight  
l o s s  d e t e r m i n a t i o n s  were made. Thus,  i n  subsequent  exper iments ,  c rush ing  
s t r e n g t h  tests were made i n  a n  iner t -a tmosphere  glovebox on sodium-coated samples.  

The e t h y l  a l c o h o l  and water t r e a t m e n t  caused some 

Consequent ly ,  

111. D I S C U S S I O N  OF RESULTS 

The r e s u l t s  of exposure  of t h e  v a r i o u s  samples  t o  s t a t i c  sodium a t  850°C 

The samples  t e s t e d  a re  grouped i n  t h e  t a b l e  acco rd ing  
f o r  abou t  f i v e  hour s  o r  t o  b o i l i n g  sodium (%883"C) f o r  about  one hour  are 
summarized i n  Tab le  2.  
t o  t h e i r  composi t ion .  
p o r o s i t y ,  which were de termined  p r i o r  t o  s t a t i c  sodium exposure ,  are  a l s o  
l i s t e d .  
tests performed on sodium-coated samples  a f t e r  b o t h  t y p e s  of sodium exposure  
exper iments .  
w e r e  s u b j e c t e d  t o  b o t h  t y p e s  of exper iments ,  c rush ing  s t r e n g t h  tests were 
performed on t h e  samples  t h a t  su rv ived  exposure  t o  s t a t i c  sodium. 

The v a l u e s  of each  sample ' s  d e n s i t y  and e f f e c t i v e  

I n  t h e  las t  column i n  Tab le  2 a re  t h e  r e s u l t s  of c r u s h i n g  s t r e n g t h  

I n  t h o s e  cases where samples  of t h e  same r e f r a c t o r y  materials 



T a b l e  2 .  R e s u l t s  of Materials I n t e r a c t i o n  Tests w i t h  Sodium 

Sample D e s c r i p t i o n  
o r  Tradenamea 

H a r k l a s e  

MN 197 

Oxibak  H 

HW M a g n e s i t e  

Chemical  
Composi t ion  

97.9% MgO 
0 .8% S i 0 2  
0 .6% C a O  
0 . 4 %  A 1 2 0 3  
0 .2% Fe203 

97.9% MgO 
1 . 5 %  S i 0 2  
1.3% C a O  
0.2% Fez03 

95.7% MgO 
2.4% C a O  
1.3% S i 0 2  

0.3% Fe203 
0.3% A 1 2 0 3  

92.6% MgO 
4.4% SiO: 
1 . 7 %  C a O  
0.8% Fe203 
0 . 5 %  A 1 2 0 3  

D e n s i t y  
[g /cm3]  

2.87 

_ _  

2.95  

2.84 

E f f e c t i v e  Exposed t o  B o i l i n g  Sodium f o r  a b o u t  1 h r  P h y s i c a l  C o n d i t i o n  a f t e r  
P o r o s i t y ,  Power L e v e l  Weight  Loss  P h y s i c a l  C o n d i t i o n  Exposure  t o  S t a t i c  Sodium 

[ % I  [ c a  1 / s- cm 3 ] [ X I  a f t e r  Exposure  a t  850°C f o r  5 h r s  

Magnesia  

1 2 . 2  1 . 2 1  - 2 . 2  Good c o n d i t i o n ;  No a p p a r e n t  i n t e r a c t i o n  . some c r a c k i n g  ( F i g .  3 )  
( F i g .  3)  

0 . 1 8  - 1 . 7  Good c o n d i t i o n ;  
some. c r a c k i n g  

10.3 

10 .9  

aSee  T a b l e  1 f o r  t h e  m a n u f a c t u r e r  of  t h e s e  r e f r a c t o r i e s  

Good c o n d i t i o n ;  no 
a p p a r e n t  i n t e r -  
a c t i o n  ( F i g .  6 )  

0 .290  _ _  

0 . 1 8  

1 . 2 1  

0 .18  

_- 

- 2 . 3  Good c o n d i t i o n ;  No a p p a r e n t  i n t e r a c t i o n  
some c r a c k i n g  ( F i g .  4 )  
(F ig .  4)  

1 2 . 2  Much c r a c k i n g  No a p p a r e n t  i n t e r a c t i o n  
a f t e r  sodium ( F i g .  5 )  
removal  ( F i g .  5 )  

a f t e r  sodium 
r emov a 1 

3.0 Much c r a c k i n g  

P e r c e n t  C r u s h i n g  
S t r e n g t h  a f t e r  
Sodium Exposure  

942 

44% 

7 8% 

40% 
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Table 2 (cont'd.) 

Sample Description Chemical 
or Trndenamea Composition 

HW Corundum 99.2% A1203 
0.2% Si02 
0.2% Fe,03 
0.15% CaO 
0.15% Na20 

Li20 
+ K 2 O  + 

0.1% Ti02 
(Trace) MgO 

Alumina Brick 99% A1203 

SR 504-C 97.5% A 1 2 0 3  
1.5% CaO 
0.4% Na20 
0.2% F- 

Korundal XD 90.8% A1203 
8 . 5 %  sio2 
0 .2% Fe203 
0.15% NaZO 

+ K20 + 
Liz0 

0.1% TiOZ 
0.07% CaO 
0.07% MgO 

Effective Exposed to Boiling Sodium for about 1 hr Physical Condition after Percent Crushing 

Sodium Exposure 
Density Porosity, Power Level Weight Loss Physical Condition Exposure to Static Sodium Strength after 

[g/cm3 1 [ X I  [c~l/s-cm3] [z] after Exposure at 850°C for 5 hrs 

___. Alumina (cont'd.) 

68% - 2 . 2  Good condition; No apparent interaction 
fair amount of (Fig. 13) 
spallation 
( F i g .  13) 

fair amount of 
spallation 

2.87 1.59 1.21 

0.20 6.1 Good condition; 

Some intergranular 
attack (Fig. 8) 

24 0.67 -_ 2.Y 

0.290 -- Good condition; -- -_ 
no apparent inter- 
action (Fig. 12) 

2.93 13.1 0 .20  

S120% 

-- -- Total Some interaction; softening 
disintegration swelling, and cracking 

(Fig. 14) 

F 
0 

, 
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T a b l e  2 ( c o n t ' d . )  

E f f e c t i v e  
P o r o s i t y ,  

[ X I  

_ _  

Exposed t o  B o i l i n g  Sodium f o r  a b o u t  1 h r  P h y s i c a l  C o n d i t i o n  a f t e r  P e r c e n t  C r u s h i n g  
S t r e n g t h  a f t e r  
Sodium Exposure  

Power Level  Weight  Loss  P h y s i c a l  C o n d i t i o n  Exposure  t o  S t a t i c  Sodium 
a f t e r  Exposure  a t  850°C f o r  5 h r s  . [ c a l  /s-cm3 1 [ X I  

Sample D e s c r i p t i o n  
o r  Tradenamea 

Chemical  D e n s i t y  
Composi t ion  [ g /cm3] 

~- Z i r c o n i a  ( c o n t ' d . )  

-- -- T o t a l  -- 0.944 
d i s i n  t e g r a  t i o n  

ZH 392C (medium 
g r a i n e d ,  d e n s e  
f u s e d )  

92 .0% Z r O 2  -_ 
4 .5% C a O  
1 .5% Hf02 
0 . 9 %  S i 0 2  
0 .6% A 1 2 0 3  
0 . 3 %  T i 0 2  
0 .2% Fe203 

ZH 1 9 2 A  ( c o a r s e  
g r a i n e d ,  d e n s e  
f u s e d )  

92.0% Z r O 2  -_ 
4.5% C a O  
1 .5% HfO, 
0 .9% S i o 2  

0.3% T i 0 2  
0.2% F e 2 0 3  

0.6% A 1 2 0 3  

0 .944 -- Much d i s i n t e g r a t i o n ;  
deformed ( F i g .  1 6 )  

I 
I 
I '  

S i n t e r e d  f i r e  
b r i c k  

2 .5  -- 0 . 3 9  T o t a l  -- 
d i s i n t e g r a t i o n  

Mixed Ceramic Oxides  

Duro F i r e c l a y  
. Acid B r i c k  2 .31  4 .0  0 . 1 1 5  58.7% Sio ,  

32.0% A l . 2 0 3  
3 .6% Na.,O 

-- To t a l  S i g n i f i c a n t  i n t e r a c t i o n ;  
sodium c o m p l e t e l y  
a b s o r b e d  ( F i g .  1 9 )  

d i s i n t e g r a t i o n  

+ K30'-+ 
L i 2 0  

2 . 7 %  FezOg 
2 .1% T i 0 2  

. . . .  



T a b l e  2 ( c o n t ' d . )  

E f f e c t i v e  Exposed t o  B o i l i n g  Sodium f o r  a b o u t  1 h r  P h y s i c a l  C o n d i t i o n  a f t e r  P e r c e n t  C r u s h i n g  

o r  Tradenamea C o m p o s i m  [g/cm3] [ X I  [ c a l / s - c m 3 ]  [ X I  a f t e r  Exposure  a t  850OC f o r  5 h r s  Sodium Exposure  
Sample D e s c r i p t i o n  Chemical  D e n s i t y  P o r o s i t y ,  Power L e v e l  Weight  Loss  P h y s i c a l  C o n d i t i o n  Exposure  t o  S t a t i c  Sodium S t r e n g t h  a f t e r  

Varnon BF Hard 52.1% S i 0 2  2 . 3 4  
Burned S u p e r  43.0% A 1 2 0 3  
Duty F i r e c l a y  2.4% Ti02 

0.9% Na20 
+ K20 + 
L i 2 0  

0 . 3 %  CaO 
0.3% MgO 

X-317 

c-1.04 

67.0% MgO 
31.0% A 1 2 0 3  

0 .8% F e q O 3  

0.5% CaO 
0.5% si02 

56.5% MgO 
20.0% C r 2 O 3  
10.5% FeO 

8 .0% A 1 2 0 3  
2.5% si02 
1 . 5 %  1'102 
0.5% CaO 

4 .0  

Mixed Ceramic O x i d e s  ( c o n t ' d . )  

0 . 1 1 5  _ _  T o t a l  S i g n i f i c a n t  i n t e r a c t i o n ;  
d i s i n t e g r a t i o n  sodium c o m p l e t e l y  

absorbed  ( F i g .  2 0 )  

0 . 2 9 0  

0.130 

Good c o n d i t i o n ;  -_ 
no a p p a r e n t  i n t e r -  
a c t i o n  ( F i g .  2 1 )  

Lood c o n d i t  ton;  -- 
no a p p a r e n t  i n t e r -  
a c t i o n  ( F i g .  2 3 )  

-- 

e 

76% 

e 
N o  compar ison  could  be  made b e c a u s e  t h e  r e t a i n e d  sample was n o n - r e p r e s e n t a t i v e  
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T a b l e  2 ( c o n t ' d . )  

i 

E f f e c t i v e  Exposed t o  B o i l i n g  Sodium f o r  a b o u t  1 h r  P h y s i c a l  C o n d i t i o n  a f t e r  P e r c e n t  C r u s h i n g  

Composi t ion  [ g / c m 3 ]  [ % I  [ c a l  / s - c m 3  1 a t  850°C f o r  5 h r s  Sodium Exposure  a f t e r  Exposure  

Sample D e s c r i p t i o n  Chemical  D e n s i t y  P o r o s i t y ,  ?ower Level  Weight  L o s s  P h y s i c a l  C o n d i t i o n  Exposure  t o  S t a t i c  Sodium S t r e n g t h  a f t e r  

[ % I  o r  Tradenamea 

M i s c e l l a n e o u s  ( c o n t ' d . )  

B e r y l l i a  C r u c i b l e  99.5% Be0 3 . 4 2  -- 
0.3% S i 0 2  
0 .2% MgO 

No a p p a r e n t  i n t e r a c t i o n  
( F i g .  35) 

-_ T h o r i a  Rod -100% Tho2 9 .0  _ _  No a p p a r e n t  i n t e r a c t i o n  
( F i g .  3 6 )  

A ?-/ . 
. . . .  



1 7  

A. Magnesia Samples 

Of t h e  f o u r  r e f r a c t o r i e s  c o n t a i n i n g  a l a r g e  pe rcen tage  of  magnesia,  t h r e e  
(Hark lase ,  Oxibak H ,  and HW Magnesi te)  were s u b j e c t e d  t o  bo th  t y p e s  of tests.  
The f o u r t h  high-magnesia r e f r a c t o r y ,  MN 197,  w a s  s u b j e c t e d  o n l y  t o  t h e  b o i l i n g  
sodium tes t .  
e i t h e r  method. 
t e s t e d  a t  WARD.7 
a f t e r  exposure  t o  b o i l i n g  sodium bo th  b e f o r e  and a f t e r  sodium removal.  These 
t h r e e  samples w e r e  f i r m  and i n  good c o n d i t i o n  b e f o r e  sodium removal.  A f t e r  
sodium removal by t h e  e t h y l  a l c o h o l  and water t r ea tmen t  p r e v i o u s l y  d e s c r i b e d ,  
c r a c k i n g  w a s  e v i d e n t .  
i t s  s t r u c t u r a l  i n t e g r i t y ,  whereas  Hark la se  and Oxibak H exper ienced  some 
c r a c k i n g ,  b u t  remained i n t a c t .  
removal of  sodium compounds, such as  sodium s i l i c a t e s ,  t h a t  may have formed. 
D i f f e r e n t  samples  of Hark la se  and HW Magnesi te  w e r e  exposed t o  high-power and 
low-power levels i n  t h e  sodium b o i l i n g  exper iments .  No d i f f e r e n c e  i n  t h e  
f i n a l  c o n d i t i o n  of t h e  samples w a s  observed f o r  t h e  two power l e v e l s .  MN 
197 su rv ived  i n t a c t  (F ig .  6 ) .  

A l l  t h e  samples su rv ived  i n t a c t  a f t e r  exposure  t o  sodium by 
T h i s  i s  i n  agreement wi th  t h e  r e s u l t s  f o r  high-magnesia samples 

F i g u r e s  3 th rough 5 show Hark la se ,  Oxibak H ,  and HW Magnesi te  

HW Magnesi te  underwent much c rack ing  and l o s t  some of 

T h i s  c rack ing  i s  q u i t e  l i k e l y  due t o  t h e  

A l l  of  t h e  h igh  magnesia samples  t r e a t e d  by exposure t o  sodium a t  85O0c 
f o r  f i v e  hour s  su rv ived  i n t a c t  w i t h  no appa ren t  i n t e r a c t i o n .  F igu res  3 th rough 
5 show t h e  samples  b e f o r e  and a f t e r  exposure  t o  sodium i n  t h e  s t a t i c  tests. It 
i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f i n e  geometr ic  i m p e r f e c t i o n s  on t h e  s u r f a c e  of 
t h e  samples  o r i g i n a l l y  p r e s e n t  are s t i l l  v i s i b l e  under  t h e  sodium c o a t i n g .  It 
should  a l s o  b e  noted  t h a t  t h e  w a l l s  of t h e  s t a i n l e s s  s t ee l  c a p s u l e s  are wet ted  
w i t h  c l e a n  sodium, the reby  i n d i c a t i n g  t h a t  no  e x t e n s i v e  i n t e r a c t i o n  occur red .  

The c r u s h i n g  s t r e n g t h  of  a l l  t h e  magnesia samples  was d iminished  by expo- 
s u r e  t o  sodium. However, i n  t h e  c a s e  of Hark la se ,  which con ta ined  t h e  smallest 
pe rcen tage  of s i l i c a ,  t h e  d e c r e a s e  i n  c r u s h i n g  s t r e n g t h  w a s  n e g l i g i b l e .  
Tab le  2 ,  i t  a p p e a r s  t h a t  as t h e  pe rcen tage  of s i l i c a  i n c r e a s e s ,  t h e  r e s i d u a l  
c r u s h i n g  s t r e n g t h  is  decreased .  

From 

B. Alumina Samples 

Three samples  w i t h  h i g h  alumina c o n t e n t s ,  HW Corundum, Korundal X D ,  and 
HW Ruby, were t e s t e d  by b o t h  expe r imen ta l  p rocedures .  
a lumina samples  ( a  h igh - f i r ed  alumina c r u c i b l e ,  A-414, AH 199B, AN 199B, 
SR 504-C, and a 99% alumina b r i c k  fr6m FFTF) were t e s t e d  o n l y  by exposure  t o  
b o i l i n g  sodium. 
i n  sodium f o r  about  1 - 1 / 2  hour s  and su rv ived  i n  e x c e l l e n t  c o n d i t i o n ,  w i t h  
o n l y  a s l i g h t  da rken ing  and a s l i g h t  weight  l o s s  ( s e e  F i g .  7 ) .  
s e c t i o n  of a 992 a l u m i n a b r i c k  su rv ived  s u b s t a n t i a l l y  i n t a c t ,  some i n t e r g r a n u l a r  
a t t a c k  w a s  appa ren t  (Fig.  S) ,  and about  one- four th  of t h e  sample w a s  l o s t  by 
d i s s o l u t i o n  i n  sodium. 

The remain ing  high-  

The c r u c i b l e  of h i g h - f i r e d  r e c r y s t a l l i z e d  alumina w a s  b o i l e d  

Although a 

The high-alumina samples  c o n t a i n i n g  l i t t l e  o r  no s i l i c a  and no chromic 
ox ide  (Cr203), A-414, AH 199B, AN 199B, SR-504C, and HW Corundum, su rv ived  
sodium exposure  i n  good c o n d i t i o n ,  w i t h  no appa ren t  i n t e r a c t i o n  ( s e e  F i g s .  
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a. Before Sodium Exposure b. A f t e r  Exposure to Boiling Sodium; 
Before Sodium Removal 

c .  After Exposure to Boiling Sodium; 
A f t e r  Sodium Removal 

d .  After Exposure to Static Sodium at 850°C 

Fig. 3. High Magnesia Material, Harklase, before and after Sodium Exposure 
3 

. 
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I '  

a .  Before Sodium Exposure b. A f t e r  Exposure to Boiling Sodium; 
Before Sodium Removal 

c .  After Exposure to Boiling Sodium; 
After Sodium Removal 

d .  A f t e r  Exposure to Static Sodium at 850°C 

Fig. 4. High Magnesia Material, Oxibak H,  before and after Sodium Exposure 
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a. Before Sodium Exposure b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

c. After Exposure to Boiling Sodium; 
After Sodium Removal 

d .  After Exposure to Static Sodium at 850°C 

Fig. 5. High Magnesia Material, H W  Magnesite, before and after Sodium Exposure 
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a. Before Sodium Exposure b. A f t e r  Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 6 .  High Magnesia Material, MN 19.7, before and after Exposure to Roiling Sodium 

a. Before Sodium Exposure b. A f t e r  Exposure to Boiling Sodium; 
A f t e r  Sodium Removal 

Fig. 7 .  High-fired Recrystallized Alumina Crucible before and after Exposure to Boiling Sodium 
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9-12). 
low power l e v e l s .  
sodium removal b u t  a f a i r  amount of s p a l l a t i o n  had occur red .  
a sample of HW Corundum a f t e r  sodium w a s  removed and a sample of HW Corundum 
t h a t  w a s  exposed t o  sodium a t  850°C f o r  f i v e  hour s .  v 

Samples  of HW Corundum w e r e  s u b j e c t e d  t o  b o i l i n g  sodium a t  h i g h  and 
I n  bo th  cases, t h e  samples r e t a i n e d  t h e i r  shape a f t e r  

F igu re  1 3  shows 

With t h e  e x c e p t i o n  of HW Corundum, t h e  s u r v i v i n g  samples had c r u s h i n g  
s t r e n g t h s  a f t e r  exposure  of about  t h e  same magnitude as t h o s e  of t h e  unexposed 
samples. The appa ren t  i n c r e a s e  i n  c r u s h i n g  s t r e n g t h s  of some samples a f t e r  
exposure  may be r e l a t e d  t o  s a m p l e  v a r i a b i l i t y  o r  sample a n i s o t r o p y .  S ince  
t h e  o r i e n t a t i o n  of t h e  samples a f t e r  exposure  t o  sodium re la t ive  t o  t h e  
o r i e n t a t i o n  of t h e  unexposed samples w a s  unknown, t h e  exposed and unexposed 
samples may n o t  have been crushed  a l o n g  t h e  same a x i s  of  t h e  b r i c k .  The 
d e c r e a s e  i n  t h e  c r u s h i n g  s t r e n g t h  of HW Corundum may have been caused by t h e  
p re sence  of 0.2% s i l ica  i n  t h i s  sample, which w a s  n o t  p r e s e n t  i n  t h e  o t h e r  
s u r v i v i n g  high-alumina samples.  Th i s  e f f e c t  of s i l i c a  co r re sponds  t o  t h a t  
observed w i t h  high-magnesia samples.  

F u r t h e r  ev idence  of t h e  e f f e c t  of s i l i c a  is  i n d i c a t e d  by t h e  f a i l u r e  of 
Korundal XD, which con ta ined  8.5% s i l ica .  The sample of Korundal XD a f t e r  
exposure t o  sodium a t  850°C (Fig.  1 4 )  w a s  g r e y  and deformed, and had swe l l ed  
t o  such a n  e x t e n t  t h a t  i t  appeared  t o  have pressed  aga ins t  the  capsule  l i d .  
When probed w i t h  a s p a t u l a ,  i t  w a s  found t o  be  similar t o  metal l ic  sodium i n  
s o f t n e s s .  The Korundal XD s a m p l e  and t h e  HW Ruby sample t o t a l l y  d i s i n t e g r a t e d  
when exposed t o  b o i l i n g  sodium. The sample of HW Ruby exposed t o  sodium a t  
850°C f o r  f i v e  hours  comple te ly  l o s t  i t s  shape  and w a s  v e r y  d a r k  i n  c o l o r  
(Fig.  1 5 ) .  When probed w i t h  a s p a t u a l ,  i t  a l s o  had a s o f t n e s s  similar t o  
t h a t  of m e t a l l i c  sodium. HW Ruby d i d  n o t  c o n t a i n  s i l i c a ;  however, i t  con ta ined  
chromic ox ide  (Cr203),  which w a s  n o t  p r e s e n t  i n  t h e  s u r v i v i n g  alumina samples.  

., 

I n  agreement w i t h  t h e s e  r e s u l t s ,  t h e  r e s u l t s  of exper iments  performed a t  
WARD i n d i c a t e  t h a t  high-alumina r e f r a c t o r i e s  are compa t ib l e  w i t h  high-tempera- 
t u r e  sodium excep t  f o r  t h o s e  w i t h  a s i l i c a  c o n t e n t  g r e a t e r  t h a n  8% and f o r  
t h o s e  c o n t a i n i n g  10% chromic ox ide .  7 

C. High Z i r c o n i a  Materials 

Three h i g h - z i r c o n i a  b r i c k s  and two h igh -z i r con ia  c r u c i b l e s  w e r e  t e s t e d .  
A l l  t h e  z i r c o n i a  b r i c k s  w e r e  t e s t e d  by exposure  t o  b o i l i n g  sodium, two of 
them (ZH 392C and ZH 192A) w e r e  exposed f o r  about  one hour ,  and t h e  t h i r d ,  a 
s i n t e r e d  z i r c o n i a  f i r e  b r i c k ,  w a s  exposed f o r  about  1-1 /2  hour s .  One high- 
f i r e d  z i r c o n i a  c r u c i b l e  w a s  exposed t o  b o i l i n g  sodium f o r  about  1-1/2 hour s  
and t h e  o t h e r  w a s  exposed t o  s t a t i c  sodium at  85OoC f o r  about  f i v e  hour s .  

ZH 392C and ZH 192A are composed of t h e  s a m e  chemica l  c o n s t i t u e n t s ;  
t h e y  d i f f e r  on ly  i n  t h a t  ZH 392C i s  composed of medium-grain material ,  whereas 
ZH 192A is  composed of coa r se -g ra in  material. N e i t h e r  material wi ths tood  t h e  

one-hour b o i l i n g  sodium test:  t h e  ZH 192A sample,  a l though  s t i l l  i n t a c t ,  w a s  
c o n s i d e r a b l y  deformed (Fig.  1 6 ) ;  whereas t h e  ZH 392C sample w a s  t o t a l l y  d i s i n -  
t e g r a t e d ,  and i t s  r e s i d u e  w a s  n o t  r ecove red  from t h e  sodium. The behav io r  of 
t h e  s i n t e r e d  z i r c o n i a  f i r e  b r i c k ,  which w a s  b o i l e d  i n  sodium f o r  about  1-1 /2  
h o u r s ,  w a s  s i m i l a r  t o  t h a t  of ZH 392C, and i t s  r e s i d u e  w a s  a l s o  n o t  recovered .  
These r e s u l t s  d i f f e r  from t h o s e  of exper iments  performed a t  WARD where bo th  
z i r c o n i a  b r i c k s  t e s t e d  (ZH 392C and ZH 192A) su rv ived  i n t a c t  w i t h  some d i s -  
c o l o r a t i o n  and s u r f a c e  powdering a f t e r  sodium removal. 

.* 
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a .  Before Sodium Exposure b. A f t e r  Exposure to Boiling Sodium; 
A f t e r  Sodium Removal 

Fig. 8 .  Alumina Brick Sample before and after Exposure to Boiling Sodium 

a.  Before Sodium Exposure b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 9. High Alumina Material, A-414, before and after Exposure to Boiling Sodium 
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a.  Before Sodium Exposure b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 10. High Alumina Material, AH 199B, before and after Exposure to Boiling Sodium 

a.  Before Sodium Exposure b. A f t e r  Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 11. High Alumina Material, A N  199B, before and after Exposure to Boiling Sodium 
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a. Before Sodium Exposure 

b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 12. High Alumina hiaterial, SR-504C, before and after Exposure to Boiling Sodium 
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a.  Before Sodium Exposure 

b. After Exposure to Boiling Sodium; 
After Sodium Removal 

c .  A f t e r  Exposure to Static Sodium at 850°C 

Fig. 13. High Alumina Material, HW Corundum, before and after Sodium Exposure 
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a.  Before Sodium Exposure b. A f t e r  Exposure to Static Sodium 

Fig. 14. High Alumina Material, Korundal X D ,  before and after Exposure to Static Sodium at  850°C 

a.  Before Sodium Exposure b. After Exposure to Static Sodium 

Fig. 15. High Alumina Material with 10% Cr2O3, HW Ruby, before and after Exposure to Static Sodium at 850°C 
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a .  Before Sodium Exposure b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 1 6 .  Zirconia Brick Sample, Z H  1 9 2 A ,  before and after Exposure to Boiling Sodium 

a.  Before Sodium Exposure b. After Exposure to Boiling Sodium; 
After Sodium Removal 

Fig. 17 .  High-fired Zirconia Crucible Piece before and after Exposure to Boiling Sodium 

I' 

. 
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I n  c o n t r a s t  w i th  t h e  f a i l u r e  of t h e  z i r c o n i a  b r i c k s ,  t h e  c r u c i b l e  of 
h igh - f i r ed  z i r c o n i a  exposed t o  b o i l i n g  sodium su rv ived ,  w i t h  o n l y  a s m a l l  
c r a c k  developing .  Sodium p e n e t r a t e d  t h e  c r a c k ,  bu t  a f t e r  sodium removal,  
t h e  c r u c i b l e  weight  loss w a s  on ly  0.2%. 
850°C f o r  f i v e  hours ,  t h e  h igh - f i r ed  c r u c i b l e  of Norton Mix 2-302 z i r c o n i a  
appeared t o  b e  un reac ted  and w a s  thoroughly  wet ted  w i t h  c l e a n  sodium. 
1 7  and 18 show t h e  c r u c i b l e s  b e f o r e  and a f t e r  exposure.  
n o t  performed on t h e  c r u c i b l e s .  Although t h e  c r u c i b l e  of Norton Mix 2-302 
had t h e  same chemica l  composi t ion  as  t h e  samples  of ZH 392C and ZH 192A, i t  
d i f f e r e d  from them by be ing  a f ine -g ra ined  h igh - f i r ed  c r u c i b l e ,  whereas  they  
were dense ,  f u s e d ,  l i m e - s t a b i l i z e d  b r i c k s  and were of c o a r s e r  g r a i n .  Thus, 
t h e  d i f f e r e n c e  i n  c o m p a t i b i l i t y  between t h e  b r i c k s  and c r u c i b l e s  w i t h  high-  
t empera tu re  sodium i s  l i k e l y  due t o  d i f f e r e n c e s  i n  f a b r i c a t i o n .  

A f t e r  exposure  t o  s t a t i c  sodium a t  

F igu res  
Crushing tes ts  were 

D. Mixed Ceramic Oxides 

The r e f r a c t o r y  materials c o n t a i n i n g  l a r g e  pe rcen tages  of a lumina and 
s i l i c a  (Duro F i r e c l a y  Acid Br i ck  and Varnon BF Hard Burned Super Duty F i r e -  
c l a y  exper ienced  s i g n i f i c a n t  r e a c t i o n  i n  b o t h  t y p e s  of exper iments  performed 
a t  ANL and i n  t h e  exper iments  performed a t  WARD.” The samples exposed t o  
s t a t i c  sodium a t  850°C f o r  f i v e  hour s  are  shown b e f o r e  and a f t e r  exposure i n  
F igs .  1 9  and 20. A f t e r  exposure ,  t h e  sample of Duro F i r e c l a y  was d a r k  i n  
c o l o r ,  and w a s  hard  bu t  crumbly. Varnon BF w a s  d a r k ,  bu t  n o t  hard .  I t  swe l l ed  
t o  such  an  e x t e n t  t h a t  i t  p res sed  a g a i n s t  t h e  t o p  of t h e  c a p s u l e  du r ing  t h e  
t e s t ,  as evidenced by t h e  a t tachment  of some of t h e  s a m p l e  t o  t h e  l i d  of t h e  
c a p s u l e  ( s e e  photo  a t  lower r i g h t  i n  F ig .  20) .  I n  t h e  b o i l i n g  sodium expe r i -  
ment, t h e  samples  exper ienced  such  a g r o s s  s t r u c t u r a l  breakdown t h a t  t hey  no 
l o n g e r  resembled t h e  i n i t i a l  samples;  most of t h e  m a t e r i a l  w a s  p r e s e n t  as a 
s l u r r y  w i t h  t h e  sodium. The complete  f a i l u r e  of t h e s e  samples i s  a t t r i b u t e d  
t o  t h e i r  l a r g e  s i l i c a  c o n t e n t ;  t h e y  con ta ined  more t h a n  50% s i l i c a .  

Samples of X-317, C-104, and RFG w e r e  exposed t o  b o i l i n g  sodium f o r  one 
hour.  The magnesia-alumina material, X - 3 1 7 ,  su rv ived  i n t a c t  (F ig .  21) .  How- 
ever, a comparison i n  c r u s h i n g  s t r e n g t h  could  n o t  be made because  t h e  unexposed 
sample w a s  cons ide red  t o  be n o n r e p r e s e n t a t i v e ,  as i s  e v i d e n t  from F i g .  22. 
Although t h e  chemical  composi t ions  of C-104 and RFG are a l m o s t  i d e n t i c a l ,  
C-104 su rv ived  i n t a c t  (F ig .  23) and r e t a i n e d  about  76% of i t s  c r u s h i n g  s t r e n g t h ,  
whereas  RFG w a s  invaded by sodium, which c r e a t e d  a c o a r s e  s t r u c t u r e  i n  t h e  
sample. The exposed RFG sample,  which i s  shown i n  F ig .  24, r e t a i n e d  only  
about  34% of i t s  c r u s h i n g  s t r e n g t h .  I n  exper iments  a t  WARD, X-317, C-104, 
and RFG remained i n t a c t  a f t e r  sodium removal;  t h e  c o r n e r s  and edges of RFG 
had f r a c t u r e d ,  whereas  X-317 and C-104 were n o t  v i s i b l y  changed. 

Zirconia-based mixed ceramic o x i d e s  UNICOR I and ZS 1300 w e r e  exposed 
t o  b o i l i n g  sodium f o r  about  one hour .  UNICOR I ,  an  a lumina -z i r con ia  r e f r a c -  
t o r y  b r i c k  w i t h  a l a r g e  f r a c t i o n  of s i l i c a ,  p a r t i a l l y  d i s i n t e g r a t e d  and broke  
i n t o  two p i e c e s ,  each of which w a s  p a r t i a l l y  d i s i n t e g r a t e d  (F ig .  ‘25). One of 
t h e s e  p i e c e s  w a s  c rushed  t o  de t e rmine  i t s  r e s i d u a l  s t r e n g t h .  Only 18% of t h e  
unexposed sample’s  c r u s h i n g  s t r e n g t h  w a s  r e t a i n e d ,  which f u r t h e r  i n d i c a t e d  
t h e  s t r u c t u r a l  d e g r a d a t i o n  of t h e  sample.  
showed c o n s i d e r a b l e  d i s i n t e g r a t i o n  a f t e r  exposure  t o  b o i l i n g  sodium (Fig .  26) .  
Samples of UNICOR I and ZS 1300 a l s o  f a i l e d  t o  wi ths t and  exposure  t o  b o i l i n g  

The z i r c o n i a - s i l i c a  sample,  ZS 1300, 

sodium i n  exper iments  performed a t  WARD.7 
i s  f u r t h e r  ev idence  t h a t  r e f r a c t o r y  m a t e r i a l s  w i t h  h igh  s i l i c a  c o n t e n t  cannot  
w i t h s t a n d  exposure  t o  b o i l i n g  sodium. 

The f a i l u r e  of U N I C O R  I and ZS 1300 
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a .  Before Sodium Exposure b. A f t e r  Exposure to Static Sodium 

Fig. 18. High-fired Zirconia Crucible, Norton Mix 2-302,  before and after Exposure to Static Sodium at  850°C 

Fig. 19.  Sample of Duro Fireclay Acid  Brick before and after Exposure to Static Sodium at  850°C 

a .  Before Sodium Exposure b. After Exposure to Static Sodium 

N' 
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a .  Before Sodium Exposure 

b. A f t e r  Exposure to Static Sodium (two views) 

Fig. 20. Sample of Varnon BF Hard Burned Super Duty Fireclay 
before and after Exposure to Static Sodium at 850°C 



a. Before Sodium Exposure 
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b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 21. Magnesia-Alumina Based Material, X-317, before 
and after ExDosure to Boiling. Sodium 

. 

Fig. 22. Samples of X-317: Unexposed Sample (lower left) and 
Sample after Exposure to Boiling Sodium (upper right) 

r- 



a. Before Sodium Exposure 

3 3  

b. After Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig.  23. Magnesia Based Mixed Refractory, C-104, before and after Exposure to Boiling Sodium 

a .  Before Sodium Exposure b. After Exposure to Boiling Sodium 

Fig. 24. Magnesia Based hflixed Refractory, RFG, before and after Exposure to Boiling Sodium 
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a. Before Sodium Exposure b. Af te r  Exposure to Boiling Sodium; 
Before Sodium Removal 

Fig. 25. A l u m i n a - Z i r c o n i a  M i x e d  R e f r a c t o r y ,  UNICOR I ,  b e f o r e  and a f t e r  Exposure t o  Boiling Sodium 

a .  Before Sodium Exposure b. After Exposure to Boiling Sodium 

Fig. 26. Zirconia-Silica Mixed Refractory, ZS 1300, before and after Exposure to Boiling Sodium 

n 
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E. Graph i t e  .:@ 
A h igh -dens i ty  g r a p h i t e  b r i c k  w a s  exposed t o  b o i l i n g  sodium f o r  about  one 

hour ,  and v a r i o u s  g rades  of g r a p h i t e  and a sample of a v i t r e o u s  carbon rod were 
exposed t o  sodium a t  850°C f o r  f i v e  hours .  The g r a p h i t e  b r i c k  exposed t o  
b o i l i n g  sodium su rv ived  i n t a c t ,  bu t  some s u r f a c e  powdering w a s  e v i d e n t  a f t e r  
sodium removal (F ig .  2 7 ) .  I ts  weight  l o s s  w a s  1%. A f t e r  s e v e r a l  weeks of 
exposure  t o  a i r ,  t h e  g r a p h i t e  s p l i t  a long  p a r a l l e l  p l a n e s .  A l k a l i  metal  atoms 
are  known t o  d i f f u s e  i n t o  g r a p h i t e ,  p o s i t i o n i n g  themselves  between t h e  hexagonal 
l a y e r  p lanes . ’ ’  Th i s  causes  a change i n  d e n s i t y  and can cause  i n t e r n a l  s t r a i n s .  
Subsequent ly ,  t h e  material s p l i t s  i n  r e sponse  t o  t h e s e  s t r a i n s .  F igu res  28 
through 3 1  show samples  of g r a p h i t e  and v i t r e o u s  carbon b e f o r e  and a f t e r  t h e  
f ive-hour  exposure  t o  s t a t i c  sodium a t  850°C. None of t h e  samples appeared t o  
undergo i n t e r a c t i o n ,  and a l l  were wet ted  wi th  c l e a n  sodium fo l lowing  exposure.  
There w a s  no  subsequent  s p l i t t i n g  s imilar  t o  t h a t  of t h e  g r a p h i t e  t e s t e d  by 
exposure  t o  b o i l i n g  sodium. It should  be  no ted  t h a t  t h e s e  samples  w e r e  t e s t e d  
by a d i f f e r e n t  expe r imen ta l  p rocedure .  Moreover, t h e s e  materials were n o t  
t r e a t e d  w i t h  e t h y l  a l c o h o l  and water t o  remove t h e  sodium and were n o t  exposed 
t o  a i r ,  because  i t  w a s  found t h a t  t h e  sodium-removal procedure  and exposure  
t o  a i r  caused d e t e r i o r a t i o n  i n  o t h e r  materials.  No c rush ing  s t r e n g t h  tes ts  
w e r e  performed on t h e  g r a p h i t e s  o r  on t h e  v i t r e o u s  carbon.  

F. C o n t r o l  Materials 

Rods of boron c a r b i d e  (B4C)’ and t an ta lum were exposed t o  sodium a t  850°C 
f o r  f i v e  hours .  Both su rv ived  exposure  wi th  no appa ren t  i n t e r a c t i o n .  The 
sodium c o a t i n g  t h e  samples w a s  s t i l l  c l e a n  and sh iny  a f t e r  t h e  f ive-hour  
exposure  as can  be  seen  i n  F i g s .  32 and 33. 

G. Misce l l aneous  

A q u a r t z  t u b e ,  a t h o r i a  (Th02) r o d ,  and a b e r y l l i a  (BeO) c r u c i b l e  were 
exposed t o  sodium a t  850°C f o r  f i v e  hour s .  
s u f f e r e d  a t o t a l  l o s s  of s t r u c t u r a l  i n t e g r i t y  a f t e r  exposure.  The q u a r t z  
appeared as a thick r e s i d u e  a t  t h e  bot tom of t h e  capsu le .  The o v e r l y i n g  
sodium w a s  f a i r l y  c l e a n ,  i n d i c a t i n g  t h e  absence  of a n  e x t e n s i v e  chemica l  
r e a c t i o n ,  b u t  t h e  w a l l s  of t h e  c a p s u l e  were n o t  we t t ed  w i t h  sodium, as may 
b e  seen  i n  F ig .  34 .  Although q u a r t z  is  used f o r  sodium sampling a t  tempera- 
t u r e s  on t h e  o r d e r  of 370°C i n  EBR-II,ll q u a r t z  d e v i t r i f i e s  i n  t h e  p re sence  
of  sodium above 800°C. l 2  

The q u a r t z  t ube  (100% fused  SiO2) 

The samples  of t h o r i a  and b e r y l l i a  su rv ived  t h e  test  w i t h  no appa ren t  
i n t e r a c t i o n .  (F igs .  35-36). When t h e  c a p s u l e s  c o n t a i n i n g  t h e s e  samples were 
opened, b o t h  t h e  samples and t h e  i n t e r i o r  w a l l s  of t h e  c a p s u l e s  were coa ted  
w i t h  c l e a n ,  s h i n y  sodium. However, t h e  sodium c o a t i n g  on t h e  t h o r i a  sample 
covered o n l y  t h a t  p o r t i o n  of t h e  sample t h a t  had been submerged i n  l i q u i d  
sodium; t h e  p o r t i o n  of t h e  sample exposed t o  sodium vapor  w a s  n o t  coa ted  ( s e e  
F ig .  3 6 ) .  



a.  Before Sodium Exposure 
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b. A f t e r  Exposure to Boiling Sodium; 
Af ter  Sodium Removal 

Fig. 27. High-density Graphite Brick before and after Exposure to Boiling Sodium 

a. Before Sodium Exposure b. Af te r  Exposure to Static Sodium 

Fig. 28. Sample of ATJ Graphite before and after Exposure to Static Sodium at  850°C 
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b. After Exposure to Static Sodium a .  Before Sodium Esposure 

Fig. 29. Reactor Grade Graphite, AGOT, before and after Exposure to Static Sodium at 850°C 

b. After Exposure to Static Sodium a .  Before Sodium Exposure 

Fig. 30. Sample of FC-14 Graphite before and after Exposure to Static Sodium at 850°C 
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a .  Before Sodium Exposure b. A f t e r  Exposure to Static Sodium 

Fig. 31. Vitreous Carbon Rod before and after Exposure to Static Sodium at 850°C 

a.  Before Sodium Exposure b. After Exposure to Static Sodium 

Fig. 32. Boron Carbide (BqC) Rod before and after Exposure to Static Sodium at  850°C 
4; 



-,I 
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a .  Before Sodium Exposure b. Af te r  Exposure to Static Sodium 

Fig. 35. Beryllia Crucible before and after Exposure to Static Sodium at  850°C 

a.  Before Sodium Exposure b. After Exposure to Static Sodium 

Fig. 36. Thoria Rod before and after Exposure to Static Sodium at 850°C 4'; 

. 
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I V .  CONCLUSION 

The r e s u l t s  of t h e s e  exper iments  i n d i c a t e  t h a t  several commercially 
a v a i l a b l e  r e f r a c t o r i e s  are compat ib le  w i t h  h igh- tempera ture  and b o i l i n g  
sodium. These i n c l u d e  materials t h a t  have h igh  c o n t e n t s  of magnesia and 
alumina,  b u t  low c o n t e n t s  of s i l i c a  and chromic oxide .  Mixed ceramic ox ides  
w i t h  a magnesia-chromic ox ide  base  and low c o n t e n t  of s i l i c a  su rv ived  i n t a c t ,  
b u t  w i t h  some r e d u c t i o n  i n  s t r e n g t h .  High-f i red  c r u c i b l e s  of z i r c o n i a  wi th-  
s tood  exposure  t o  h igh- tempera ture  s t a t i c  sodium and b o i l i n g  sodium, bu t  
r e f r a c t o r y  b r i c k s  of z i r c o n i a  d i d  n o t  s u r v i v e  exposure  t o  b o i l i n g  sodium. 
Thor i a ,  b e r y l l i a ,  t an t a lum,  boron c a r b i d e ,  and a l l  t h e  g r a d e s  of g r a p h i t e  
t e s t e d  su rv ived  a f ive-hour  exposure  t o  s t a t i c  sodium a t  850°C. Quartz  w a s  
€ound n o t  b e  b e  compat ib le  w i t h  sodium a t  850°C. 

The c a p a b i l i t y  of samples c o n t a i n i n g  s i l i c a  t o  w i t h s t a n d  exposure  t o  
sodium dec reased  as t h e  amount of s i l i c a  i n c r e a s e d .  Samples c o n t a i n i n g  l a r g e  
amounts of s i l i c a  f a i l e d  comple te ly  i n  t h e  sodium exposure  expe r imen t s ,  whereas 
t h o s e  w i t h  low s i l i c a  c o n t e n t s  su rv ived  i n t a c t ,  b u t  w i t h  some l o s s  of s t r e n g t h .  
Thermodynamically, s i l i c a  i s  more s t a b l e  t h a n  sodium monoxide, whereas  sodium 
s i l i c a t e  i s  v e r y  s t a b l e .  S i l i c a  reacts w i t h  sodium vapor  acco rd ing  t o  t h e  
react i o n  

4Na + 5 S i 0 2  -+ 2Na2Si205 + S i  ( A F 2 9 8 ~  = -107.4 k c a l l . ’ *  

The re fo re ,  sodium could  a t t a c k  t h e  s i l i c a  i n  t h e  r e f r a c t o r i e s ,  caus ing  f a i l u r e  
of t h e  samples .  

The f a i l u r e  of samples  of z i r c o n i a  c o n t a i n i n g  l a r g e  amounts of s i l i c a  can  
b e  a t t r i b u t e d  t o  t h e  p re sence  of s i l i ca .  
less t h a n  1% s i l i c a  a l s o  f a i l e d .  S ince  t h e  z i r c o n i a  c r u c i b l e  (Norton Mix 
Z-302), which had t h e  same chemical  composi t ion  as t h e  b r i c k s  (ZH 192A and 
ZH 392C), d i d  n o t  f a i l ,  t h e  f a i l u r e  of t h e  b r i c k s  may be  due t o  some f a c t o r  
i n t roduced  by t h e  d i f f e r e n c e  i n  f a b r i c a t i n g  p rocedures  f o r  b r i c k s  and high-  
f i r e d  c r u c i b l e s .  
are compa t ib l e  w i t h  h igh- tempera ture  and b o i l i n g  sodium and b r i c k s  of h i g h  
z i r c o n i a  c o n t e n t  are n o t ,  t h e s e  r e s u l t s  are n o t  c o n c l u s i v e ,  because ,  a t  WARD, 
samples  o f  t h e  same h i g h - z i r c o n i a  b r i c k s  as t h o s e  t e s t e d  a t  ANL su rv ived  

7 exposure  t o  sodium, w i t h  on ly  some d i s c o l o r a t i o n  and s u r f a c e  powdering. 

However, z i r c o n i a  b r i c k s  c o n t a i n i n g  

Although our  tests i n d i c a t e  t h a t  h igh - f i r ed  z i r c o n i a  materials 

For  a l l  commercial  r e f r a c t o r i e s  t e s t e d ,  except  f o r  t h e  h igh -z i r con ia  
b r i c k s ,  t h e  r e s u l t s  of ou r  exper iments  are i n  e x c e l l e n t  agreement w i t h  t h o s e  
o b t a i n e d  a t  WARD. 
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