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1.0 SUMMARY 

The development o f  h a f n i  um-rare e a r t h  ox ides , w i t h  demonstrated 

p o t e n t i a l  f o r  MHD h o t  e l ec t rode ,  cont inues a t  a  h i gh  l e v e l .  Procedures 

f o r  f a b r i c a t i n g  h i g h  dens i t y  ceramic compacts w i t h  un i fo rm micro-  

s t r u c t u r e s  a t  temperatures below 1875K f o r  t h ree  composit ions have been 

developed. Bars o f  these m a t e r i a l s  a re  be ing  f a b r i c a t e d  f o r  t e s t i n g  

i n  the  Westinghouse WESTF f a c i l i t y .  Y t t r i u m  chromi tes ,  which have a1 so 

shown p o t e n t i a l  f o r  h o t  e l ec t rodes ,  a re  be ing  f a b r i c a t e d  i n t o  t e s t  bars 

by a  commercial s u p p l i e r .  These m a t e r i a l s  a re  be ing  prepared f o r  t e s t -  

i n g  i n  WESTF. The r e q u i r e d  e l e c t r i c a l  c o n d u c t i v i t y  and thermal con- 

d u c t i v i  t y  have been, and a r e  being, measured f o r  these e lec t rode  

m a t e r i a l s .  

The RFG a i r  p rehea te r  r e f r a c t o r y ,  t e s t e d  i n  Montana S ta te  

U n i v e r s i t y ' s  hea t  exchangers (Core #1) has been cha rac te r i zed  and 

evaluated.  The p o t e n t i a l  mechanism f o r  c o r r o s i v e  a t t a c k  by t h e  mol ten 

s l a g  have been i d e n t i f i e d .  





2.0 OBJECTIVES AND SCOPE 

The objectives of th i s  program are to develop, t e s t ,  characterize, 
and evaluate materials for open-cycle, coal-fired MHD power generators. 
The specific immediate goals emphasize electrode and insulator material, 

including: 1 )  testing and evaluation of the enhanced effects  of a1 kal i 
seed on materials i n  a dc e l ec t r i c  f ie ld ;  2 )  development and testing of 
improved electrodes and insulators w i t h  controlled microstructures, 

compositions, and properties; and 3) characterization and evaluation of 
materials relating to  MHD power generator systems, including channel , 
combustor, and a i r  preheater. 

The scope of th i s  program encompasses the following areas: 

a Reproducible laboratory test ing of both ceramic and metal electrode 
materials and insulator materials i n  a lkal i  seed/slag under dc 
e l ec t r i c  current and voltages as functions of temperature and 

seed/slag composition. 

Development and fabrication of electrodes, insulators,  and other 
related materials with controlled e l ec t r i ca l ,  chemical, and physical 
properties, including evaluation in laboratory t e s t s  in U.S. MHD 

t e s t  faci 1 i t i e s .  

e Characterization and evaluation of materials, including the measure- 
ment and analysis of s t ructural ,  chemical, and thermophysical pro-  

perties of electrodes, insulators,  slag,  and other related materials 
before and a f t e r  testing. 





3.0 TECHNICAL PROGRESS 

3.1 MATERIALS DEVELOPMENT 

The development of techniques fo r  fabr icat ing the hafnium-rare ear th  
oxide electrode material s has continued. Procedures f o r  three com- 

positions selected fo r  fu r ther  t es t ing  in M H D  generators were established.  
Qua1 i ty  samples w i t h  high density,  uniform microstructures were fabricated 
in  quantity. Fabrication procedures fo r  YCr03, previously developed, a r e  

now being used by a commercial company t o  produce a quantity of bars fo r  
future t es t ing .  The development of hafnium-rare ear th  oxide compositions 
and fabr icat ion methods continues i n  conjunction with laboratory t es t ing  

and evaluation. 

3.1 .1 Hafni um-Rare Earth Oxide El ectrodes 

Hafnium-rare ea r th  oxides have demoinstrated during laboratory t e s t s  
excellent  thermal s t a b i l i t y ,  adequate e l ec t r i c a l  conductivity, and high 

electrochemical corrosion res is tance in potassium seed and coal slags.  (1 -3) 

Further t es t ing  under simulated MHD conditions in the  Westinghouse materials 
t e s t  f a c i l i t y  (WESTF) i s  planned. However, bars with reproducible high 

density and s imilar  microstructures a re  required. These materials ,  however, 
a re  not commercially avai lable ,  and techniques fo r  fabr icat ing these 
compositions of i n t e r e s t  as MHD electrodes have not been developed. I t  

has been necessary, therefore,  t o  develop such methods * fo r  powder and 
compact methods. 

The development of fabrication methods has continued using copre- 
c ip i ta t ion  methods. The fabr icat ion procedures fo r  four potential  

hafnium-rare ear th  oxide electrode materials  were established.  These 
compos i t i  ons i ncl uded : 

*X-ray d i f f rac t ion  shows i n i t i a l  praseodymium oxide to  be Pro1 8 . However, 
s ince oxygen content Ox mixed oxide i s  not known accurately,  ~r 2 i s  used 
f o r  convenience. 

a 
5 



Bars o f  these were f a b r i c a t e d  w i t h  un i f o rm  h igh  d e n s i t y  and m i c r o s t r u c t u r e  

f o r  t e s t i n g  i n  a  thermal MHD t e s t  a t  Westinghouse (WESTF 42) i n  coa l  s l a g  

and seed. Process capac i t y  was inc reased  t o  p rov ide  100 t o  300 grams pe r  

day depending upon composi t ion.  A sampl ing and a r c h i v e  system was estab-  

l i s h e d  a long  w i t h  a  cod ing  system t h a t  i d e n t i f i e s  t h e  composit ion, o r i g i n ,  

and process s tep  o f  each i n d i v i d u a l  batch o r  p o r t i o n  o f  batch. Th i s  has 

p e r m i t t e d  a  q u a l i t y  e v a l u a t i o n  o f  each s p e c i f i c  sample which can be 

reviewed rega rd ing  f u r t h e r  p rope r t y  and t e s t i n g  eva lua t i on .  

The t y p i c a l  process f o r  f a b r i c a t i n g  these hafn ium-rare e a r t h  ox ides 

i n t o  q u a l i t y ,  s i n t e r e d  compacts i s  o u t l i n e d  i n  t h e  f o l l o w i n g  f l owshee t  

(F i gu re  1 ) .  The average p r o p e r t i e s  o f  t h e  powders and e lec t rodes  f o r  t h e  

f o u r  p r i n c i p l e  composi t ions t o  be used i n  t he  WESTF-42 MHD m a t e r i a l s  t e s t  

have been determined (Tab le  1  ) .  The var ious  s teps f o r  f a b r i c a t i o n  a r e  

descr ibed  i n  more d e t a i l .  

3.1 .l. 1  C o p r e c i p i t a t i o n .  The c o p r e c i p i  t a t i o n  technique, a  m o d i f i c a t i o n  of 

t h a t  developed by Dole, e t  a1. !4) c o n s i s t s  o f  t h e  f o l l o w i n g  s teps:  ( 1  ) The 

r a r e  ear th -ox ide  powders a re  d i s s o l v e d  i n  concen t ra ted  n i t r i c  a c i d  and t h e  

hafnium o x y c h l o r i d e  i n  water .  ( 2 )  The s o l u t i o n s  a r e  d i l u t e d  and mixed. 

( 3 )  The mixed ox ides  a r e  c o p r e c i p i t a t e d  f rom the  s o l u t i o n  us ing  ammonium 

hydrox ide  s o l u t i o n .  ( 4 )  The p r e c i p i t a t e  i s  f i  1  t e r e d  and washed s e q u e n t i a l l y  

w i t h  water,  acetone, to luene,  and acetone then a i r  d r i e d .  The r e s u l t a n t  

g r a n u l a r  powder i s  a  hydrox ide s a l t  t h a t  r e q u i r e s  a i r  c a l c i n a t i o n  t o  fo rm 

the  ox ide .  

Dur ing c o p r e c i p i t a t i o n  a c i d i c  s o l u t i o n  i s  d r i pped  i n t o  r a p i d l y  s t i r r e d  
d i  1  u t e  ammonium hydrox ide  s o l  u t i o n  t o  i n s u r e  p roper  m ix ing .  A f i n e r  g r a i n  

powder u s u a l l y  r e s u l t e d  when t h e  s o l u t i o n  i s  r a p i d l y  s t i r r e d .  The amount 

o f  ammonium hydrox ide i s  c a l c u l a t e d  t o  g i v e  an endpo in t  o f  p r e c i p i t a t i o n  

a t  a  pH o f  8.5. A b a s i c  s o l u t i o n  u s u a l l y  r e s u l t s  i n  a  powder t h a t  i s  

e a s i e r  t o  f i l t e r  d u r i n g  t h e  wate r  washing. 

The m i x i n g  o f  the  powders and t h e  wash medium i s  done w i t h  a  Waring 

b lender  (3000-6000 ppm). The powder i s  f i l t e r e d  between washings u s i n g  



FIGURE 1. F a b r i c a t i o n  Hafnium-Rare Ea r th  Oxides 
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a Buchner f i l t e r  w i t h  an ashless f i l t e r  paper. The organ ic  l i q u i d  washes 

are requ i red  t o  prepare a h i g h l y  s i n t e r a b l e  powder. Without these washes, 

the c a l c i n e d  powder does n o t  have good f l o w  c h a r a c t e r i s t i c s  o r  s i n t e r i n g  

behavior,  even though the BET sur face area remains h igh.  The f i r s t  acetone 

wash removes most o f  t he  bu l k  water. The to luene appears t o  remove t h e  

more t i g h t l y  bound water and i n t e r a c t s  w i t h  t h e  unbonded sur face  s i t e s .  

The l a s t  acetone wash removes the  excess to luene and i s  a r a p i d  d r y i n g  

medium. Several hours i n  a d r y i n g  oven a t  316K removes the  acetone p r i o r  

t o  c a l c i n i n g .  The burn ing  o f  acetone dur ing  a i r  o x i d a t i o n  r e s u l t s  i n  a 

powder w i t h  lower s i n t e r a b i l i t y .  (Burn ing o f  acetone w i l l  occur i f  the  

powder i s  n o t  d r i e d  i n  a d r y i n g  oven. ) 

3.1.1.2 Ca lc in ing .  A l l  c a l c i n i n g  i s  done i n  a i r  f o r  f o u r  hours a t  a  

temperature between 1073 and 1273K. Ca lc in ing  a t  lower temperatures d i d  

n o t  remove s u f f i c i e n t  v o l a t i l e s  r e s u l t i n g  i n  weakening o f  the  pressed 

compacts du r i ng  s i  n t e r i n g .  Higher c a l c i n i n g  temperatures r e s u l t e d  i n  

powders w i t h  decreased s i n t e r i n g  a c t i v i t y .  The volume o f  t he  c a l c i n e d  

powder i s  about two - th i rds  t h a t  o f  t he  uncalc ined powder. X-ray d i f f r a c t i o n  

ana l ys i s  o f  t he  pos t  ca l c i ned  powder showed t h a t  f o r  most o f  t h e  composi- 

t i o n s ,  t he  r a r e - e a r t h  s t a b i l i z a t i o n  o f  t h e  ha fn ia  powders occurred du r i ng  

c a l c i n i n g  r e s u l t i n g  i n  f l u o r i t e ,  pyrochlore,  o r  monocl in ic  phases as 

p r e d i c t e d  f rom phase equi  1  i b r i  um (Table 1 ) . 
3.1.1.3 B a l l  M i l l i n g .  The powders were b a l l  m i l l e d  p r i o r  t o  p ress ing  and 

s i n t e r i n g  t o  break up the  agglomerates t h a t  formed du r i nq  c a l c i n a t i o n .  The 

b a l l  m i l l i n g  tended t o  increase t h e  sur face  area. For example, t he  

0.29Pr203*0.05Yb203-0.66Hf02 powder f o r  0, 10, and 960 minutes had 
2 sur faceareas  o f  12.4, 14.4, and 16.1 m /g  respec t i ve l y .  B a l l  m i l l i n g  

a l s o  increased t h e  f l o w a b i l i t y  o f  t he  powders and t h e  u n i f o r m i t y  o f  t h e  

s i n t e r e d  m a t e r i a l .  

To minimize i m p u r i t y  contaminat ion, Neoprene l i n e d  m i l l s  and Zr02 

g r i n d i n g  b a l l s  were used i n  a Freon TF wet g r i n d i n g  media. The Zr02 

r e s u l t e d  i n  l e s s  than 1 w t %  Zr02 p ickup i n  the  f i n a l  powder, and s ince  



TABLE 1. Average P rope r t i es  o f  Hafnium-Rare Ea r th  
Oxide Powders and E lec t rodes  

Powder 
Surface S in te red  

Composit ion Area* X-Ray Dens i ty  Densi t y  Phases** 

A) 29 mole% Pro2 50% Cubic 
5 I n  Yb20g 1 7 m2/gm 9.0 gm/cc 98% 50% Pyroch lo re  

66 " Hf02 

93% F l  u o r i  t e  

C) 10 mole% Er203 

10 I' Tb407 16 m21gm 9.6 gm/cc 88% F l  u o r i  t e  

* BET 

** X-ray d i f f r a c t i o n  



i t  has p r o p e r t i e s  n e a r l y  i d e n t i c a l  t o  Hf02, i t s  con tamina t ion  shou ld  

i n f l u e n c e  t h e  f i n a l  p roduc t  l e s s  than o t h e r  ox ide  contaminants.  

Freon TF vapor ized  e a s i l y  and was a b e t t e r  media than acetone, 

t o1  uene, o r  e t h y l ,  methyl ,  o r  i sop ropy l  a l coho l .  A1 though b a l l  mi 11 i n g  

r e s u l t e d  i n  lower  green d e n s i t i e s  o f  t h e  c o l d  pressed ox ide,  t h e  f i n a l  

s i n t e r e d  d e n s i t i e s  were h igher .  

3.1.1.4 Slugging and Granu la t ion .  The powders a re  slugged a t  69 MPa 

(10,000 p s i )  b e f o r e  pass ing through a -14 mesh T y l e r  screen. The f i n a l  

s i n t e r e d  d e n s i t y  i s  increased by about 5% (94% ins tead  o f  89%) by s l ugg ing  

and g r a n u l a t i o n  o f  t he  powder. 

3.1.1.5 Press ing.  The slugged and g ranu la ted  powder i s  pressed u n i a x i a l l y  

i n  s t e e l  d i e s  ( w i t h  a  0.01 cm/cm t o p i c )  a t  152 MPa (22,000 p s i )  i n t o  r i g h t  

p a r a l l e l p i p e d s .  The d i e  and punch a r e  l u b r i c a t e d  w i t h  z i n c  s t e a r a t e  o r  

l i t h i u m  s tea ra te .  Humid i t y  f rom t h e  a i r  i s  an adequate b i nde r .  

I s o s t a t i c  p ress ing  i s  used f o r  f i n a l  compaction a f t e r  u n i a x i a l  p ress ing .  

Th is  p rov ides  a more un i f o rm  a p p l i c a t i o n  o f  pressure reduc ing  some 

r e s i d u a l  s t r esses  r e s u l t i n g  i n  a  crack f r e e  compact w i t h  a  u n i f o r m  mic ro -  

s t r u c t u r e .  The green p e l l e t s  a re  i s o s t a t i c a l l y  pressed i n  double rubber  

( p l a s t i c )  evacuated con ta ine rs  i n  a  wate r  s o l u b l e  o i l  a t  228 MPa (33,000 p s i ) .  

3.1.1.6 S i n t e r i n g .  The hafn ium-rare e a r t h  ox ide  p e l l e t s  a r e  s i n t e r e d  

between 1850 - 1875K i n  a i r .  S i n t e r i n g  t imes a r e  16 hours w i t h  5 hour 

heatup and coo l  down c y c l e .  

S i n t e r i n g  has a l s o  been s t u d i e d  i n  vacuum t o  2275K i n  tungs ten  

h e a t i n g  elements. P e l l e t s  t o  98% o f  t h e  t h e o r e t i c a l  d e n s i t y  can be 

fabr i ca ted .  A l though no r a r e - e a r t h  ox ide  l o s s  occurs,  t h e  ox ide  darkens 

because o f  r e d u c t i o n  due t o  low oxygen pressure i n  t he  furnace. Reox ida t ion  

i s  performed a t  1875K i n  a i r  f o r  5  hours.  

Some e f f e c t s  o f  t h e  f a b r i c a t i o n  v a r i a b l e s  on t he  green d e n s i t y  o f  

t h e  hafn ium-rare e a r t h  ox ides i s  summarized i n  F igu re  2. 
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FIGURE 2. Green ~ e n s i t y  a s  a Function of Pressing Pressure of 
Powder CCC Ero, 14Tbo. 2gHf0, 5702. 
A .  Uniaxi a1 l y  pressed only. 
6. Uniaxial l y  pressed and i s o s t a t i c a l l y  pressed a t  218MPa. 
C .  Ball mi 11 ed powder, uniaxial l y  pressed and i s o s t a t i c a l  l y  

pressed a t  218 MPa. 



3.1.2 Y t t r i u m  Chromi t e  

Y t t r i u m  chromi te  i s  be ing  f a b r i c a t e d  by a  commercial s u p p l i e r  on 

s p e c i f i c a t i o n s  p rov ided  by t h i s  l a b o r a t o r y .  The YMg0~05Cr0~95CrO~9503 
w i l l  be f a b r i c a t e d  i n t o  bars  f o r  f u t u r e  t e s t i n g  under MHD c o n d i t i o n s .  

The chromi te  w i l l  be cha rac te r i zed  and p r o p e r t i e s  measured e l e c t r o c h e m i c a l l y  

f o r  t e s t s  i n  the  l a b o r a t o r y  and i n  an MHD generator  (WESTF). 

3.2 CHARACTERIZATION AND EVALUATION 

A  number o f  m a t e r i a l s  o r  m a t e r i a l  systems a r e  be ing  cha rac te r i zed  and 

eva lua ted  i n  suppor t  of o t h e r  U.S. MHD programs r e l a t i n g  t o  open cyc le ,  

coa l  f i r e d  MHD. These m a t e r i a l s  a re  rece i ved  f rom o t h e r  DOE MHD f a c i l i t i e s ,  

and a r e  c h a r a c t e r i z e d  us ing  P a c i f i c  Northwest Laboratory  f a c i l i t i e s  t o  

p rov ide  i n f o r m a t i o n  t o  a s s i s t  i n  t he  t e c h n i c a l  progress o f  t h e i r  programs. 

Now be inq  c h a r a c t e r i z e d  f o r  e v a l u a t i o n  a re :  

0 Pla t inum coated copper anodes f rom AVCO t e s t  i n  Mark V I I  u s i ng  coa l  

s l a g  and K2S04 seed. 

a A i r  p reheate r  r e f r a c t o r i e s  (RFG) and s l a g  t e s t e d  a t  Montana S t a t e  

U n i v e r s i t y ' s  heat  exchanger, Core No. 1. 

0 P o t e n t i a l  a i r  p rehea te r  r e f r a c t o r i e s  w i t h  v a r i e d  composi t ions and 

s t r u c t u r e s  t e s t e d  i n  Montana S ta te  U n i v e r s i t y ' s  heat  exchanger. 

Coal s lags  depos i ted  on t he  Pt-Cu e lec t rodes  du r i ng  a  s l a g g i n g  seed 

exper iment  i n  S tan fo rd  U n i v e r s i t y ' s  MHD t e s t  f a c i l i t y .  

The c h a r a c t e r i z a t i o n  and e v a l u a t i o n  o f  the  RFG r e f r a c t o r y  f r om MSU's 

heat  exchanger has been conipleted, and the  s tudy  o f  t he  o the rs  i s  con t i nu ing .  

The major  work on AVCO's p l a t i num coated copper anode i s  completed, and 

r e s u l t s  wi  11 be r e p o r t e d  n e x t  qua r te r .  

3.2.1 Cha rac te r i za t i on  o f  RFG Re f rac to r y  Tested i n  MSU Heat Exchanger, 

Core No. 1  

Se lec ted  cores o f  s i n t e r  bonded RFG r e f r a c t o r y *  t e s t e d  i n  Montana 

S t a t e  U n i v e r s i t y ' s  hea t  exchanger (Core #1) were examined t o  determine 

*Corhar t  R e f r a c t o r i e s  



t h e  performance us ing  a  potassium seed f r e e  Montana "rosebud" t ype  s lag .  

Examinat ion i n c l  uded o p t i c a l  ceramography and quan t i  t a t i  ve SEM-EDX 

c h a r a c t e r i z a t i o n .  Sect ions were taken f rom var ious  b r i c k s  i n  t h e  core  

which had operated a t  d i f f e r e n t  temperatures. The heat  exchanger core  

i nc l uded  s i x  runs us ing  f o u r  d i f f e r e n t  s lags  w i t h  t h e  major  p o r t i o n  o f  

the  t e s t ,  Runs 1, 2, and 6  o f  50, 100, and 750 hours r e s p e c t i v e l y ,  us ing  

t he  same s lag .  Runs 3, 4, and 15 (100 hours each) used d i f f e r e n t  s lags .  

A l l  s l ags  were s i m i l a r  i n  composi t ion and can b e s t  be represen ted  by 

comparing s l a g  #6 w i t h  an average f o r  a1 1  s lags  (Table 2 ) .  

The RFG used i n  t h e  core  was s i n t e r e d  bonded w i t h  a  nominal com- 
3  

p o s i t i o n  shown i n  Table 3. The r e p o r t e d  d e n s i t y  was ~ 3 . 2 6  g/cm w i t h  

~ 1 4 %  p o r o s i t y .  The p o r o s i t y  was g e n e r a l l y  open. The o r i g i n a l  s t r u c t u r e  

was mu l t iphase  (F igu re  3)  w i t h  a  p r imary  MgO phase ( ~ 9 6 %  p ~ r i t y ) , ~  a  

l i q h t e r  s p i n e l  phase (up t o  ~ 0 . 0 3  mm) w i t h  a  composi t ion near  0.6 MgO- 

0.4[(CrYA1 ,Fe)203] w i t h  the  Cr/Al/Fe r a t i o s  of 41511, and small 

MgO r i c h  s p i n e l  second phase, ( ~ 0 . 0 1  mm) near  0.75Yg0-0.25 

[(Cr,A1,Fe)20g] w i t h  a  s i m i l a r  Cr/Al/Fe r a t i o .  A  very  much sma l l e r  

dendr i  te -1  i ke phase, (0.001 - 0.003 mm) even h ighe r  i n  MgO ( ~ 8 3 % )  [A l  - 
C r  = Fe] and h ighe r  i n  Fe203 was a l s o  observed. 

Each s e c t i o n  was cu t ,  mounted i n  r e s i n ,  p o l i s h e d  f o r  me ta l l og raph i c  

examinat ion and subsequent SEM and q u a n t i t a t i v e  EDX eva lua t i on .  The 

general  c h a r a c t e r i z a t i o n  and e v a l u a t i o n  r e s u l t s  a r e  summarized i n  Table 4. 

The c a l c u l a t e d  minimum and maximum temperatures d u r i n g  t h e  t e s t ,  as 

r e p o r t e d  by MSU, a r e  a l s o  l i s t e d .  The a t t a c k  o f  t h e  s l a g  on t he  RFG was 

s i m i l a r  f o r  a l l  cores examined. The lowes t  temperature core, (1077 - 1094K) 

49-2 (HM-5) remained e s s e n t i a l l y  unchanged. I n  t h e  o t h e r  cores, t h e  s l a g  

had penet ra ted  t h e  open pores and coated t h e  exposed sur faces  t o  va r i ous  

th icknesses and had reac ted  w i t h  t h e  RFG, e s p e c i a l l y  on t h e  sur faces,  

a l t e r i n g  t he  MgO-spinel s t r u c t u r e .  The r e a c t i o n s  were g r e a t e s t  a t  t h e  

h i ghes t  temperature core  (1668 - 1723K) 2-2 (HM-1) where none o f  t h e  o r i g i n a l  

r e s i d u a l  s t r u c t u r e  remained and l e a s t  a t  t h e  lower  temperatures 49-2 (HM-4) 

(1412 - 1442K) where s u b s t a n t i a l  r e s i d u a l  RFG s t r u c t u r e  remained. The s l a g  

c o a t i n g  th ickness  was g r e a t e s t  on t h e  5-2 (HM-2) (1630 - 1638K) where some 

holes were comple te ly  c losed.  

t ~ h e  phase n o t a t i o n  used i n  t h e  m ic ros t ruc tu res  a r e  d e f i n e d  i n  Table 5. 
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TABLE 2. Slag Compositions 

Na20 

K2° 

2'3 

CaO 

Fe203 

Analys is  #6 

0.75 

53.5 

9.14 

0.51 

0.18 

17.3 

18.66 

4.06 

Overa l l  Runs 

0.65 

53.25 

9.85 

0.40 

0.19 

18.53 

14.54 

3.68 

*Taken from near t op  of bed. 

TABLE 3. RFG (Nominal Compositions) 

As Reported 

Cr203 20% 

2'3 8.0 

FeO 11 .O 

S i  O2 

CaO 

SEM-EDX 

63 

16 

6 

11 

3 

1 

1 

Density:  3.26 g/cm 3 

Porosi  t y  : 14% 

Thermal Expansion Coef f i c ien t :  10.8 x 



TABLE 4 .  Microstructure of RFG After Testing 

Sample -- SlaqIRFG Interface RFG/Slag Interior 
Mdx.-Min. General Slaq Thickness Crystalline Sil icate crys ta l l ine  

Temperature .- Appearance on Surface(mn) Sil icate Phase(~) Pl~ase(s) - Phase (~)  Phase (~)  

0-0 (HM-6) Dark brown 
reference as black 
fabricated 

Very dark brown 
with 1 ight powder 
deposit on hole 
surfaces 
(smearable) 

Med. dark brown 
with slag coating 
some holes with 
l ight  dark color 

Med. dark brown 
coated with dark 
slag; pores 
f i  1 led 

Med. brown color; 
a l l  surfaces 
covered wi t h  
brown slag; solile 
holes closed 

Oark brown, holes 
enlarged, surface 
rough, no slag on 
surface 

0 - 1 mn MgO.2CaO-2Si02+Al 
adjacent to  
crystal1 ine phases; 
slag composition 
a1 tered 

l w  Phase separated 
Mg0-2Ca0.2Si02 
( t4% A1803) + 
vitreous phase 
lower in Ca 

>5 mn , Mg0-2Ca0.2Si02 with 
some A1 and iron 

- Matrix Mg0(95%)+0.03 mn size 
0.6Mg0.04(Cr0.4A10.5Fe0.1 l 2O3  
(spinel s .s .)  plus <0.005 mi 
spinel phases higher in Mg 

' and Fe 

Same as original RFG HM-6 

2H 0-Si02; Mg0-2Ca0.2Si02; 
Mg&1 , C ~ . F ~ ) ~ O ~  slag penetrated 
high in Mg entire sample; 
with Al/Cr/Fe 2 depleted in Mg 
41111 

2~gO.SiO2(+Ca); Hg0-2Ca0.2Si02 
minor A120 -2Si02 with slag 
t2Or(sa .ca? penetration 

entire sample 

2tlgO-SiO2; Mg0-2Ca0-2Si02 
MdAl .Cr,Fe 1204 
with AlICrlFex 
41111 

Hg(A1 , C ~ , F C ) ~ O ~  high in Mg 

with variable AlICrlFe from 
41111 to 11111; MgO 

MgO; some islands RFG remainin 
but a1 tered; Mg depleted (4513 
Hg(A1 .Cr,Fe)204 

2Mg0-Si02; Hg(A1 ,Cr,Fe)204 
with variable AllCrIFe rat io 
4 to 1; l i t t l e  RFG remains 

CaO.Al203.2Si02 . Stringers of 2MgO.Si02; particles 
wi th stringers of ~g(A1 .Cr,Fe)2O4 with 

AlIFesll3. 1 i t t l e  Cr 



FIGURE 3. M i c r o s t r u c t u r e  o f  as f ab  
See Table 5 f o r  n o t a t i o n  

r i c a t e d  RFG r e f r a c t o r y  be fo re  t e s t i n g .  
of  phases. 



TABLE 5. M i c r o s t r u c t u r e  Labels  f o r  F igures 

A O r i g i n a l  RFG 

B Slag (a1 t e r e d )  

C MgO ( p e r i  c l  ase) (mp-3100K) 

D 0.6Mg0-0.4(A1 ,Cr,Fe)203 w i t h  A1ICrlFe r a t i o  41111 ( s p i n e l  s .s . )  
(mp % 2200-2500K) 

E 0.75Mg0-0.25(A1 .Cr.Fe)203 ( s p i n e l  s.s. ) (mp % 2200-2500K) 

F Mg(A1 ,Cr,Fe)204 w i t h  Al /Cr/Fe - 41111 ( s p i n e l  s .s . )  

G Mg(A1 ,Cr,Fe)204 w i t h  Al /Cr/Fe 2 1 ( s p i n e l  s .s . )  

H 2MgO*Si02 ( f o r s t e r i  t e )  (mp 21 63K) 

I Mg0.2Ca0.2SiO2 (akermani te)  (mp 1723K) 

K CaO*A1 203=2Si02 ( a n o r t h i  t e )  (mp 1826K) 

L Mg(A1 ,Fe)204 w i t h  A l l F e  = 113 ( s p i n e l  s.s. ) 

mp - m e l t i n g  p o i n t  



3.2.1.1 23-2 (HM-4) 1412 t o  1442K. The lowes t  temperature RFG where 

r e a c t i o n s  w i t h  s l a g  were observed b e s t  def ines the r e a c t i o n s  which occur red  

between the  RFG and t he  s lag.  The EDX mapping o f  the sur face  i n d i c a t e s  

t h a t  t h e  Si02 had reac ted  w i t h  t h e  flg0 i n  t h e  RFG a t  t h e  exposed sur faces  

fo rming  2Hg0-Si02 [ f o r s t e r i t e ,  MP 189O0C] w i t h  t he  CaO remain ing w i t h  

t h e  s i l i c a t e  s l a g  (F igures  4, 5, and 6 ) .  The tlg(A1,Cr,Fe)204 phase i n  t h e  

RFG d i d  n o t  appear t o  r e a c t  s i nce  t h e  Al,Cr, and Fe remained combined a t  

t h e  su r f ace  and f r e e  o f  S i  and Ca. However, t h e  A1 f rom t h e  s l a g  may have 

reac ted  w i t h  t h e  s p i n e l  phase, as evidenced by t h e  increased A1 concen- 

t r a t i o n  a t  t h e  sur face.  

The phases surrounding t h e  2Mg0-Si02 p a r t i c l e s  (F igu re  5)  cons i s ted  

o f  a near Mg0-2Ca0-2Si02 phase and Mg(A1,Cr)204 sp ine l  ( w i t h  A l /C r  f rom 

4 t o  I ) ,  F i gu re  4. 

I n  t he  i n t e r i o r ,  t h e  changes a r e  l e s s  severe, w i t h  t h e  r e s i d u a l  RFG 

s t r u c t u r e  remaining, F i gu re  6. These r e s i d u a l  p a r t i c l e s  a r e  surrounded 

by l lg r i c h  Ilg(A1 ,Cr)204 and 1490 phases. These a r e  subsequent ly surrounded 

by Zflg0-Si02 p a r t i c l e s  and l lg r i c h  Mg0-2Ca0=2Si02 s i m i l a r  t o  t h a t  a t  t h e  

surface. 

3.2.1.2 14-2 (t i t l-3) 1517 t o  1562K. The s l a g  penet ra ted  t h e  e n t i r e  sample 

w i t h  a s lag-core  i n t e r f a c e  very  s i m i l a r  t o  t h e  lower  temperature 23-2 

(HM-4). C r y s t a l  1 i n e  p a r t i c l e s  o f  2Mg0.Si02 [+ 2.3 mol% CaO] were found 

i n  t h e  a l t e r e d  s l a g  a t  t h e  RFG-slag i n t e r f a c e  (F igures  7 and 8 ) .  The 

a l t e r e d  s l a g  con ta ined  t h r e e  phases which may be c r y s t a l l i n e .  There were 

equal amounts o f  Mg0.2Ca0.2Si02 ( w i t h  some few percen t  A1203), MgO (18 a t . % )  

c o n t a i n i n g  s l a g  w i t h o u t  chromium and unknown c r y s t a l l i n e  p a r t i c l e s  

p o s s i b l y  A1203.2Si02, w i t h  s u b s t a n t i a l  amounts o f  Ca (10 a t .%)  and Ba 

(11 a t . % ) .  

The x - r a y  maps o f  t h e  i n t e r f a c e  i n d i c a t e  t h a t  chromium and i r o n  tend 

t o  remain w i t h  t h e  aluminum a f t e r  t h e  MgO has reac ted  w i t h  t he  S i02 .  The 

ca l c i um does n o t  appear t o  be i n v o l v e d  i n  t h e  r e a c t i o n  s i nce  i t  concen- 

t r a t e s  i n  t h e  a l t e r e d  s l a g  which con ta ins  o n l y  smal l  amounts o f  MgO. 

The i n t e r i o r  con ta ined  r e a c t i o n  products  o f  2MgO-Si02 and p a r t i c l e s  

of Mg r i c h  Mg(Cr,A1)204 sp ine l  w i t h  Cr=Al and Mg(Cr0.2A10s8)204 a l s o  r i c h  

i n  Mg ( F i g u r e  8 ) .  These l a t t e r  s o l i d  s o l u t i o n s  e x h i b i t e d  v a r i a t i o n s  

between these two composit ions. Some r e s i d u a l  s t r u c t u r e  remained as 

i s l a n d s  i n  these  r e a c t i o n  products .  
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FIGURE 5. M i c r o s t r u c t u r e  o f  RFG 23-2 (HM-4) Tested a t  1412-1442K. 
See T a b l e  6 f o r  n o t a t i o n s .  



FIGURE 6. SEM niicrostructure of RFG 23-2 (HM-4) tested a t  1412-1442K. 
1, 2, and 3 are in te r ior  structures and 4 i s  slaq-RFG 
interface. See Table 5 for  notations. 
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FIGURE 7.  EDX x - r a y  mapping o f  RFG 14-2 (HM-3)  t e s t e d  a t  1517-1562K. See 

Fe 

Tab le  5 f o r  n o t a t i o n s .  



FIGURE 8. M i c r o s t r u c t u r e  o f  RFG 14-2 (HM-3) t e s t e d  a t  1517-1562K. 
See Table 5 f o r  no ta t i ons .  



3.2.1.3 5-2 (HM-2) 1630 - 1683K. The s l a g  l a y e r  i n  t h e  core  passages was 

s u b s t a n t i a l l y  g r e a t e r  and had penet ra ted  and reac ted  w i t h  t h e  c o r e  m a t e r i a l  

l e a v i n g  o n l y  a  few i s l a n d s  o f  t he  o r i g i n a l  s t r u c t u r e  (F igu re  9 ) .  The 

i n t e r f a c e  p a r t i c l e s  of 2  Mg0-SiO2 occur red  i n  a  h i ghe r  concen t ra t i on  than 

i n  those b r i c k s  ope ra t i ng  a t  lower  temperatures. The s l a g  sur round ing  

these p a r t i c l e s  was aga in  enr i ched  i n  Ca and dep le ted  i n  S i .  A t  t he  

immediate slag-RFG i n t e r f a c e ,  Mg(A1 ,Cr,Fe)20q ( A l I C r l F e  41111 ) s p i n e l  

phases were assoc ia ted  w i t h  t he  2 MgO-Si02 phase (F igu re  10 ) .  

The i n t e r i o r  was a m i x t u r e  o f  MgOy 2 MgO Si02, and Mg(A1 ,Cr,Fe)204 

s p i n e l  w i t h  Al /Cr/Fe r a t i o  o f  31312. Some o f  t h i s  s p i n e l  phase was found 

as smal l  dend r i t es  i n  t h e  MqO phase. 

3.2.1.4 2-2 (HM-1) 1668 t o  1723K. Very l i t t l e  s l a g  coated t h e  b r i c k  

surfaces; however, t h e  s l a g  had reac ted  w i t h  a l l  t h e  RFG l e a v i n g  mu l t iphase  

s t r u c t u r e  w i t h  no r e s i d u a l  RFG s t r u c t u r e  (F igu re  11 ) .  The two major  phases 

were l a r g e  c r y s t a l  1  i n e  p a r t i c l e s  o f  Mg r i c h  Mg(A1 ,Cr,Fe)204 s p i n e l  w i t h  

A l I C r l F e  r a t i o s  near  4/1/1. The cont inuous phase was e i t h e r  v i t r e o u s  o r  

c r y s t a l  1  i n e  Ca0-A1 203-2Si02. Th i s  l a t t e r  phase con ta ined  c r y s t a l  1  i n e  

s t r i n g e r s  o f  2  MgO-SiO, w i t h  sma l l e r  p a r t i c l e s  o f  h i g h  i r o n  s p i n e l  - 
Mg(Fe,Al )204 w i t h  Fe/Al r a t i o n  o f  2311. I t  thus appears t h a t  near  1700°K 

o r  above, a l l  t h e  MgO i n  t h e  o r i g i n a l  RFG has reac ted  w i t h  t h e  s l a g  fo rming  

some s t a b l e  phases d i f f e r e n t  f rom those formed a t  lower  temperatures. The 

h igh  A1 , Mg(A1 , ~ r , ~ e ) ~ 0 ~  appears t o  be t h e  s t a b l e  c r y s t a l 1  i n e  phase i n  a  

v i t r e o u s  o r  c r y s t a l l i n e  Ca0*.\1203*Si02 i ns tead  o f  t h e  Mg0-2Ca0-2Si02 

found a t  t h e  lower  temperatures. The 2 Mg0-Si02 ( f o r s t e r i t e )  phase, which 

was so prominent  a t  t h e  lower  temperatures, was found o n l y  i n  t h e  s t r i n g e r s  

w i t h i n  t h e  a n o r t h i  t e .  

3.2.2 Conclusions 

A t  temperatures below 21700K, t h e  MgO phase i n  t h e  RFG i s  a t t acked  by 

t he  s i l i c o n  o f  t h e  s l a g  fo rming  2 Mg0-Si02 ( f o r s t e r i t e )  and a Ng0-2Ca0- 

2Si02 (akerrnani te) c r y s t a l l i n e  phase i n  a  Ca r i c h  S i  dep le ted  s l a g .  The 

Mg(A1 ,Cr,Fe)203 s p i n e l  s o l i d  s o l u t i o n  does n o t  r e a c t  w i t h  t h e  s i l i c a t e  b u t  

may be a s i n k  f o r  some o f  t h e  A1 i n  t h e  s lag .  As t he  ope ra t i ng  temperature 

o f  t he  core  increases,  t h e  chromium con ten t  o f  t h i s  phase appears t o  decrease 

suggest ing genera l  o v e r a l l  l o s s  o f  C r  w h i l e  t he  i r o n  remains n e a r l y  cons tan t .  

The amount o f  2  MgO=Si02 a t  t h e  i n t e r f a c e  increases as t h e  temperatures 

24 



FIGURE 9. Microstructure of slag-RFG i n t e r f a c e  f o r  5-2 (HM-2)  a f t e r  
t e s t i n g  a t  1630-1683K. See Table 5 f o r  no ta t ions .  



F I G U R E  10. SEM microstructure of R 
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5-2 (HM-2) tested a t  1630-1683K. 



FIGURE 11. M i c r o s t r u c t u r e  o f  RFG-2 ( 
See Table 5 f o r  n o t a t i o n s  

u 

10 pm 

HM-1) t e s t e d  a t  1668-1 723K. 
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i nc rease  whi 1  e  t h e  s l a g  con ten t  decreases. The Mg (A1 , C r  ,Fe)204 phase 

a l s o  increases as t h e  core  temperature increases.  However, o v e r a l l  

t h e r e  appears t o  be an o v e r a l l  l o s s  o f  Mg i n  t h e  RFG, e x p e c i a l l y  above 

1600K. The amount o f  r e s i d u a l ,  unreacted RFG a l s o  decreases as t h e  co re  

temperature increases.  

Above s1700K, t h e  akermani t e  ( ~ g 0 ~ . C a 0 * 2 S i O ~ )  does n o t  occur  b u t  

i s  rep laced  by Ca0-A1 203=2Si02 ( a n o r t h i  t e )  which surrounds t h e  c r y s t a l  1  i n e  

Mg(A1 , C r ,  Fe) 203. The f o r s t e r i  t e ,  2Mg0*SiO2 phase, so p r e v a l e n t  a t  t h e  

lower  temperature,  i s  observed o n l y  i n  l o n g  s t r i n g e r s  i n  t h e  a n o r t h i t e .  

Ana l ys i s  o f  t h e  l a r g e r  s l a g  p a r t i c l e s  which were removed f rom the  bed 

o r  c o l l e c t e d  f rom t h e  bottom o f  t h e  bed a f t e r  h i g h  temperature c l ean -ou t  

procedures, con ta ined  m ix tu res  o f  s i m i l a r  s l a g  phases, i.e. 2  Mg0-Si02 

and CaO A1 203-2Si02 and some s p i n e l  s o l u t i o n .  

S ince t h e  MgO appears t o  be t he  more suscep t i b l e  phase i n  RFG t o  

a t t a c k  by t h e  s lag ,  cons ide ra t i on  should be g i ven  t o  methods t o  make t h e  

MgO l e s s  r e a c t i v e  o r  t o  reduce i t s  presence i n  t he  ceramic and i n c r e a s i n g  

t he  s p i n e l  phase. MgO r e f r a c t o r i e s  have been made more r e s i s t a n t  t o  

s i l i c a t e  a t t a c k  by adding Ca. I n  magnesia r e f r a c t o r i e s ,  excess CaO i s  

added t o  lower  t h e  s o l i d  s o l u b i l i t y  o f  S i02 by reduc ing  t h e  f o rma t i on  o f  

low m e l t i n g  i n t e r g r a n u l a r  s i l i c a t e s .  I f  RFG i s  cons idered f u r t h e r ,  such 

cons ide ra t i ons  must be made. 

The e f f e c t  o f  potassium i n  t h e  combustion gas must a l s o  be considered, 

s i nce  i n  most s l ags  assoc ia ted  w i t h  MHD, t h e  potassium can be d i s s o l v e d  

i n  t he  s l a g  o r  r e a c t  d i r e c t l y  w i t h  t h e  r e f r a c t o r y .  For  example, t h e  

K20*A1 203*2Si02, K20-2Si02, and K20-Al2O3*4SiO2, e t c . ,  a r e  

g e n e r a l l y  formed i n  t h e  condensed s l a g  i n  MHD channels.  Th is  would 

s t r o n g l y  i ~ n f l u e n c e  the  c o r r o s i o n  r e a c t i o n s  o f  the  s l a g  and a l k a l i  seed. 



3.3 THERMAL AND ELECTRICAL PROPERTIES 

The c r i t i c a l  thermal and e l e c t r i c a l  p r o p e r t i e s  o f  MHD m a t e r i a l s  a r e  

be ing measured i n  con junc t i on  w i t h  t h e  development, c h a r a c t e r i z a t i o n ,  and 

t e s t i n g  o f  m a t e r i a l s .  Areas o f  p resen t  concern i nvo l ve :  

0 Thermal d i f f u s i v i t y / c o n d u c t i v i t y  o f  hafn ium-rare e a r t h  ox ides prepared 

i n  t h i s  l a b o r a t o r y  f o r  t e s t i n g  i n  Westinghouse's MHD M a t e r i a l s  Test  

Fac i  1  i t y  (WESTF-42). 

Thermal d i f f u s i v i t ~ / c o n d u c t i v i t ~  o f  Y203 and Ce02 s t a b i l i z e d  Zr02 

prepared by Westinghouse f o r  t e s t i n g  i n  WESTF-42. 

r Thermal diffusivity/conductivity o f  SrZr03~SrxLal-xFe03 prepared 

by MIT f o r  p o s s i b l e  MHD t e s t i n g .  

The methods f o r  measuring thermal d i f f u s i v i  t y  and c a l c u l a t i n g  t h e  

thermal c o n d u c t i v i t y  have been descr ibed p r e v i o u s l y  i n  d e t a i l .  (5-6) 

Thermal D i f f u s i v i  t y l c o n d u c t i v i  t y  Hafnium-Rare Ea r th  Oxides 

The thermal d i f f u s i v i t y  was measured and thermal c o n d u c t i v i t y  c a l -  

c u l a t e d  f o r  t h e  hafn ium-rare e a r t h  ox ides i n i t i a l l y  se lec ted  f o r  f u r t h e r  

t e s t i n g  i n  s imu la ted  and a c t u a l  MHD generators  (see Sec t ion  3.1).  The 

thernial d i f f u s i v i  t y l c o n d u c t i v i  t y  as a  f u n c t i o n  o f  temperature i s  r e q u i r e d  

f o r  t h e  channel design. Therefore,  i n  p repa ra t i on  f o r  t e s t i n g  i n  

Westinghouse's MHD M a t e r i a l  Tes t  F a c i l i t y ,  t he  thernial  d i f f u s i v i t y  o f  

these p o t e n t i a l  hafn ium-rare e a r t h  ox ides were measured us ing  samples 

prepared p r i o r  t o  t h e  f a b r i c a t i o n  o f  t he  ac tua l  sample t o  be used i n  

WESTF-42. Subsequent measurements w i l l  be made on s i b l i n g  samples 

prepared f o r  t h e  MHD t e s t .  Measurements were made on a  number of samples 

prepared us ing  d i f f e r e n t  methods (Table 6 ) .  

The thermal c o n d u c t i v i t y  i s  c a l c u l a t e d  f rom t h e  p roduc t  o f  t h e  thermal 

d i f f u s i v i t y ,  s p e c i f i c  heat, and dens i t y .  S p e c i f i c  hea t  data a r e  n o t  

ava i  1  ab le  f o r  these composit ions , o r  even s in i i  1  a r  composit ions . Val ues 

were c a l c u l a t e d  us ing  Knoop-Neumann t h e o r y  o f  m i x t u r e s  and measured C 
P  

values f o r  t h e  separate r a r e  e a r t h  ox ides and HfOp. 



TABLE 6. Composit ions o f  Rare Ear th-Hafn i  um Oxide E lec t rode  M a t e r i a l s  

Type A: 0. 28Pro2 '0 48Yb2O3 *0.66Hf 02 

A-17 - S i n t e r e d  

3A-1245 - S i n t e r e d  

M-158 - Hot  Pressed 

Type B : 0. 063Tb4O7 '0. 063Y2O3 -0 O874Hfo2 

B-1 - S i n t e r e d  

M-159 - Hot Pressed 

The s p e c i f i c  heats  f o r  Pro2 and Tb407 have n o t  been measured. For 
Er203 o n l y  da ta  f rom room temperature and below i s  repor ted .  Therefore,  

s i nce  many p r o p e r t i e s  o f  t he  r a r e - e a r t h  ox ides a r e  s i m i l a r ,  Cp f o r  o t h e r  

r a r e - e a r t h  ox ides,  ad jacen t  i n  t he  p e r i o d i c  t a b l e  t o  t h e  one i n  ques t ion ,  

were used when a v a i l a b l e .  The s p e c i f i c  hea t  da ta  f o r  Ce02, Dy203. and 

Yb203 were used f o r  Pro2, Tb407, and Er203 r e s p e c t i v e l y .  The room tempera- 

t u r e  C f o r  Yb203 was o n l y  a few pe rcen t  d i f f e r e n t  f r om t h a t  f o r  t h e  r e p o r t e d  
P 

Cp f o r  Er203. The hea t  c a p a c i t y  equat ions f o r  these ox ides a r e  g i ven  i n  

Table 7. Equat ions were developed where t a b u l a t e d  da ta  were g i ven  i n  

t he  re fe rences  t o  a l l o w  a more accura te  e x t r a p o l a t i o n  t o  h i ghe r  tempera- 

t u r e s  when necessary. 

cp = a + b~ + CT-2 ( c a l l s  - K )  ( 1  1 

The c a l c u l a t e d  heat  c a p a c i t i e s  represen t  t h e  l a r g e s t  under te rmina te  

e r r o r .  Prev ious c a l c u l a t e d  values f o r  ox ides where a c t u a l  C da ta  were 
P 

a v a i l a b l e  i n d i c a t e  e r r o r s  o f  . ~ 5 %  between t h e  two values. 

The d e n s i t y  was measured g e o m e t r i c a l l y  and by wate r  immersion w i t h  

c o r r e c t i o n s  made f o r  temperature us ing  a thermal expansion c o e f f i c i e n t .  

Th i s  va lue  was determined f r om prev ious  measurements on s i m i l a r  composi t ions 



and appear t o  vary  o n l y  s l i g h t l y  f rom t h i s  va lue.  To ta l  e r r o r s  i n t r o -  

duced by t h i s  assumption a r e  l e s s  than 1%. 

The thermal d i f f u s i v i t y  and thermal c o n d u c t i v i t y  da ta  a r e  t abu la ted  

i n  Tables 8-12 and F igures 12,13. Data a t  h i ghe r  temperatures were com- 

p l i c a t e d  above 1600°K because t h e  sample reac ted  w i t h  t he  a-A1203 

ho l  der.  

TABLE 7. S p e c i f i c  Heats o f  Oxides 

S p e c i f i c  Heat (~,=a+b(K)+c(~-2)cal/g-~) 

Oxi de 

Hf02 

'2'3 

Yb204 

Ce02 

Dy203 

0. 286Pr02-0 .091 Yb203-0 .667Hf02 

0.06Tb407*0.06Y203*0.88Hf02 

Reference 

(738) 

( 8 )  

( 9  

( 8 )  

( 8  

ca l  c.  

ca l c .  



TABLE 8. Data Sheet: Thermal D i f f u s i v i t y / C o n d u c t i v i t y  

MHD M a t e r i a l :  0.286Pr02-0.048Yb203*0.667Hf02 

Source: B a t t e l l e  Northwest (A-17) 

Fabr ica t ion :  S i n t e r e d  1875OK f o r  20 h r  i n  a i r  

S t ruc tu re :  

Heat Treatment: None 

Densi ty:  . 8.78 g/cm 3 

Atmosphere: Argon 

Proper ty  Data: 

Temperature Thermal D i f f u s i v i  ty  ( 1 )  
K m2/sec (10-7) 

Thermal Conduc t i v i t y  ( 2 )  
Wattsjm-K 



TABLE 9. Data Sheet: Thermal Di f f u s i v i  t y /Conduc t i v i  t v  

Ma te r i a l  : 0. 286Pr02-0. 048Yb203.0.5666Hf02 

Source: BNW (3A-1245) 

Fabr ica t ion :  S i n t e r e d a t  1875OK f o r  20 hours i n  a i r  

S t ruc tu re :  

Heat Treatment: None 

Densi ty:  9 . 5 0 g l c m  3 

Atmosphere: Argon 

Proper ty  Data: 

Temperature Thermal D i f f u s i v i  t y  (1 
K m2/sec (10-7) 

Thermal Conducti v i  ty ( 3 )  
Watts j m - K  

(1 ) AL/L - 10.5 x 1 o - ~  (AK)  

( 2 )  Sample reac ted  w i t h  A1203 sample h o l d e r  

(3 )  c = 8.450 x lo- '  + 1.133 x I O - ~ K  - 1.431 x l o 3  K-2 (ca l /g -K)  
P 



TABLE 10. Data Sheets: Thermal Di f f u s i v i  t v l c o n d u c t i  v i  t y  

Ma te r i a l  : 0. 29PrO2*0 .05Yb2O3'0 .66Hfo2 

Source: BNW Powder--Fabricated Westinghouse Research (HO-BN 0201 ) (M-158) 

Fabr ica t ion :  Hot  pressed a t  1873OK a t  27.6 MPa (4000 p s i )  

S t ruc tu re :  

Heat Treatment: None 

Densi ty :  8.82 g/cm 3 

Atmosphere: Argon 

Proper ty  Data: 

Temperature Thermal D i f f u s i v i  t y  Thermal Conduct iv i  ty ( 2 )  ( 1  

K m2/sec (1  0-7) Watts j m - K  



TABLE 11 . BNW Data Sheet: Thermal Di  f fus i  v i  t y l c o n d u c t i  v i  t y  

MHD Ma te r i a l  : 0.063Tb407-0.063Y2O3.0.875HfO2 

Source: B a t t e l  le-Nor thwest  (B-1 ) 

Fabr ica t ion :  S i n t e r e d  a t  1875OK f o r  20 hours i n  a i r  

S t ruc tu re :  

Heat Treatment: None 

Densi ty:  8.96 glcm 3 

Atmosphere: Argone 

Prooer tv  Data: 

Temperature Thermal D i f f u s i v i  t y  ( 1  1 Thermal Conduc t i v i t y  ( 2  
K m2/sec (1  0-7) Wattsirn-K 



TABLE 12. Data Sheet: Thermal D i  f f u s i v i  t y l c o n d u c t i v i  t y  

MHD M a t e r i a l  : 0.063Tb407*0.063Y203*0.875Hf02 

Source: BNW Powder--Hot Pressed Wes t i nghouse (M-159) HO-BN-1010 

Fabr ica t ion :  Ho t  pressed a t  1675OK a t  27.6 MPa (4000 p s i )  
S t ruc tu re :  

Heat Treatment: None 

Densi ty:  8.88 g/cm 
3 

Atmosphere: Argon 

Proper ty  Data: 

Temperature Thermal D i  f f u s i  v i  t y  ( 1  1 Thermal Conducti v i  t y  ('1 
K mZ/sec ( 1  0-7) Wattsjm-K 
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F IGURE 12. Thermal Conduct iv i ty  of 0.286Pr02*0.048Yb203-0.667Hf02. 
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F I G U R E  13. Thermal Conductivity of 0.063Tb407~0.063Y203~0.87Hf02. 



The thermal conduct i  v i  t i e s  of the  0. 286Pr02*0. 048Yb203-0. 667Hf02 

changed s i g n i f i c a n t l y  w i t h  temperature and on hea t i ng  and cool  ing ,  F igure  

12. The h o t  pressed sample (M-158) e x h i b i t e d  a  l a r g e  increase near  

800-900K w i t h  subsequent decrease near  1300-1400K. On coo l  ing ,  t h e  

c o n d u c t i v i t y  was l e s s  temperature dependent w i t h  a  cons tan t  va lue 

%3 W/(m-K). The inc rease  near  800-900°K cou ld  have r e s u l t e d  f rom 

anneal i ng o f  s t r e s s  in t roduced d u r i n g  press ing.  There was, however, a  

s i g n i f i c a n t  change observed i n  the  m i c r o s t r u c t u r e  on hea t ing ,  F igure  14, 

w i t h  the format ion of smal l  pores (up t o  1  and microcracks (up t o  0.1 

mm l o n g ) .  Th is  was p robab ly  the  cause of  the  permanent decrease on 

c o o l i n g  f o r  the  h o t  pressed sample. The s i n t e r e d  samples e x h i b i t e d  an 

increase i n  conduct i  v i  t y  between 1300-1 400K. The s i n t e r e d  sample 

(A-1 7 )  d i d  n o t  change m ic ros t ruc tu re ,  F igure  15. The 3A-1245 sample 

heated t o  h i ghe r  temperatures had reac ted  w i t h  the  A1203 making 

s t r u c t u r a l  comparison a f t e r  the  measurements d i f f i c u l t ,  F igure  15. 

Th i s  inc rease  c o u l d  be r e l a t e d  t o  p o s s i b l e  phase changes which cou ld  

be a n t i c i p a t e d  on t h i s  unknown complex t e r n a r y  phase system. Fu r the r  

measurements t o  h i g h e r  temperatures w i l l  be made. 

The thermal c o n d u c t i v i t y  f o r  0.063Tb407-0.63Y203-0.875Hf02 was n e a r l y  

temperature independent, e x h i b i t i n g  e s s e n t i a l  l y  t he  same values on 

hea t i ng  and coo l i ng .  No change i n  m i c r o s t r u c t u r e  was observed a f t e r  

hea t i ng  i n  e i t h e r  sample. The d i f f e r e n c e  between the two samples i s  

a t t r i b u t e d  t o  d i f f e r e n c e s  i n  the m i c r o s t r u c t u r e ,  w i t h  M-159 h o t  press 

samples be ing  mu1 t i phase, F igure  16. 

The thermal d i f f u s i  v i  ty  o f  these sample composit ions wi 11 be r e -  

measured us ing  s i  b l  i n g  compacts f ab r i ca ted  f o r  t e s t i n g  i n  WESTF-42. 

Higher  temperature data w i l l  be ob ta ined  us ing  the  Zr02(Y203) sample 

ho l  der.  
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FIGURE 15. M i c r o s t r u c t u r e  o f  0. 286Pr02*0.048Yb203-0. 667Hfo2 [A-1 71 
and [A-1 23451. 



FIGURE 16. Microstructure o f  0.036Tb40 
0. O63Y2O3.0.875HfO2 [MN-1595. 



3.3.2 Thermal D i f f u s i v i  t y l c o n d u c t i v i  t y  Y t t r i u m  o r  Calcium Magnesium 
Oxide S tab i  1  i zed Z i  r c o n i  um Oxi des 

The thermal d i f f u s i  v i  ty measured and thermal c o n d u c t i v i t y  c a l c u l a t e d  

f o r  t h ree  Y203 o r  CaO s t a b i l i z e d  Zr02 e l e c t r o d e  m a t e r i a l s  t o  be t e s t e d  i n  

the  Westi nghouse MHD M a t e r i a l s  Tes t  Faci 1  i ty, WESTF-42 i n c l  uded: 

e 0.12Y,03*0.88Zr02 [M-1541 

e 0.1 2Y2O390. 88Zr02 [heat  t r e a t e d  M-1551 

O '  15[Mg0 .6~5 '~0 .375  ]0*0.85Zr02 [M-1561 

The M-154 sample was i d e n t i c a l  t o  the  e l e c t r o d e  m a t e r i a l  t e s t e d  by 

the U.S. i n  the  USSR U-02 MHD f a c i l i t y .  (10)  

The hea t  capac i t y  f o r  a l l  t h ree  m a t e r i a l s  was assumed t o  be the  

same. Data f o r  0.12Y203*0.88Zr02 has been measured and has been f i t  t o  

the  equat ion  

The d e n s i t y  was co r rec ted  f o r  thermal expansion us ing  p r e v i o u s l y  measured 

va l  ues ( l o - ' ' )  w i t h  AL/L = 12 x  l om6 .  

The thermal d i  f f u s i  v i  t y  and thermal c o n d u c t i v i t y  da ta  a re  t a b u l a t e d  

i n  Tables 13-15, and summarized i n  F igure  17. The c o n d u c t i v i t i e s  a re  

r e l a t i v e l y  temperature dependent, w i t h  some waviness. The 

5(Mg0.625Ca0. 375 )O 0. 85ZrO2 a1 so e x h i b i t e d  some hys te res i  s  on h e a t i  ng 

and coo l i ng .  The values f o r  the 0.12Y203.0.88Zr02 samples, M-154 and 

M-155, d i f f e r  w i t h  the l a t t e r  values very  c lose  t o  the  M-155 sample. 

The M-155 and U-02 Phase I sample had very  s i m i l a r  d e n s i t i e s ,  4.82 g/cm 
3 

( 8 3 . 3 % ~ ~ )  and 4.05 g/cm3 (82.2%TD), r e s p e c t i v e l y .  These d e n s i t i e s  were 
s u b s t a n t i a l l y  lower  than t h e  M-156 sample, 5.19 g l c m j  (88.O%TD). I t  
has been shown p r e v i o u s l y  w i t h  these m a t e r i a l s  t h a t  t h e  thermal 



TABLE 13. BNW Data Sheet: Thermal Di f f u s i v i  t y /Conduct iv i  t y  

MHD M a t e r i a l  : 0.1 2Y203.0.88Zr02 

Source: Westinghouse Research Center, U-02 Phase I (M-154) 

Fab r i ca t i on :  S in te red  1873°K i n  a i r  

S t ruc tu re :  

Heat Treatment: 21 73°K f o r  2 hours 

Densi ty :  5.19 g/cm 3 

Atmosphere: Argon 

Proper ty  Data: 

Temperature Thermal D i  f f u s i v i  t y  ( 1  1 Thermal ~ o n d u c t i v i  t y ( l  $2 )  
K m2/sec ( 1  0-7). Watts jm-K 



TABLE 1 4 .  BNW Data Sheet: Thermal D i f f u s i  v i  t y /Conduc t i v i  ty 

MHD M a t e r i a l  : 0.1 2Y203*0. 88ZrO2 

Source: Westi nghouse Research Center [M-155) 

Fab r i ca t i on :  S i n t e r e d  

S t r u c t u r e :  

Heat Treatment: 2173°K i n  a i r  

Dens i ty :  4.92 g/cm 
3 

Atmosphere: Argon 

P rope r t y  Data: 

Temperature Thermal D i f f u s i v i t y  ( 1  1 Thermal ~ o n d u c t i v i  t y ( l  s2) 
K m2/sec (10-7) Watts jrn-K 

(1 )  *L/L = 12 x 1 0 - ~  

( 2 )  C = 0.1227 + 2.8600 x loa5K - 1.945 x l o3K- '  ( ca l  /g-K) 
P 



TABLE 15. BNW Data Sheet: Thermal D i f f u s i v i t y / C o n d u c t i v i t y  
- 4  

MHD M a t e r i a l  : 
0'15(Mg0.625Ca0.375 )O*O. 85zro2 

Source: Westi nghouse Research Center (M-156) 

F a b r i c a t i o n :  S i  n t e r e d  

S t r u c t u r e :  

Heat Treatment:  21 73K i n  a i r  

Dens i ty :  5.02 

Atmosphere: Argon 

P rope r t y  Data: 

Temperature Thermal D i f f u s i v i  t y  ( 1  

K m2/sec ( 1  0-7) 
Thermal C o n d u c t i v i t y  ( 1  2 )  

Wattsim-K 
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F IGURE 17. Thermal C o n d u c t i v i t y  of 0.12Y203-0.88Zr02 [M-154 and M-1551, and 

O '  5(Mg0. 625Ca0. 375 )0-0 .85Zr02 [M-1561. 



c o n d u c t i v i t y  i s  s t r o n g l y  dependent upon the  percent  o f  open p o r o s i t y .  ( 1  2) 

If the Q J ~ %  d i f f e r e n c e  i n  d e n s i t y  represen ts  p r i m a r i l y  open p o r o s i t y  

d i f fe rences  , t h i  s  coul  d  e a s i l y  e x p l a i n  the  ~ ~ 3 3 %  h ighe r  c o n d u c t i v i  ty  o f  

the M-154 sample. These p rev ious  r e s u l t s  i n d i c a t e  a  l a r g e  i n c r e a s i n g  

c o n d u c t i v i t y  w i t h  decreas ing open p o r o s i t y .  A  s i m i l a r  analogy c o u l d  be 

made f o r  t he  0.15 (MgO. 625Ca0. 375 )0*0.85Zr02 (M-156) sample which a1 so 

had a  h i ghe r  t h e o r e t i c a l  d e n s i t y  (88%) and assumed lower  open p o r o s i t y .  

However, some open p o r o s i t y  data was n o t  a v a i l a b l e  f o r  these samples 

and a n a l y t i c a l  e v a l u a t i o n  c o u l d  n o t  be made. 

4.0 ANTICIPATED ACCOMPLISHMENTS NEXT QUARTER 

4.1 DEVELOPMENT AND FABRICATION 

E lec t rodes  o f  the hafn ium-rare-ear th  ox ides w i l l  be f a b r i c a t e d  

and prepared f o r  t e s t i n g  (November 1979) i n  the  Westinghouse MHD 

Ma te r i a l  s  Tes t  Fac i  1  i t y  (WESTF-42). Four coniposi t i o n s  w i l l  be 

prepared f o r  t h i s  therma l -s lag  t e s t .  

Development o f  a  graded h a f n i  um-rare-earth ox ide  e l e c t r o d e  w i t h  a  

h i gh  temperature r e f r a c t o r y  sur face  and a  lower  temperature,  h i g h l y  

e l e c t r i c a l  l y  conduct ing c u r r e n t  leadout ,  f o r  at tachment t o  co l  d  

copper base w i l l  cont inue.  The p resen t  development i nc l udes  use o f  a  

Hf02* R203- In20a t e r n a r y  as t he  ox ide  c u r r e n t  1  eadout. The f a b r i c a t i o n  

procedures f o r  t h i s  graded o x i  de e l e c t r o d e  wi 11 be devel oped. E lec t rodes  

w i l l  be f a b r i c a t e d  f o r  t e s t i n g  i n  WESTF under thermal and MHD c o n d i t i o n s  

i n  t he  f i r s t  q u a r t e r  1980. 

4.2 CHARACTERIZATION AND EVALUATION 

The eva lua t i ons  o f  the  thermal and e l e c t r i c a l  p r o p e r t i e s  o f  

p o t e n t i a l  e l e c t r o d e  m a t e r i a l  s  wi  11 cont inue.  Th is  w i l l  i n c l  ude the  

c r i t i c a l  data f o r  Hf02*R203 e lec t rodes  and 0. 5SrZr03*05(Sr ,La)Fe03 

which a r e  be ing  cons idered f o r  design and t e s t i n g  i n  WESTF. 
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c o n d u c t i v i t y  i s  s t r o n g l y  dependent upon the  percen t  o f  open p o r o s i t y  . (12)  

If the  ~ 5 %  d i f f e r e n c e  i n  d e n s i t y  represen ts  p r i m a r i l y  open p o r o s i t y  

d i f f e r e n c e s ,  t h i s  cou ld  e a s i l y  e x p l a i n  t he  ~ 3 3 %  h i g h e r  c o n d u c t i v i t y  o f  

the  M-154 sample. These p rev ious  r e s u l t s  i n d i c a t e  a  l a r g e  i n c r e a s i n g  

c o n d u c t i v i t y  w i t h  decreasing open p o r o s i t y .  A s i m i l a r  analogy c o u l d  be 

made f o r  the  0.15 (MgO .625Ca0. 375)0'0 .85ZrO2 (M-156) sample which a1 so 

had a  h i  gher t h e o r e t i c a l  densi ty  (88%) and assumed 1  ower open po ros i  ty  . 
However, some open p o r o s i t y  data was n o t  a v a i l a b l e  f o r  these samples 

and a n a l y t i c a l  e v a l u a t i o n  cou ld  n o t  be made. 

4.0 ANTICIPATED ACCOMPLISHMENTS NEXT QUARTER 

4.1 DEVELOPMENT AND FABRICATION 

E lec t rodes  o f  the  hafn ium-rare-ear th  oxides w i l l  be f a b r i c a t e d  

and prepared f o r  t e s t i n g  (November 1979) i n  the  Westinghouse MHD 

Ma te r i a l  s Tes t  Fac i  1  i t y  (WESTF-42). Four cornposi t i o n s  w i l l  be 

prepared f o r  t h i s  therma l -s lag  t e s t .  

Development o f  a  graded hafn ium-rare-ear th  ox ide  e l e c t r o d e  w i t h  a  

h i g h  temperature r e f r a c t o r y  sur face  and a  lower  temperature,  h i g h l y  

e l e c t r i c a l  l y  conduct ing c u r r e n t  leadout ,  f o r  at tachment t o  c o l d  

copper base w i l l  cont inue.  The p resen t  development i nc l udes  use o f  a  

Hf02-R203* In203 t e r n a r y  as t he  ox ide  c u r r e n t  leadout .  The f a b r i c a t i o n  

procedures f o r  t h i s  graded ox ide  e l e c t r o d e  w i l l  be developed. E lec t rodes  

w i l l  be f a b r i c a t e d  f o r  t e s t i n g  i n  WESTF under thermal and MHD c o n d i t i o n s  

i n  t he  f i r s t  q u a r t e r  1980. 

4.2 CHARACTERIZATION AND EVALUATION 

The eva lua t i ons  o f  the  thermal and e l e c t r i c a l  p r o p e r t i e s  o f  

p o t e n t i a l  e l e c t r o d e  m a t e r i a l  s  wi 11 cont inue.  Th is  w i l l  i n c l u d e  the  

c r i t i c a l  data f o r  Hf02-R203 e lec t rodes  and 0  .5SrZr03*05(Sr ,La) Fe03 

which a r e  be ing  cons idered f o r  design and t e s t i n g  i n  WESTF. 



4.2.2 Electrodes 

The characterization and evaluation of a  P t  coated Cu anode tested 

in AVCO's Mark VII using K2S04 as seed with slag will be completed. 

This will include an evaluation of the anode's corrosion of the slaglseed 

on both P t  and C u .  

The characterization of slags from Stanford University's MHD 

channel using P t - C u  electrodes wi 11 continue. 

4 .2 .3  Air Preheater Materials 

The characterization and eval uation of a  variety of refractories 

for  potential in direct ly  coal f i red MHD a i r  preheaters will continue. 

These materials were tested in Montana State University's heat exchanger. 

Also being studied are slags removed from this  a i r  preheater. 
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