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EVALUATION OF ZIRCONIA, THORIA, AND ZIRCONIUM DIBORIDE 

B FOR ADVANCED RESISTOJET USE 

By Russell J. Page, Robert A. Short, and Carl R. Halbach 

Advanced Rocket Technology (ARTCOR) 
Irvine, California 

SUMMARY 

Resistojet thrustors, small rockets wherein the propellant gas is heated 
electrically rather than chemically, have been considered for use on manned orbital 
space stations using such biowaste gases as C02, H2O and CH4 as propellants. Early 
versions of these thrustors were limited to 1500'K due t o  materials' limitations of 
the Group VI11 metals. The purpose of the program reported here was to examine all 
of the high temperature materials and determine their potential applicability for 
use in advanced biowaste resistojets (>2000°K) . 

An extensive literature survey was conducted to collect material properties 
data on all advanced high temperature materials. 
materials were eliminated leaving a few candidates. 
Zr02, Tho2, and ZrB2 with additives of C and Sic were selected for further study. 
The first two were experimentally evaluated. 

Using these data, most of the 
Three of these, Y2O3 stabilized 

Stabilized Zr02 and Tho2 were found to have many attractive properties, 
including higher temperature oxidation resistance than any metal, and great potential 
for use in resistojets with Zr02 having a slight advantage primarily because of 
a relatively lower electrical resistivity and sublimation and a higher creep 
endurance strength. 

Not to be ignored, when considering the attractive properties of these materials, 
are their structural limitations - brittleness and susceptibility t o  thermal shock. 
As long as these limitations are considered, however, it is the authors' opinions 
that thrustor designs employing these ceramics can certainly be successful. 
preliminary thrustor design philosophy is presented. 

A 

Zr02 and Tho2 tubular heat exchangers, electrically heated indirectly, were 
evaluated in short tests (0 lo2 hrs) to %1900°K in flowing 602 and Zr02 was sub- 
jected to N2, H2, H20 and vacuum as well. X-ray diffraction and fluorescence 
analyses were made. No chemical incompatibility was detected. The metal-to-ceramic 
seal technology for Zr02 and Tho2 was further developed using chemical vapor 
deposition of tantalum for metallizing and 82 Au - 18 Ni filler braze. 

In addition, there appear to be a number of applications for these materials 
for which they were not previously considered due to lack of familiarity of designers 
with their properties. It is hoped that this work will help to provide some 
information and aid in the development of new applications. 
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INTRODUCTION 

Applicat ion s t u d i e s  ( r e f s .  1 and 2) have shown t h a t  t h e  r e s i s t o j e t  propuls ion 
system i s  an a t t r a c t i v e  candidate  f o r  use i n  o r b i t  keeping and desa tu ra t ion  of t h e  
con t ro l  moment gyros on manned o r b i t a l  space s t a t i o n s .  This was p a r t i c u l a r l y  t r u e  
when t h e  use  of  a v a i l a b l e  biowaste gases ,  such as CO 
open loop o r  a p a r t i a l l y  c losed environmental contro?;li?e support  system was con- 
s ide red  as expe l l an t s .  
expe l l an t ,  it i s  sepa ra t e ly  suppl ied from t h e  e l e c t r i c  power supply. 
t h e  need f o r  e l e c t r i c a l l y  hea ted ,  compact, high temperature hea t  exchangers, b u i l t  
of ma te r i a l s  compatible with these  gases ,  

W 0,  CHA, e t c . ,  from an 

Since t h e  energy f o r  propuls ion i s  not  i n t r i n s i c  t o  t h e  
This r a i s e s  

Early t e n  mill ipound r e s i s t o j e t s  designed and t e s t e d  i n  support  o f  t h e  Manned 
Orbi t ing  Research Laboratory program (ref. 1) were chosen t o  be operable on e i t h e r  
H o r  NH suppl ied s p e c i f i c a l l y  f o r  t h i s  purpose. High e f f i c i ency  u n i t s  were b u i l t  
d m o s t  exc lus ive ly  of  t he  r e f r a c t o r y ,  rhenium ( r e f .  3) and success fu l ly  l i f e  t e s t e d  
( r e f .  4) s epa ra t e ly  on H and on NH3 f o r  8000 hours a t  wall temperatures of 2200'K. 

3 

2 

Biowaste r e s i s t o j e t s  ( r e f .  5) d i f f e r i n g  from those descr ibed i n  Ref. 3 essen- 

2' 

t i a l l y  i n  only t h e  h e a t e r  ma te r i a l ,  s u b s t i t u t i n g  a platinum ir idium a l l o y  f o r  
rhenium, were operable  t o  1500'K on pure 60 
metal hea te r  material by oxida t ion  caused e a r l y  f a i f u r e  when small (order of 1%) 
q u a n t i t i e s  of f r e e  oxygen a r e  contained i n  t h e  biowaste p rope l l an t .  
of t h e  NASA Manned Space S t a t i o n  ( r e f .  6) p r o j e c t  such oxygen contamination. A 
s o l u t i o n  i s  needed. 
system wi th in  t h e  Space S t a t i o n  o r  materials more compatible with t h e  oxidizing 
environment a r e  needed i n  r e s i s t o j e t  design. 

and H 0. However, corrosion of t h e  

Recent s tud ie s  

E i the r  t h e  oxygen must be completely removed by a conditioning 

The present  s tudy addressed i tself  t o  t h e  quest ion of t h e  b e s t  ma te r i a l s  
choice f o r  an advanced biowaste r e s i s t o j e t  f o r  both: (1) long l i f e  (>10,000 hours 
MTF) i n  an oxid iz ing  atmosphere and (2) high performance (>2000°K). The needs of 
t h e  r e s i s t o j e t  were c r i t i c a l l y  assessed.  The sets of environmental condi t ions 
were defined t h a t  must be  met by t h e  assoc ia ted  mater ia l s .  
requirements were ou t l ined  t o  be  compared aga ins t  t h e  a b i l i t i e s  t o  form i n t r i c a t e  
shapes and j o i n  t h e  candidate  materials t o  themselves and o the r  lower temperature 
p a r t s  (metal-to-ceramic seals). A l l  advanced ma te r i a l s  were surveyed with t h e  
m e t a l l i c  oxides showing t h e  most promise b u t  t hese  r equ i r e  new design phi losophies  
compared with e a r l i e r  m e t a l l i c  designs.  

The f a b r i c a t i o n  

S t a b i l i z e d  z i r con ia ,  t h o r i a  and modified zirconium dibor ide  were se l ec t ed  f o r  
a d e t a i l e d  comparative survey and eva lua t ion  of  t h e i r  p e r t i n e n t  phys ica l ,  chemical, 
e l e c t r i c a l ,  and s t a b i l i t y  p rope r t i e s .  

A key need f o r  t h e  s tudy was information on t h e  k i n e t i c s  of heterogeneous 
r eac t ions  t h a t  can occur between these  gases and material walls. 
is  meager and t h e r e  is  sca rce ly  a b a s i s  f o r  an a n a l y t i c a l  so lu t ion .  Experimental 
da t a  a r e  e s s e n t i a l  from c a r e f u l l y  con t ro l l ed  tests over prolonged per iod of t ime, 
hopeful ly  years .  
ma te r i a l  r equ i r e s  endurance type information such as creep and endurance stress, 
etc. A "time compressortr i s  needed t o  ga ther  t hese  da t a .  
f o r  p ro jec t ing  such r e s u l t s  based on short- term t e s t  is  needed. 

Such knowledge 

Predic t ion  of  t h e  long du ra t ion  exposure r e s i s t a n c e  of t h e  

Some a n a l y t i c a l  method 
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The experimental cont r ibu t ion  of  t h e  cur ren t  work i s  an eva lua t ion  of t hese  
materials i n  simulated r e s i s t o j e t  hea t e r  conf igura t ions  i n  t h e  short- term exposure 
t o  t h e  candidate  gases t o  s e e  i f  t h e r e  i s  any major short- term b a r r i e r  t o  t h e i r  
u se  and t o  ga in  some experience with t h e i r  use  i n  the  geometries required.  

S e t s  of h e a t e r  elements were f a b r i c a t e d  of y t t r i a  s t a b i l i z e d  z i rconia ,  
t h o r i a ,  and modified zirconium diborj.de. 
ou t s ide  diameter and 13 t o  30 cm long. 
t hese  samples t o  an i n t e r n a l  gas flow of 0.026 g/sec of C02 a t  t o t a l  pressures  of  
1~1 atm and an ex te rna l  vacuum of 1~10 microns of Hg s imulat ing an i n s u l a t i o n  j acke t .  
The tubes were r a d i a n t l y  heated ex te rna l ly  by a g raph i t e  h e a t e r  t o  temperatures,  
determined by pyrometer, up t o  2000'K f o r  per iods of 50 t o  100 hours.  
z i rconia  tubes were subjec ted  f u r t h e r  t o  p rope l l an t s :  
The tubes were subjected t o  micrographical ana lys i s  t o  determine i f  d e m i c a l  
r eac t ions  had taken p lace .  

The sample tubes were 3 . 3  t o  7.4 mm i n  
The evaluat ion cons is ted  of  subjec t ing  

A set  of 
H20 (vapor),  N and H2. 

3 
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SYMBOLS 

'mh 
k B =  

r = normal d i s t ance  from cen te r ,  midplane or  a x i s  t o  m s u r f a c e  of specimen 

h = c o e f f i c i e n t  of hea t  t r a n s f e r  between surroundings 
and su r face  

k = c o e f f i c i e n t  of thermal conduct ivi ty  

E = Young's modulus 

01 = l i n e a r  c o e f f i c i e n t  o f  thermal expansion 

k = c o e f f i c i e n t  of thermal conduct ivi ty  

thermal d i f f u s i v i t y  k a = - - - - =  
C 
P 

p = dens i ty  

c = s p e c i f i c  hea t  
P 

1-1 = Poisson's r a t i o  

E = creep rate 

S = s t r u c t u r e  f a c t o r  o ( $ ,  s t r u c t u r e ,  T) 

CT = appl ied stress 

d = mean g r a i n  diameter 

Q = a c t i v a t i o n  energy f o r  creep 

D = d i f f u s i o n  c o e f f i c i e n t  

k = Boltzmann constant 

fi = average volume of a monovacancy 

4 



MATERIAL PROPERTIES EVALUATION 

One of the main purposes of this program has been the evaluation of materials 
that would possibly permit resistojet operation on oxidizing expellants (and 
perhaps the non-oxidizing high performance ones as well) at a wall temperature 
above 2000'K. 
The first two alone leave less than ten potential candidates, excluding composites, 
out of more than 100 high temperature materials originally considered. 

The following criteria were applied in the screening of materials. 

The material should melt above 2500'K. The material should also 
be chemically stable to this temperature and not undergo any 
crystal structure changes. 

The material should resist oxidation in flowing biowaste gases 
to a temperature of at least 2100'K. 

Electrical resistivity should be of the order of 
ohm-m in the temperature region of interest, or a concept must 
be possible employing an auxiliary heater. 

to 

No reaction, or at least only slight reactions to the extent 
of acceptable weight losses, (% 10-*kg/m2s) should take place 
between the material and flowing gases of H20, C02, 
NH 
in very low concentrations. 

and other species, such as CO, N2 and some free 3 

Detrimental reactions or formation of eutectics with solid 
carbon should also not take place. Solid carbon deposits 
are possible largely from decomposition of CH4 and partly 
from decomposition of C02. 

The material should resist surface evaporation losses 
(corresponding to surface recession rates of 10-1 Om/s) 
in flowing gases to 2100'K and in vacuum to 1800'K. 

The material should have an acceptable high temperature 
endurance strength 100 kN/m2 ( 15 psi) and have minimum 
creep behavior in lo4 hours. 

The material should have a high thermal stress/thermal 
shock resistance which takes into account thermal cycling 
conditions. High thermal conductivity, low thermal 
expansion, and relatively low Young's modulus are important 
in this respect. 

Joining capability to itself or other materials such as 
the platinum metals is important. 
match in linear thermal expansion. 

This means a close 

With regard to availability, if the material is not 
available in desired shapes commercially, sufficient data 

5 



on its high temperature properties should be known and 
fabrication technology for the development of suitable 
shapes should be a state-of-the-art at least on related 
materials. If new materials, not available nor easily 
fabricated offer promise based upon the other criteria, 
a materials research and development effort is identi- 
fied, whose primary objective would be to establish 
feasibility for res is to j et application. 

(10) Because of the small quantity of material involved, costs 
per kilogram of up to $10,000 are allowed if the properties 
warrant further consideration. 

Materials Surveyed 

Table I summarizes the materials surveyed with the primary basis for decision. 
The amplifying remarks by material classes follows. 

Refractory metals (ref. 7). - The following elements and metals have melting 
points above 2500°K (listed in order of decreasing melting point): 
graphite, W, Re, Ta, O s ,  Mo, Ru, Ir, Nb, and B. 
with other metals would also have sufficiently high melting points for consider- 
ation. 
as discussed in the Introduction, but would oxidize readily at 625'K and cannot 
be considered here. 

carbon and 
Certain alloys among these and 

Rhenium has been used in resistojet applications in a reducing environment, 

Of the refractories listed, the platinum group members (Os, Ru and Ir) are 
superior to the rest in oxidation resistance but are still inadequate f o r  the long 
term. The surface mass flux-loss rates in air of the platinum group metals, 
(ref. 8 )  shown in fig. 1, are all at a higher loss than our selection criterion 
of <10-*kg/m2s. Iridium is well known as the only metal with sufficiently high 
melting point (2716°K) that can be used unprotected in air at temperatures up to 
2600°K without undergoing catastrophic failure. However, its life is short and 
is inconsistent with resistojet design requirements. 
points than the first criterion, platinum (m.p. 2047°K) and rhodium (m.p. 223g0K), 
would qualify, with regard to oxidation resistance, if the operating temperature 
criterion were relaxed to %1500"K which is contemporary technology (ref, 5). The 
other elements listed, outside the platinum group, all oxidize below 875°K. 

Two metals of lower melting 

The above elimination of refractory metals is based mainly upon their 
instability towards air o r  pure oxygen at high temperatures. 
in the CO, furnished as one of the prime propellant compositions in the biowaste 
resistojet and approximately one order of magnitude less concentrated than in air, 
the basis of fig. 1. The oxidizing power of C02 and H20 is considerably less than 
0, but is still considerable at high temperatures, 
react with C02 above 1475°K and all elements listed with the exception of I r ,  Ru 
and possibly B, react with water vapor beginning below 1275OK. 

Oxygen is a diluent 

In addition, both W and Mo 

Rhenium, for instance, reacts with pure steam (ref. 9) to give surface 
recession rates of 1.5 x 10-2kg/m2s at 2000°K o r  six orders of magnitude higher 
than our fourth selection criterion. 



TABLE I .  - MATERIALS CONSIDERED AND BASIS OF DECISION 

Mat e r i  a1 
c l a s s  

E 1 ements 

Refractory 
metals 

Carbides 

Ni t r ides  

I n t e r -  
met a1 1 i cs  

Oxides 

Borides 

Materials with acceptab l e  
melting po in t s  a 

C ,  g r aph i t e ,  B 

W ,  Re, Ta, O s ,  Mo, Nb, H f y  Ru 
Ir  

HfC, TaC, NbC, Ta2C, Z r C ,  T i c ,  

T h C ,  Mo2C, S i c ,  CeC2,  B,C, UC, 
WC, WZC, UC, A14C3,  MoC, ThC,, 

TaN, Z r N ,  T i N ,  BN, U N ,  ThN 

TaSi,, MoSi,, Mo,Si, Mo5Si3 
NbSi, Nb5Si3, Ta5Si3, TagSi, 
T i5Si3 ,  V5Si3, W3Si2 
zr2si , Zr3Si2,  Zr4Si3 , Z r + 3  
Zr,Si5, C r - A I ,  Mo3Al 
WSi, 
Re3W2 
Ba3P2 
CeS 

Tho,, HfO,, Zr02, CaO 
UO, 
OsO,, Ce02 
MgO 

i3 e0 
ZrSi04 (zircon) 
SrZrO 3 , B a Z r O  3 
Be3Zr207,  C a Z r O 3  

HfB2 + S i c  and/or C 
Z r B 2  + S i c  and/or C 
H f B 2 ,  Z r B 2 ,  WB, T i B 2 ,  ThB4 
MOB, M o ~ B  

Primary bas i s  

Oxidize << 2000° K 

Oxidize <<2000°K 
Oxidation r a t e  high 

Oxidize <2000°K 1 
Oxidize <<200O0K 

Too b r i t t l e  

} L i t t l e  information ava i l ab le  
Too v o l a t i l e  

Acceptable 
Eas i ly  oxidized 
Too v o l a t i l e  
Reacts with CO,  H20  a t  

V o l a t i l i z e s  i n  H 2 0  a t  1475’K 
Max. cont.  service:1775-2050°K 

L i t t l e  information ava i l ab le  

e levated temperature 

E$E 
} Oxidize <2000°K 

a Materials not l i s t e d  have melting poin ts  below 2500’K o r  t h e i r  
melting poin ts  a r e  not  known. 
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Coated r e f r a c t o r y  metals. - Since r e f r a c t o r y  metals are r e l a t i v e l y  workable 
and can be more r e a d i l y  r e s i s t a n c e  heated compared t o  ceramics, t h e i r  use i n  
high temperature r e s i s t o j e t s  i n  oxidizing gases might s t i l l  be  considered i f  
oxida t ion  r e s i s t a n t  coa t ings ,  capable of long dura t ion  s e r v i c e ,  can be  appl ied t o  
t h e  exposed su r faces .  Well known oxida t ion  r e s i s t a n t  coa t ings  t h a t  are ava i l ab le  
are S i c  and s i l i c i d e s  of W ,  Mo and Ta .  
i t s e l f  t o  a low voltage-high cur ren t  r e s i s t o j e t  configurat ion is  g raph i t e  coated 
with S i c .  
f a t i g u e  r e s i s t a n c e  and t o  be impermeable t o  02 and H2 .  
long-term re s i s t ance .  Oxidation of  S i c  becomes severe,  however, i n  t h e  range 

An i n t e r e s t i n g  combination t h a t  might lend 

This  coat ing is  claimed t o  have exce l len t  thermal shock and thermal 
No da ta  i s  ava i l ab le  on 

1700-2000'K. 

The d i s i l i c i d e s  of W ,  Mo and Ta a l l  melt above 2275'K. TaSi2 oxidizes  i n  
a i r  above 1775'K and MoSi2 oxid izes  severe ly  above 1975'K. 
reported t o  be  q u i t e  s t a b l e  i n  a i r  t o  2200'K. 

WSi2, however, i s  

Several  high melting oxides and d ibor ides  of Z r  and H f  with addi t ions  of 
S i c  and C a r e  candidates  f o r  oxidat ion r e s i s t a n t  coat ings on r e f r a c t o r y  metals. 
Oxides and d ibor ides  a r e  a l s o  considered as candidates i n  bulk form. These a r e  
discussed l a t e r .  

Coatings of Si3N4 have been considered ( r e f .  37) f o r  high temperature turb ines  
(1800'K) where the  exhaust gases  a r e  very similar t o  t h e  biowastes considered here.  
Si3N4, has exce l len t  dimensional s t a b i l i t y  and oxida t ion  r e s i s t ance  a t  temperatures 
up t o  1700'K. 
2100'K. 

Si3N4 is  considered s t a b l e  i n  neu t r a l  o r  reducing atmospheres up t o  
Above 2100°K, Si3N4 d i s soc ia t e s  appreciably.  

The small physical  s i z e  of r e s i s t o j e t s  requi res  t h i n  walled tubes and p a r t s .  
These a r e  d i f f i c u l t  t o  coat  and inspec t .  
as a c r i t e r i o n .  For t hese  reasons,  coat ings were not  considered fu r the r .  

Surface wear must be  p a r t i c u l a r l y  low 

Carbides. - Carbides,  a s  a family,  have higher  melting poin ts  than o ther  
r e f r a c t o r i e s .  The following carbides  melt above 2500'K: H f C  (m.p. 4165'K), TaC, 
NbC, TazC, Z r C ,  T i c ,  WC, WzC, VC, A 1 4 C 3 ,  MoC, ThC2, ThC, MozC, CeC2, B4C,  and 
UC2.  The cubic form of  S i c  decomposes a t  2925'K. 
than any o ther  material: 
and a mixed ca rb ide /n i t r ide ,  TaC + TaN a l s o  has a high melting poin t  (3480'K). 

Two mixed carbides  melt higher  
4TaC + HfC (m.p. 4215'K) and 4TaC + Z r C  (m.p. 4205'K), 

Unfortunately,  a l l  t h e  carbides  have r e l a t i v e l y  poor oxidat ion r e s i s t a n c e  
The high melting ones corrode severe ly  i n  a i r  i n  t h e  a t  high temperatures.  

temperature range 1400-1700°K, except S i c  which corrodes a t  1700-2000'K, and t h e  
lower melting ones a t  800-1100'K. These materials can, t he re fo re ,  not  be  considered 
f o r  r e s i s t o j  e t  appl ica t ions .  

N i t r ides .  - Ni t r ides  t h a t  melt above 2500'K a r e  TaN, Z r N ,  T i N ,  BN, UN,  ThN, 
and A1N.  
with la rge  weight losses .  

A l l  of t hese  corrode severe ly  i n  a i r  a t  1400-1700°K o r  below, o f t en  

In t e rme ta l l i c s .  - O f  t he  numerous i n t e r m e t a l l i c  compounds t h e  s i l i c i d e s  are 
genera l ly  t h e  h ighes t  melting ones. TaSi2, MoSi and WSi have a l ready  been con- 
s idered  (under coa t ings) .  2 2 
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MoSi;! is used as a high temperature furnace heater at 2075'K in oxidizing 
atmosphere with a life of approximately 1400 hours expected. 
service where maximum temperature is maintained for only a few hours, only 40 - 
50 cycles are obtained. 
life of one year. 
methane or  sulfur bearing compounds are injected. 
2500'K are TasSig, iNb5Si3, W3Si2 , ZrgSi5 and a few others. 
in air becomes severe in the range 1700-2000'K o r  below. 

In intermittent 

Operation at lower temperatures can result in service 
MoSi;! is particularly compatible against corrosion where 

Other silicides melting above 
For these oxidation 

A couple of aluminides, CrAl and Mo3Al have melting points at the border 
line of interest (1.2425'K). 
not well known, but is likely poor. 
metallic, Re3W2 (m.p. 3265'K). 

Their oxidation resistance at high temperatures is 
Little is known about the high melting inter- 

While not strictly an intermetallic compound, the phosphide, Ba3P2 (m.p. 3475'K) 
is believed to be stable in air (ref. 10) but temperatures are not given. The 
sulfide CeS (m.p. 2615'K) is also referred to as being stable with respect to air, 
but its volatility is too high for consideration (ref. IO). 

Intermetallic compounds are generally very brittle. 

Oxides. - The oxides are natural candidates f o r  application as structural 
components in oxidizing environments if their brittleness and poor thermal shock 
resistance can be improved or  accommodated to meet the requirements of the design. 
Besides zirconia, the following oxides melt above 2500'K: Tho,, UO,, MgO, HfO,, 
OsO,, CeO,, CaO, and BeO. 
SrZr03, BaZr03, ZrSiO, (zircon), Be3Zr207, and CaZr03. 
high temperature properties of the double oxides. 
air, to 2000'K in vacuum and referred to as "fair" in a reducing atmosphere 
(ref. 1 0 ) .  
which eliminated it from consideration. 
available for the two highest melting double oxides, SrZr03 and BaZr03, they are 
not considered practical candidates at the present time. 

The following double oxides alio fall in this class: 
Little is known about the 

Zircon is good t o  2150'K in 

Maximum continuous service temperature is 1775-2050°K without cycling, 
Since no high temperature properties are 

Of the single oxides, Be0 has a high thermal conductivity with a resultant 
good thermal shock resistance to 2025'K. It is useful to 2675'K in air, to 2275' 
in vacuum but is appreciably volatile in vacuum at 2375OK. 
resistance to hydrogen. Further, it does not react with CO,. It reacts signifi- 
cantly with CO at high temperatures, however. Since CO is a dissociated species 
of CO, at high temperature 
duration service. 
dissociates at 1875'K. It can, therefore, not be used for the intended resistojet 
application. 

It has excellent 

B e 0  would be unsuitable for use on CO, for long 
Most important, Be0 is volatile at 1475'K in H,O vapor and 

CeO, is easily reduced and forms hydrates in H,O vapor. Little is known 
about the high temperature properties of Os04, but it is volatile in vacuum. 
More is known about UO,, but due to the many possible valence states of U, the 
oxidation resistance is low and it forms hydrates in water vapor. 
and UO, are therefore excluded as candidates. 

CeO,, OsO, 

R 
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A reservation is made on considering MgO. While considered a model material 
and investigated thoroughly for high temperature applications, its resistance to 
CO is stated as poor at high temperatures and highly crystalline forms react with 
water vapor. 

The remaining oxides, Tho,, ZrO,, HfO, and CaO are candidate materials. 
reservation is made regarding HfO, since it undergoes a monoclinic to tetragonal 
transformation at about 2000'K. 
These oxides are all brittle, but have excellent oxidation resistance to 2675'K. 

A 

It preferably should be stabilized like zirconia. 

Borides. - The following borides melt above o r  at 2500'K: HfB, (m.p. 3340'K), 
ZrB, (m.p. 3275'K), WB, TiB,, ThB,, MOB, and Mo2B. Corrosion becomes severe in air 
at 1100-1700°K for all these borides, except Mo2B (the lowest melting of those 
listed), ThB4 and HfB2, where no information is available. 
therefore, not good candidates. 

The pure borides are, 

HfB2 and ZrB2 with additions of Sic and/or C, however, have significantly 
improved high temperature properties. 
oxidation resistance to 2500'K and ZrB2 + ZrB 
strated by short-term tests. 
have been studied in some detail (refs. 11-15) where the preparation, micro- 
structural, electrical, mechanical, and thermal properties, thermochemical stability 
and thermal stress resistance of these materials are summarized. Short-term 
oxidation tests of up to four hours of ZrB2 + Sic are reported in reference 16 
for 250 Torr. 0, up to 1775'K. 

HfB2 + Sic and/or C has favorable dynamic 

The high temperature properties of these materials 
+ Sic and/or C to 2300'K as demon- 

Fiber reinforced ceramics. - The main purpose of using fiber reinforced 
ceramics is the promise of employing brittle materials such as oxides as com- 
ponents where loads are induced by mechanical o r  thermal means. 
in this respect of the candidate materials above, Tho2, HfO,, Zr0, and CaO and 
even ZrB2 and HfB,, would improve their chances of surviving thermal loads, 
thermal shock and thermal cycling for periods of time as is characteristic of 
resistojet operation. 

The improvement 

An excellent summary and assessment of the potential of fiber reinforced 
ceramics is presented by J. Krochmal. (ref 17) . The "technologically interesting" 
matrix-fiber combinations in Krochmal's review are: Matrices: ZrB2, HfB2, Sic, 
ZrC, HfC, TaC, WC, A1203, BeO, MgO, Tho,, Zr02, MgA1204, MoSi2, and WSi2; fibers 
(or filaments or whiskers): W, Mo, Ta, B, C, Sic, BqC, and Al2O3. The conclusion 
of the review was that no combination among these matrices and fibers offered a 
real solution to the brittleness problem at high temperatures in oxidizing environ- 
ment, due to (1) thermochemical interaction, (2) cracking, and (3) reinforcement 
oxidation. 

Thermochemical interactions were reactions between fiber and matrix, either 
at high processing o r  use temperatures. 
calsintering would be techniques that might overcome the interactions during 
processing. 

Low temperature hot pressing or pressure 

Microcracking, caused by differential thermal contraction following densifi- 
cation at high temperatures when the coefficient of thermal expansion of the 
matrix exceeded that of the fiber, was sometimes tolerable. 
avoided by lower temperature processing. 

It might also be 
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Reinforcement oxida t ion  was a severe problem f o r  a l l  f i b e r s ,  except A l 2 O 3 ,  
i n  a l l  mat r ices ,  except A1203 and BeO. 
t o  oxygen (which i s  not  t h e  case f o r  t h e  p o t e n t i a l  candidate  oxides Tho,, H f O 2 ,  
Zr02, and CaO). Such oxida t ion  of t h e  f i b e r  would e i t h e r  r e s u l t  i n  t h e  mechanical 
d i s rup t ion  of  t h e  composite or  r e a c t i o n  between oxida t ion  product and matrix. 

These oxides a r e  p r a c t i c a l l y  impermeable 

Since t h e  above review was conducted, f i b e r s  of  Z r O 2  have become ava i l ab le .  

Fur ther ,  cracking due t o  mismatch i n  thermal expansion c o e f f i c i e n t  would 
If t h e  matr ix  and f i b e r  were of t h e  same material, chemical r eac t ion  would not  
occur .  
not  occur.  F ina l ly ,  i f  the  f i b e r s  were t h e  acceptable  oxides and modified d i -  
bo r ides ,  reinforcement oxida t ion  would not  occur. 

Ceramic f i b e r  r e in fo rced  oxides .  - Hot press ing  appears t o  be t h e  most 
f requent ly  used method t o  achieve d e n s i f i c a t i o n  of f i b e r  re inforced  ceramics. The 
f ib&,  f i laments  or  whiskers ( s ing le  c r y s t a l  f i b e r s )  are mixed with t h e  matrix 
powder and hot  pressed d i r e c t l y .  Pre-alignment of t h e  f i b e r s  i n  t h e  matr ix  has 
been p rac t i ced  i n  order  t o  t ake  advantage of t h e  extremely high t e n s i l e  s t r eng th  
of f i b e r s .  I n  t h e  systems of i n t e r e s t ,  ho t  press ing  temperatures approaching o r  
even above 2275OK a r e  requi red  t o  achieve t h e  necessary dens i ty .  
damage t o  the  f i b e r s .  Recently developed techniques,  r e f e r r e d  t o  as low tempera- 
t u r e  h o t  press ing  and pressure  c a l s i n t e r i n g ,  apparent ly  e l imina te  o r  reduce damage 
t q  t h e  f i b e r s .  The "Zy t t r i t e "  process ( r e f .  18) f o r  low temperature hot  press ing  
o r  z i r con ia  (or  cold press ing  followed by s i n t e r i n g )  and chemically ac t iva t ed  
pressure  s i n t e r i n g  of magnesia ( r e f s .  19,  20, and 21) a r e  examples of low 
temperature processing.  

This causes 

Due t o  t h e  u n a v a i l a b i l i t y  of o the r  f i b e r s ,  t he re  is p resen t ly  only one 
p r a c t i c a l  composite candidate:  
s t a b i l i z e d  z i r con ia  f i b e r s .  
using the  "Zy t t r i t e "  z i rconia  a t  t h e  A i r  Force Materials Laboratory ( r e f s .  2 2  and 
23).  

Y t t r i a - s t a b i l i z e d  z i rconia  ma t r ix /y t t r i a -  
The former system has been very r ecen t ly  s tud ied  

Metal f i b e r  re inforced  oxides.  - The oxide candidates ,  ThO2, HfO2, Zr02, 
and CaO,  as discussed l a t e r ,  can b e  s o l i d - s t a t e  e l e c t r o l y t e s  passing oxygen ions 
by i o n i c  conduction. 
W, Mo, o r  Ta  may be  oxidized. 
metals  would be  compatible with these  ceramic oxides f o r  r e s i s t o j e t  use.  

This provides a mechanism whereby reinforcement f i b e r s  of 
I f  it were not  f o r  t h i s  above mechanism, these  

For app l i ca t ions ,  no t  having such oxid iz ing  condi t ions ,  Table I1 summarizes 
t h e  s t a b i l i t y  l i m i t s  f o r  t h e  matr ices  and f i b e r s  shown which a r e  co l l ec t ed  from 
r e f .  24 except as noted. 
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TABLE 11. - MATRIX - FIBER STABILITY LIMITS (OK) AT 10-4 TORR. 

Matrices 

Tho 2 

Z r O  2 

MgO 

Metal Fibers  

w 

2475 

1875 

227Sb 

Mo 

2175 

2175 

2075 

Reducing conditions ( r e f .  25) a 

bReference 26. 

Ta  

2075 a 

1875 

2075 

The system Y 20 3-stabi l ized zirconia-molybdenum, however, was found t o  have 
exce l len t  s t a b i l i t y  t o  2645°K ( r e f .  27). 

Although composite mater ia l s  have some po ten t i a l  f o r  r e s i s t o j e t  appl ica t ions ,  
they would requi re  a considerable development e f fo r t .  
samples was not within the  scope of the  present  program. 

The f a b r i c a t i o n  of t e s t  

Propert ies  of Candidates 

The screening c r i t e r i a  i n  the  previous sec t ion  passed s i x  (6) mater ia ls  t h a t  
seemed t o  possess acceptable proper t ies  f o r  r e s i s t o j e t  use.  
H f 0 2 ,  ZrO2, CaO, and H f B 2 ,  and Z r B 2  with addi t ives .  Several  composites were a l so  
l i s t e d  as candidates,  bu t  were excluded because of lack of development. 
I11 l ists  t h e  important proper t ies  of these  materials where they are avai lable .  
Figures 2 through 5 are graphical  comparisons of various proper t ies  of the  can- 
d i d a t e  mater ia l s  with temperature. 

These were Th02, 

Table 

Of the  p o t e n t i a l  candidates ,  t he  reasons f o r  s e l e c t i o n  of t h ree  (3) Zr02, 
Tho2 and modified Z r B 2  f o r  experimental s tudy were as follows: From a glance 
a t  Table I11 it is  seen t h a t  t h e s e  are t h e  ones which are more thoroughly char- 
ac te r ized  by property da ta .  Hafnia, being more scarce than z i rconia ,  has not  
been s u f f i c i e n t l y  s tud ied  with regard t o  s t a b i l i z a t i o n  of t h e  expansion char- 
a c t e r i s t i c s .  
The same reasons apply t o  the  s e l e c t i o n  o f  zirconium diboride over hafnium 
diboride.  
lack of a v a i l a b i l i t y  of material, t h e  study w a s  narrowed t o  t h e  th ree  (3) 
candidates which are discussed i n  tu rn  i n  the  following s e c t i o n  and ranked 

There are no s i g n i f i c a n t  d i f fe rences  between t h e i r  capab i l i t i e s .  

For the  reasons of avoiding t h e  p o t e n t i a l  development problems and 
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comparatively i n  terms of needed c h a r a c t e r i s t i c s  f o r  r e s i s t o j  e t s  i n  t h e  subsequent 
s ec t ions .  

Zirconia.  - The forms of z i rconia  and t h e i r  r e l a t i o n s h i p  t o  des i r ed  
p rope r t i e s  are discussed i n  terms of a r ecen t ly  (1970) proposed phase diagram f o r  
t h e  Zr02 system ( r e f .  28) shown i n  f i g .  6. So l id  l i n e s  i n d i c a t e  phase boundaries 
of s t a b l e  phases and dashed l i n e s  metastable  extensions of phase f i e l d s .  

denote enan t io t rop ic  invers ions  and- monotropic invers ions .  
v e r s i b l e  monoclinic t o  t e t r agona l  t ransformation a t  atmospheric pressure  occurs a t  
about 1425'K. 
length reduct ion on hea t ing  and an assoc ia ted  length inc rease  ( a t  about 1275'K) on 
cooling ( r e f ,  29). 
v a l  t o  completely fragment t h e  formed a r t i c l e .  No usable  shape can, t he re fo re ,  be  
made of pure z i rconia .  

The 
The r e -  

The monoclinic t o  t e t r agona l  invers ion  is  accompanied by a 3 . 2 %  

Rapid cooling expansion occurs wi th in  a lO 'K  temperature i n t e r -  

To be f ab r i ca t ed ,  z i rconia  must be  s t a b i l i z e d  i n  e i t h e r  t h e  Tonoclinic o r  
cubic form by adding oxides with ca t ions  of similar rad ius  t o  Z r 4  . No one has 
been known t o  be  successfu l  i n  s t a b i l i z i n g  z i rconia  i n  t h e  monoclinic phase. A 
number of oxides of cubic symmetry have been added t o  success fu l ly  s t a b i l i z e  it 
i n  t h a t  phase. 
when heated beyond 1825'K. Many oxides have been used f o r  s t a b i l i z a t i o n ,  bu t  t h e  
most commonly used are C a O ,  Y2O3,  and MgO. MgO-stabilized z i rconia  p a r t i a l l y  re -  
v e r t s  t o  t h e  monoclinic form when cycled through t h e  1175-1625'K temperature zone 
( r e f .  29). The following d iscuss ion  is ,  the re fo re ,  l imi t ed  t o  t h e  CaO and Y 2 O 3  
s t a b i l i z e d  forms. 
(10.4 mole percent)  CaO o r  15 weight percent  (8.8 mole percent) Y2O3. Smaller 
amounts of Y2O3 ( ~ 6 . 5  mole percent) a r e  used f o r  f i n e  p a r t i c l e  s i z e  z i rconia  powders 
( r e f .  18) .  

By such admixtures, Zr02 converts i r r e v e r s i b l y  t o  t h e  cubic form 

Zirconia  i s  f u l l y  s t a b i l i z e d  by t h e  addi t ion  of 5 weight percent 

Pu r i ty  has an important e f f e c t  on some of t h e  thermophysical p roper t ies  of 
z i rconia .  There are a l a r g e  number of impur i t ies  t h a t  can be found accompanying 
z i rconia  i n  i ts  na tu ra l  s t a t e  o r  un in t en t iona l ly  added i n  processing i n  addi t ion  
t o  those d e l i b e r a t e l y  added f o r  s t a b i l i z i n g  c r y s t a l l i n e  s t r u c t u r e ,  enhancing 
e l e c t r i c a l  conduct ivi ty ,  e t c .  For ins tance ,  comparing two important s t a b i l i z e r s  
Y2O3 and C a O ,  say on t h e  b a s i s  of cases  of f u l l  s t a b i l i z a t i o n ,  z i rconia  s t a b i l i z e d  
with t h e  former i s  more r e f r ac to ry  than t h e  l a t t e r ,  having a melting poin t  approxi- 
mately lOO'K higher.  
conduct ivi ty  ac t ing  as a poison i n  percentages around 2%,  an undesirable  add i t ive  
as f a r  as r e s i s t o j e t s  a r e  concerned. 
proper t ies  are discussed wheren known, where appl icable  i n  the  sec t ions  t h a t  follow 
as a r e  t h e  inf luences of g ra in  s ize  and poros i ty .  

On impur i t ies ,  A1203  has a s t rong  inf luence  on e l e c t r i c a l  

The e f f e c t s  of impur i t ies  and addi t ives  on 

Physical p rope r t i e s  of  t h e  var ious forms of s t a b i l i z e d  z i rconia  are presented 
as a funct ion of temperature f o r  comparison purposes. 
thermal expansion of  f u l l y  and p a r t i a l l y  c a l c i a - s t a b i l i z e d  z i rconia  ( r e f .  29) and 
of f u l l y  y t t r i a - s t a b i l i z e d  "Zyt t r i te"  z i rconia .  The hea t ing  cycle  only i s  shown. 
There i s  some h y s t e r e s i s  on cooling. 
conia ind ica t e s  t h e  non l inea r i ty  of expansion through the  t r a n s i t i o n  range. 

Figure 7 shows t h e  l i n e a r  

The loop f o r  t h e  p a r t i a l l y  s t a b i l i z e d  z i r -  

The e l a s t i c  modulus of Zr02 with var ious degrees of high s t a b i l i z a t i o n  with 
Y2O3 and CaO as a funct ion of temperature t o  1200'K is shown i n  f i g .  8 ( r e f .  3 0 ) .  
The curves i n d i c a t e  t h a t  a decrease i n  t h e  amount of  s t a b i l i z e r  and/or a decrease 
i n  dens i ty .  Figure 9 shows f o r  dense z i r con ia ,  s t a b i l i z e d  with CaO and Y2O3 
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respectively, the influence of degree of stabilization as a function of tempera- 
ture. 
ponding to the polymorphic transformation that occurs around 900'K. The elastic 
modulus for fully yttria-stabilized Zr02 is less than that for fully calcia- 
stabilized. 

The lowest degree of stabilization forms a hysteresis-type curve corres- 

The tensile strength of fully calcia-stabilized zirconia at room temperature 
is 14,000 kN/m2 (20,000 psi) and at 1575'K, 70,000 kN/m2 [lO,OOO psi). 
pressive strength at room temperature is 2,090,000 kN/m2 (303,000 psi) and 690,000 
kN/m2 (100,000 psi) (ref. 31). These short-term values are relevant to thermal 
stressing conditions discussed later under Thermal Shock Resistance. These values 
are presented merely as representative and vary with additives. 

The com- 

In the life-testing of metal resistojet tubes it is found that endurance 
stress and creep are perhaps the most important mechanical properties. 
information on creep has only been found for yttria and scandia-stabilized forms 
of zirconia. 

Organized 

This is comparatively discussed in the section entitled "Creep." 

The electrical conductivity of zirconia stabilized with 10 mole % Y203 versus 
temperature as measured by several authors in the range 900-2400'K is shown in 
fig. 10 (refs. 32, 33, and 34). Figure 11 shows a lower temperature range, 400- 
llOO°K, for a material with 4.5 mole % Y203. (ref. 35). 
zirconia has a high temperature 
than that of most ceramic materials, it is still too low at room temperature to 
permit its use as a resistance heater without auxilliary starting. 
sustain joule heating above %110O0K practically speaking. 

Although yttria-stabilized 
electrical conductivity significantly greater 

It can self- 

High thermal shock resistance is another important requirement. This is 
comparatively discussed under the section entitled "Thermal Stress Resistance." 

Thermal shock resistance of CaO-zirconia is  improved by adding only 2.9 weight n 

percent CaO as compared to fully stabilized at 5 percent. 
exists for the Y203-stabilized form. These partially stabilized forms are physical 
mixtures of monoclinic and cubic zirconia. 
of the compacted blend should homogenize the CaO since a monoclinic-cubic sandwich 
shows CaO migration from the cubic to the monoclinic sections. 
tially stabilized CaO-zirconia heated for extended periods at 2275'K still show 
monoclinic content (ref. 29). 

A similar situation 

In the case of CaO addition, heating 

Specimens of par- 

A remarkable jump in thermal rupture resistance over a homogeneous partially 
stabilized zirconia can be obtained by a coarse matrix of zirconia filled with a 
zirconia grain of a different phase (ref. 29). The effect is a low elastic modulus 
material filling the voids of a high elastic modulus matrix. While the homogeneous 
partially stabilized form survived a 33'K/s temperature gradient, the heteroge- 
neous mixture survived one of 200°K/s. 
strength decreases with cycling so that such a composition is limited to few cycles 
through the 1175-1625'K. 
service. 

It should be remarked, however, that 

The later fact disqualifies such schemes for resistojet 

Heat exchanger tube assemblies of yttria-stabilized zirconia, in the form of 
hexagonally-shaped, cored bricks, have been tested forhypersonic wind tunnels at 
Aeronautical Research Laboratories, Wright-Patterson Air Force Base, Ohio. 
zirconia material used resulted in a regenerative ceramic storage heater that 

The 
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survived a i r  temperatures of 2600°K at  very high a i r  mass flow r a t e s  a f t e r  240 
hours ( r e f .  36).  This ma te r i a l  was prepared by i s o s t a t i c  p re s s ing ,  

Another, form of  y t t r i a - s t a b i l i z e d  z i r con ia  of  i n t e r e s t  has been developed 
a t  t h e  A i r  Force Materials Laboraiory ( r e f .  18) .  Extremely f i n e  p a r t i c l e  s i z e  
z i rconia  powders, average size 50A, a r e  produced by simultaneous thermal and 
hydro ly t ic  decomposition of  zirconium and y t t r ium a lcohola tes  such as those  of 
isopropyl a lcohol .  
p u r i t y  i n  excess of 99.95%; h i t h e r t o  not  ava i l ab le  from commercial sources .  This 
high pu r i ty  apparent ly  has a d e f i n i t e  bear ing on t h e  p rope r t i e s  of t h e  ma te r i a l .  
For example, while coarse  g r a i n  grades of  commercial z i rconia  have higher  thermal 
shock r e s i s t a n c e  than f i n e  g ra in  grades,  t h e  f i n e r  grade has improved "Yt t r i t e f f  
thermal p rope r t i e s  ( r e f .  38) . 

The vapor decomposition of t h e  alkoxides t o  oxides produces 

Cold press ing  followed by s i n t e r i n g  a t  1725°K of t h i s  powder produced t rans-  
lucent ,  f u l l y  dense c y l i n d r i c a l  and bar-shaped bodies with g ra in  s ize  35-50l~ 
( r e f .  18) and it i s  poss ib l e  t h a t  y t t r i a  acts as a g ra in  growth i n h i b i t o r  i n  t h i s  
case.  
as low as 1075°K and with an y t t r i a  content  of only 5 weight percent .  
might reduce forming temperature f u r t h e r .  

I t  was poss ib l e  t o  achieve f u l l  s t a b i l i z a t i o n  a t  a s i n t e r i n g  temperature 
Hot pressing 

A ba r  of t h i s  form of  z i rconia  showed no change i n  an a i r  atmosphere up t o  
2475OK f o r  262 hours with numerous cycl ings.  
2775°K; t h e  major l i m i t a t i o n  being lo s s  of  t he  s t a b i l i z e r  Y203 a t  t he  higher  
temperatures.  

The material could b e  usefu l  t o  

An example of t h e  high p u r i t y  is  t h e  hafnium content  which is  0.5-2% i n  
commercial grade and less than 0.05% i n  alkoxide-produced z i rconia .  
undergoes a monoclinic t o  te t ragonal  invers ion  a t  about 2000OK. 
y t t r i a - s t a b i l i z e d  z i rconia  should be t e s t e d  and compared with t h e  commercial 
grades descr ibed above with r e spec t  t o  r e s i s t o j e t  s e rv i ce .  
l imited scope of t h e  cu r ren t  program. 

Hafnia 
This form of 

I t  was beyond the  

Coarse g ra in  tubes are genera l ly  not  impervious t o  gases and gas leakage can- 
not  be  t o l e r a t e d  i n  t h e  operat ion of a r e s i s t o j e t .  
s t a b i l i z e d  z i rconia ,  which have a f i n e  g r a i n  s i z e ,  are ava i l ab le  commercially and 
were used i n  t h e  experimental phase. 
on t h e  advantages and disadvantages of coarse  g ra in  versus  f i n e  gra in  tubes and 
optimum gra in  s ize  w i l l  have t o  be  determined. 

Impervious tubes of y t t r i a -  

A t radeoff  u l t ima te ly  w i l l  have t o  be  made 

I n  b r i e f  regarding thermochemical and thermophysical p rope r t i e s  of z i rconia ,  
i ts  usefulness  i n  a i r  i s  s t a t e d  t o  be  up t o  2675"K, i n  vacuum t o  2475"K, and i n  
a reducing atmosphere t o  2410-2475°K. 
i s  s t a b l e  i n  H2 t o  2475°K and r e a c t s  with N 2  a t  high temperature ( r e f .  7 ) .  The 
chemistry problem is  t r e a t e d  i n  more d e t a i l  on comparison b a s i s  with o ther  can- 
d ida t e s  i n  t h e  s e c t i o n  "Compatibility with propel lan t  species ."  

I t  becomes v o l a t i l e  i n  He above 2575"K, 

Thoria.  - Thoria,  Th02, has t h e  h ighes t  melting po in t  of any oxide and is 
fo r  t h a t  reason alone of  considerable  i n t e r e s t  f o r  high temperature appl ica t ions .  
I t s  melting po in t  i s  l i s t e d  i n  t h e  range 3200-3600°K by var ious sources ,  t he  most 
probable f i g u r e  i s  3540°K according t o  ref.  39. I t  is  very i n e r t  i n  i t s  chemical 
p rope r t i e s .  
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Thoria  is s t a b l e  under most condi t ions .  I t  r equ i r e s  no s t a b i l i z e r s .  

The thermal expansion c o e f f i c i e n t  i s  close t o  t h a t  of P t ,  making good 

The modulus of  e l a s t i c i t y  of  t h o r i a  i s  14.6 x 107kN/m2 (21.3 x lo6  p s i )  a t  
room temperature.  
(220,000 p s i )  and it drops t o  352,000 kN/m2 (51,000 p s i )  a t  1275'K and 10,340 kN/m2 
(1500 p s i )  a t  1775°K. 
[14,000 p s i ) .  

compatabi l i ty  with needed hermetic  and e l ec t rode  j o i n t s  i n  r e s i s t o j e t  design.  

Its compressive s t r eng th  a t  room temperature is  1,520,000 kN/m2 

The room temperature t e n s i l e  s t r e n g t h  i s  96,500 kN/m2 
The important c reep  c h a r a c t e r i s t i c s  a r e  summarized i n  l a te r  sec t ions .  

Thoria is  an e l e c t r i c a l  conductor and can be  d i r e c t l y  j o u l e  hea ted .  This 
p r i n c i p l e  was used by t h e  Nat ional  Bureau of  Standards as a high temperature 
furnace ( r e f .  40) operable i n  a i r  t o  2325°K. The e l e c t r i c a l  r e s i s t i v i t y  of pure 
Tho, as func t ion  of temperature is compared with t h e  o the r  candidates  i n  f i g .  4 .  
The e l e c t r i c a l  r e s i s t i v i t y  of t h o r i a  i s  about 1 ohm-m a t  1600°K ( r e f .  39) bu t  
105 ohm-m a t  775°K. Therefore ,  l i k e  z i r con ia ,  it must b e  s t a r t e d  by a u x i l l i a r y  
hea t ing .  
s t a r t i n g  temperatures of 1475°K f o r  t h e  first and l a t t e r  two from 1175 t o  1275°K. 

Doping with Ce02, Y 2 O 3  o r  La203 f o r  var ious purposes was reported with 

The f a b r i c a t i o n  of t h o r i a  employs t h e  same general  techniques as z i rconia .  

On t h e  behavior of t h o r i a  towards gases ,  it is  use fu l  t o  2975°K i n  an oxidiz- 
ing atmosphere and is r a t e d  as good i n  high temperature reducing atmospheres. 
is reduced by carbon a t  high temperature,  no temperature given ( r e f .  41).  
s t a b l e  t o  high temperature i n  a vacuum. 
discussed i n  d e t a i l  la ter .  

I t  

The compat ib i l i ty  with biowaste gases is 
I t  i s  

Thoria has a r e l a t i v e l y  high permeabi l i ty  t o  oxygen above 1300°K ( r e f .  42) .  
The c o e f f i c i e n t  of d i f f u s i o n ,  D ,  a t  1375°K was measured t o  be  of t h e  order  of 
10-9m2s as compared t o  about 10-11m2s f o r  alumina a t  1975°K; alumina being the  
l e a s t  permeable t o  oxygen of any oxide s o  f a r  found. 

The r a d i o a c t i v i t y  of t h o r i a  i s  of l i t t l e  concern f o r  t h e  q u a n t i t i e s  and ex- 
posures involved i n  a r e s i s t o j e t  program. 
summarized i n  an Atomic Energy Commission sponsored s tudy  ( r e f .  43). Thorium i s  
unusual i n  t h a t  t h e  r ad io log ica l  h e a l t h  hazards encountered i n  indus t ry  are not  
caused by Th232, which is t h e  long-lived parent  i so tope  of t h e  n a t u r a l l y  occurring 
r ad ioac t ive  decay series and c o n s t i t u t e s  v i r t u a l l y  t h e  e n t i r e  mass of na tu ra l  
thorium. Rather,  t h e  hazards a r i s e  from iso topes  of a v a r i e t y  o f  elements t h a t  
a r e  present  i n  t h e  decay chain of Th232, some of  which are Ra228, A c 2 2 8 ,  Po216, 
etc. Hazards are due t o  t h e  ion iz ing  r a d i a t i o n  re leased  by t h e  var ious members of 
t h e  Th232 decay chain,  causing a delay i n  ce l l  d iv i s ion .  Chronic r a d i a t i o n  i n j u r y  
involved i s  cancer of  t h e  lung and bone. 
doses s o  high as t o  b e  unimportant i n  t h e  context  of thorium (o r  t ho r i a )  exposures 
i n  indus t ry .  I n d u s t r i a l  hygiene r e  u l a t i o n s  have been e s t ab l i shed .  
permissible  a i r  concent ra t ion  of Th532 i s  10-llyc/cm3 with r e spec t  t o  t h e  lung and 
2 x 10-12yc/cm3 with r e spec t  t o  t h e  bone. 
as maximum permiss ib le  f o r  members o f  t h e  Th232 decay chain.  

The toxicology of thorium has been 

The hazard is  t h e r e ,  however, only a t  

The maximum 

Simi la r  concentrat ions are es tab l i shed  

The r eac t ion  of t h o r i a  with metals and i t s  wet t ing by metals is  of i n t e r e s t  
when consider ing me ta l l i z ing  and brazing of t h o r i a  (and y t t r i a - s t a b i l i z e d  zirconia)  
i n  combination with C r ,  No, W, Mn, and R e  was inves t iga t ed  by Manning and Stoops 

c 
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( r e f .  44). 
i n  vacuum and t o  2750'K i n  helium. The Mo-40 w t .  % R e  a l l o y ,  R e ,  and W were s t a b l e  
i n  contac t  with t h e  oxides t o  2450°K, while t h e  o the r  metals were no t .  The thermo- 
dynamics of  t h e  r eac t ions  between Ag, Cu, N i ,  Mo, and Nb with t h o r i a  (and z i rconia)  
were a l s o  evaluated ( r e f .  45). I n  a s tudy of high temperatures cermets, t h e  wet- 

was measured a t  temperatures up t o  2800'K i n  helium ( r e f .  46).  
occurred between these  metals and t h e  oxides.  

Thermodynamic ca l cu la t ions  were made t o  p r e d i c t  s t a b i l i t y  up t o  2500'K 

br 

9 t i n g  between t h o r i a  (and z i rconia)  and molten C r ,  V ,  P t ,  Rh, Mo, and Mo-Re a l l o y  
L i t t l e  wet t ing 

Zirconium Diboride. - In  t h e  e a r l i e r  work t o  develop t h e  d ibor ides  f o r  use as 
high temperature oxidat ion r e s i s t a n t  ma te r i a l s  ( r e f .  i l ) ,  i t  was found t h a t  f a b r i -  
ca t ion  of crack-free s o l i d  bodies  of pure zirconium dibor ide  fZrB2) was extremely 
d i f f i c u l t  and f u l l y  dense bodies had r a the r .  extensive g r a i n  growth. Various com- 
b ina t ions  of s i l i c o n  carbide and graphi te  add i t ives  were used t o  a l l e v i a t e  t h e  
cracking problems. 
S i c  + 30 v/o C y  and Z r B 2  + 20 v/o S i c .  

The most important combinations were found t o  b e  Z r B ,  + 14 v/o 

I t  i s  s t a t e d  t h a t  ceramic bodies of t h e  S i c  and/or C modified diborides  have 
the  s t r eng th ,  thermal s t r e s s  r e s i s t a n c e  and oxidat ion and corrosion r e s i s t a n c e  f o r  
use as nose cones, leading edges, and as hardware i n  gas turb ine  and rocket  motors. 
Rectangular and c y l i n d r i c a l  shapes of t hese  d ibor ides  a r e  ava i l ab le  commercially. 

The p r i n c i p a l  f a b r i c a t i o n  technique f o r  t hese  d ibor ides  was conventional hot  
press ing ,  which could produce cy l ind r i ca l  and ba r  o r  prism-shaped b i l l e t s  of 
t h e o r e t i c a l  dens i ty  and dimensions t o  seve ra l  inches.  
4-6 inches O . D .  by 3-5 inches I . D .  by 4-6 inches high appeared f e a s i b l e .  
amount of S i c  add i t ion  va r i ed  from 5-30 volume percent  and of C from 10-50 volume 
percent .  

Hot press ing  of  tubes of 
The 

Hot press ing  temperatures var ied from 1975-2575OK pressures  from 17,200- 
55,200 kN/m2 (2500-8000 p s i )  and time a t  temperature from 40-440 min., depending 
upon ma te r i a l ,  add i t ions ,  and geometry of mold. Induct ion heat ing was used with 
graphi te  d i e s  l i ned  with py ro ly t i c  g raph i t e  and boron n i t r i d e .  
apparent ly  took p lace  i n  a i r  s ince  a r e l a t i v e l y  l a rge  amount of C02 evolved from 
t h e  graphi te  d i e s  t o  ensure a neu t r a l  atmosphere. 

Hot pressing 

I t  should be remarked t h a t  high pressure  hot  press ing  of  H f B 2  t o  100% dens i ty  
with no add i t ion  of S i c  and/or C has been done a t  somewhat lower temperatures 
(2120-217S°K), bu t  required pressures  of 790,000 kN/m2 (115,000 p s i )  ( r e f s .  47 and 
48). 

Microstructure  of H f B 2  and Z r B 2  with S i c  and/or C addi t ions  ( r e f s .  11 and 12 ) :  
Limitat ions imposed by present  powder production technology f o r  ho t  pressing pur- 
poses r e s u l t  i n  t h e  presence of  0.5-1.5% nonmetall ic impur i t ies  i n  the  s t a r t i n g  
powder, p r i n c i p a l l y  oxygen and carbon. There i s  some Z r  i n  HfB, and some H f  i n  
Z r B 2 .  Other m e t a l l i c  impur i t ies  are a l l  below 0.1%. 

The add i t ion  of S i c  and/or C enhances hot  press ing  c h a r a c t e r i s t i c s  such as 
lowering the needed ho t  press ing  temperature f o r  t h e  achievement of f u l l  dens i f i -  
ca t ion  cont ro ls  t h e  g r a i n  growth, and improves t h e  physical  i n t e g r i t y  of t he  
material (incidence of cracking v i r t u a l l y  e l iminated) .  

Grain s i z e s  varying from 2- lop  i n  as-pressed material, d e n s i t i e s  a t  o r  c lose  
t o  loo%,  and p o r o s i t i e s  less than 1% are achieved. 
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The chief effect of the addition of Sic was an improvement in oxidation 
resistance; that of C a decrease in the bulk elastic modulus, with an accompany- 
ing increase in thermal stress resistance. 

Young's'modulus as a function of temperature to 1875'K is presented in fig. 5 
for 100% dense ZrB, containing 20% Sic. 
carbon markedly reduce the modulus values. 
from room temperature to 1675°K. 
rendered accurate measurement of Young's modulus difficult. 

Residual porosity or the addition of 
Young's modulus decreases slightly 

Increased plasticity encountered above 1675OK 

Transverse bend strength of the diboride compositions varied from 310,000 - 
620,000 kN/m2 (45,000-90,000 psi) at temperatures to 1075'K and from 138,000 - 
276,000 W/m2 (20,000-40,000 psi) to 2175°K. 
microstructures displayed brittle fracture. 
of plasticity were observed. 
for a dense 4~ grain size Z r B 2  containing Sic and C. 

Below 1675'K all compositions and 
At 1675'K and higher varying degrees 

Macroscopic deformation was observed above 1975'K 

Limited stress rupture testing at 1315'K in air indicated a 100-hour stress 
rupture strength of 100,000 kN/m2 (15,000 psi) for a dense ZrB, composition con- 
taining Sic. Again, no information is available for the low stress levels, 
endurance stress and creep, required for resistojet design; i.e., 100 kN/m2 
(15 psi). 

The presence of carbon in amounts of 10-30 volume percent produced strength 
anisotropy. 
strengths greater than those cut parallel to it. 
as agglomerates or perhaps discrete particles could effect a crack arrestment 
phenomenon at elevated temperatures. 

Materials cut perpendicular to the hot pressing direction had bend 
Also, the presence of carbon 

The electrical resistivity of ZrB, with Sic and/or C additions is low even at 
room temperature. 
100% dense ZrB2 + 20% Sic. 
1275'K 5.45 x lov7 ohm-m. 
als can be used as electrical conductors both at room and high temperatures. The 
characteristic is typical of metal conductors (fig. 4). 

Its dependence on temperature was measured only to 1275'K for 
The room temperature value 1.02 x ohm-m and at 
The temperature coefficient is positive. These materi- 

Hot pressed diboride compositions with additives of Sic and/or C were 
evaluated in low pressure cold air/hot sample, isothermal furnace tests for times 
of several hundred hours at 1575'K to 90 min. at 2475°K (ref. 12). As an example, 
the time dependence for the oxidation process was found to be logarithmic for the 
composition ZrBp + 20% Sic for times up to 236 hours at 1575OK. 
formation persisted to 2375°K for all ZrB2 compositions. The addition of Sic and/ 
or C improved the adherence of the oxide to the diboride and prevented oxide 
spalling after a considerable number of thermal cyclings. 

Protective oxide 

High and low pressure hot gas/cold sample tests were conducted with oxidizing 
and corrosive gases (air, 02, CH4, NO) at one to four atmospheres and arc plasma 
at 0.01 to 1.0 atmospheres, as well as at high stagnation pressures. 
was reduced at high stagnation pressures if sufficient gas dynamic shear forces. 
developed to remove the protective oxides and expose unprotected diboride material 

Stability 

30 



Ranking of Materials 

R e s i s t o j e t  experience has shown t h a t  t h e  long dura t ion  effects govern t h e  
The,endurance type c r i t e r i a  i n  t h e  main are used here  then as a b a s i s  

The scope of t h e  study d id  not permit an 
design. 
f o r  ranking t h e  candidate materials. 
exhaustive i n v e s t i g a t i o n  of a l l  of t he  effects but  only those judged as most 
important i n  the  opinion of t h e  authors.  Those e f f e c t s  not  surveyed a r e  noted. 

The e f f e c t s  compared aga ins t  r e s i s t o j e t  design needs a re :  

(1) Chemical compat ibi l i ty  with propel lan t  species  

(2) Sublimation. 

(3) Creep 

(4) Endurance s t r e s s  

(5) Thermal s t r e s s  r e s i s t a n c e  

Effec ts  which may be important bu t  not t r e a t e d  a re :  

(1) Thermal cycling endurance 

(2) Grain growth 

(3) E l e c t r i c a l  property s t a b i l i t y  

Compatibil i ty with propel lant  species .  - A number of physical-chemical i n t e r -  
act ions between biowaste gases and t h e  ceramic r e s i s t o j e t  tube mater ia ls  Z r O ? ,  
Tho;! and modified Z r B 2  must be  taken i n t o  account f o r  r e s i s t o j e t  design above % 

2000'K. The most important is  high temperature chemical reac t ion  and corrosion. 
An example i s  the  formation of Z r N  i n  t he  reac t ion  between zirconia  and nitrogen 
a t  temperatures much g r e a t e r  than 200O0K; t h e  exact value of which has not been 
reported.  
i n t o  the  oxide ceramic. 
the  d i f fus ion  of oxygen a t  temperatures as low as 650°K. 
as a c a t a l y s t  f o r  reac t ions  between the  gas spec ies .  
respec t ;  catalyzing the  oxidat ion of CO. 

Another e f f e c t  t o  consider is t h e  d i f fus ion  and permeation of gases 
For example, Zr02 acts as a s o l i d - s t a t e  e l e c t r o l y t e  f o r  

The oxide may a l so  a c t  
Thoria is  notable i n  t h i s  

Any r e a c t i o n  between a hot  gas and r e s i s t o j e t  mater ia l  i s ,  of course, d e t r i -  
mental t o  t h e  operat ion of t h e  r e s i s t o j e t .  Any gaseous reac t ion  products would 
r e s u l t  i n  mass change of t he  mater ia l ,  r e s u l t i n g  i n  u l t imate  consumption of the  
mater ia l  o r  t h a t  por t ion  of it subjec t  t o  reac t ion  with time, t o  t h e  point  t h a t  
t he  operating c h a r a c t e r i s t i c s  would change. 
of p a r t i c l e s  could be swept away by t h e  flow of gases and s i m i l a r l y  r e s u l t  i n  mass 
losses .  

Sol id  reac t ion  products i n  the  form 

The mass losses  a r e  a funct ion of r e a c t i o n  r a t e  k i n e t i c s  and perhaps whether 
The sca l e s  are formed through which gaseous reac t ion  products have t o  penetrate .  

reac t ion  ra te  k i n e t i c s  between the  ceramics and gas species  i n  question a r e  not  
known general ly  and design cr i ter ia  involving f ac to r s  such as wall thickness re-  
quirements depend on t h e  completion of an endurance type experimental program. 
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The s t a b i l i t y  of  s c a l e s  depends on t h e i r  adherence t o  the  tube wall. 
however, t h a t  even s c a l e s  would be eroded away by the  high-veloci ty  flowing gases,  
exposing the  wall t o  new a t t ack .  

I t  i s  l i k e l y ,  

I t  i s  well t o  bear  i n  mind t h a t  r e a c t i o n  and corrosive a t t a c k  of t h e  tube 
wall i s  a s t rong  func t ion  of temperature and, t he re fo re ,  any mass l o s s ,  scale 
formation, e t c . ,  w i l l  vary l o c a l l y  along t h e  tube. Increased p a r t i a l  pressure of 
t h e  gas w i l l  a l s o  tend t o  increase  r e a c t i o n  rate. Flow v e l o c i t y  i s  another para- 
meter t o  consider.  Increased axial  flow v e l o c i t y  of t he  gas does not  necessar i ly  
mean increased mass flow of gas t o  t h e  sur face .  In  f a c t ,  increased gas flow means 
l e s s  res idence time and poss ib ly  less l ike l ihood f o r  reac t ion .  The e ros ive  e f f e c t  
of t h e  gas increases ,  however, with increased axial  flow ve loc i ty .  
must therefore ,  be  based on t h e  s i t u a t i o n  a t  t h e  c r i t i c a l  (general ly  t h e  h o t t e s t )  
s e c t i o n  of t h e  tube where t h e  a t t a c k  i s  most severe.  

Design c r i t e r i a ,  

Fortunately,  f o r  many of the  biowaste gas species  and temperature l eve l s  as 
described i n  Table IV reproduced from the  s tud ie s  of reference 49, t he  reac t ion /  
corrosion between the  gases and candidate oxide ceramics i s  not found t o  be s ig -  
n i f i c a n t  so f a r .  

The da ta  contained i n  Table V ,  based upon a l i t e r a t u r e  search,  should ind ica t e  
safe temperature ranges (where ava i lab le)  of physical  and chemical processes t h a t  
may e f f e c t  preliminary design and guide long-term experimental v e r i f i c a t i o n  test-  
ing .  

Table V gives  an o v e r a l l  review of the  chemical i n t e r a c t i o n s  between gas 
species  and s o l i d  carbon and t h e  ceramics Zr02, Tho,, and ZrB, .  
permeation, c a t a l y t i c  ac t ion ,  erosion,  and adsorption/desorption are not  included 
i n  t h e  t ab le .  

Diffusion/ 

Zr02 compatibi l i ty  with biowaste gases:  The r e s i s t a n c e  of ZrO,  t o  high 
temperature steam has been s tudied  i n  Russia by Bunikov ( r e f .  50) .  Water absorp- 
t i o n  and poros i ty  were s t a t e d  t o  have increased while s p e c i f i c  grav i ty  and 
s t r u c t u r a l  f lexure  s t rength  decreased with length and s e v e r i t y  of exposure, re- 
s u l t i n g  i n  the  formation of hydroxides and i n  decreased s t a b i l i t y .  Unfortunately, 
t he  d e t a i l s  were lacking and no temperature references were given i n  t h e  ava i lab le  
a b s t r a c t .  

Experimental r e s u l t s  reported here in  on H20  exposure run a t  a mater ia l  tem- 
pera ture  of 1895'K, f o r  49 hours showed only p a r t i a l l y  s t a b i l i z e d  z i rconia  by X- 
r ay  d i f f r a c t i o n  ana lys i s .  No H 2 0  r e l a t e d  f a i l u r e  was involved i n  t h i s  t e s t .  

No known references were nd on t h e  i n t e r a c t i o n  of C02 and Z r O 2  and the  
tests reported here in ,  f o r  44 hours a t  1910°K, showed no apparent reac t ion .  
any reac t ions  are t o  occur,  much longer times and higher temperatures are required.  
I t  i s  unl ike ly  t h a t  C 0 2  w i l l  react chemically below 2200'K. 

If 

The s t a b i l i t y  of z i rconia  i n  hydrogen was studied by T r o s t e l  up t o  tempera- 
t u r e s  between 2760'K and 3030°K ( r e f .  51) and by May, e t  a l . ,  a t  temperatures 
between 2475'K and 2760'K ( r e f .  52). 
Ti02 as impuri t ies  besides  CaO as a s t a b i l i z e r .  
suboxides and metals and were l o s t  by v o l a t i l i z a t i o n  below 1775'K. 
q u i t e  d i f f i c u l t  t o  reduce and w i l l  not v o l a t i l i z e  below 2275'K i n  dry hydrogen. 

The Zr02 i n  reference 53 contained Si02 and 
Si02 and Ti02 were reduced t o  

The CaO i s  
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This Zr02  was, the re fo re ,  s t a b l e  t o  t h i s  temperature. 
€12 was s l i g h t  i n  t h e  range 2760' t o  3030'K. 

The r e a c t i o n  of Zr02 with 

Tes ts  h e r e  a t  1810'K f o r  90 hours on pure H2 showed only p a r t i a l l y  s t a b i l i z e d  
Zr02. 
t o  be  se r ious  only a t  temperatures much higher  than 2200'K. 
amount of reduct ion  occurs below t h i s  temperature,  t h e  suboxide Z r O  would f i r s t  
form a t  t h e  su r face ,  followed by poss ib le  reduct ion  t o  metal. 

An unexplained darkening d i d  occur. The reduct ion  of Z r O 2  by H2 i s  bel ieved 
If an i n s i g n i f i c a n t  

'The r e a c t i o n  between Zr02 and NH, was s tudied  by Collouges, e t  a l . ,  a t  
1075-1575°K and 2275-3275'K (ref ,  54) and by Gilles, e t  a l . ,  a t  t h e  same tempera- 
t u r e  ranges ( r e f s ,  55 and 56). Reaction between Zr02 and NH3 r e s u l t s  i n  t h e  
formation of oxyni t r ides  a t  t h e  su r face ,  of which two o r  t h r e e  modif icat ions 
occur.  This is followed by r eac t ion  t o  t h e  complete n i t r i d e ,  Z r N ,  a t  high temper- 
a t u r e .  Zirconium oxyni t r ides  and Z r N  were formed. Ammonia t o t a l l y  d i s s o c i a t e s  
a t  higher  temperature t o  H2 and N 2 .  The non-equilibrium e f f e c t s  though (shor t  
res idence t i m e  i n  t h e  r e a c t o r )  can permit t h e  b r i e f  presence of NH3 a t  t h i s  
temperature. 
f o r  s tudy was pr imar i ly  considering use with a separately-suppl ied supplementary 
propel lan t  during lean biowaste a v a i l a b i l i t y  per iods.  

Only t r a c e  amounts of NH3 a r e  found i n  biowaste gases.  The purpose 

Matsumoto s tud ied  t h e  n i t r i d a t i o n  of Z r O 2  by a n i t rogen  plasma j e t  ( r e f .  57).  
The N 2  flow r a t e  was 1.5-4.1 l/min. a t  a power input  of  3-8 kW. Z r N  was formed. 
The plasma j e t  was d i r ec t ed  v e r t i c a l l y  on p e l l i t i z e d  mixtures o f  Zr02  and graphi te .  
The high mass flow r a t e s  he re  a r e  d i f f e r e n t  from t h e  condi t ions of an N2 stream 
along t h e  Zr02 tube wall. The temperature of t he  Zr02 was not given. 

Tests  he re  on N 2  f o r  122 hours a t  1805'K showed no obvious r eac t ion  products 

Oxygen does not  r e a c t  with Zr02. 

only p a r t i a l l y  s t a b i l i z e d  Zr02. 

s tud ied  t h e  exchange r e a c t i o n  between 0 2  and Z r 0 2  and Tho2 ( r e f .  58).  The exchange 
reac t ions  occur by a d i s s o c i a t i v e  atomic mechanism confined t o  t h e  sur face  l aye r  of 
0 atoms. The slow s t a g e  is t h e  desorpt ion of  oxygen. 
expected t o  inf luence t h e  i n t e g r i t y  of t he  tube.  

and Tho2 and i n  t h e  case of N 2  and "combustion gases" f o r  Z r B 2 .  
rates are apparent ly  low and of no consequence t o  t h e  r e s i s t o j e t  tube i t s e l f ,  
s ince  d i s s o l u t i o n  of t h e  gases i s  not  ind ica ted .  The only concern far  design 
purposes would b e  t h e  r e a c t i o n  of t h e  gases with materials outs ide  t h e  r e s i s t o j e t  
tube.  
i n su la t ion .  
low if the materials and design temperatures (during operation) were not  properly 
chosen. 
j e t  design. 

H, t h e  products of high temperature d i s soc ia t ion .  
covered i n  high temperature tests on the  primary gases ,  themselves, providing 
residence t i m e  i s  properly simulated t o  produce these  spec ies .  

I t  does d i f f u s e  through i o n i c a l l y .  Winters 

This exchange r eac t ion  i s  not 

Diffusion and permeation da ta  a r e  only known i n  t h e  case of oxygen f o r  Zr02 
The d i f fus ion  

That could b e  a metal hea t e r  s t r u c t u r e  ( i n d i r e c t  hea t e r  concept) and/or 
Metal could b e  at tacked by 02 i n  t h e  long run  even i f  d i f fus ion  was 

This cons idera t ion  r u l e s  out  use  of  a primary wire hea te r  i n  the  resist+ 

No references were found on the  r eac t ion  between Zr02 and C 0 2 ,  CO, 0 ,  OH, and 
These e f f e c t s  a r e  undoubtedly 

The r eac t ion  between s o l i d  carbon and z i rconia  takes  p lace  a t  high tempera- 
t u r e s  forming e u t e c t i c s  and carbides .  
according t o  Elyut in ,  e t  a l . ,  ( r e f .  59) a t  temperatures above 2200'K forming Z r C .  

The r eac t ion  between carbon and ZrO, occurs 
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Tho2 compat ib i l i ty  with biowaste gases:  No references were found on t h e  

I t  i s  not  unreasonable t o  expect similar r e a c t i o n  
r e a c t i o n  between Tho2 and t h e  species  l i s t e d  i n  Table V ,  except t h e  unimportant 
exchange r e a c t i o n  with 0,. 
c h a r a c t e r i s t i c s  as f o r  ZrO,. 
expected t o  take place a t  even higher  temperatures because of t he  more r e f r a c t o r y  
charac te r  of  Tho2. 

If any d i f fe rences  should ex i s t ,  they would be 

The c a t a l y t i c  a c t i o n  of Tho2 ( r e f .  60) i n  t h e  oxidat ion of CO t o  C 0 2  may 
e f f e c t  t he  s p e c i f i c  impulse t o  a t r i v i a l  ex ten t  and would be of l i t t l e  concern 
i n  resis t o j  e t  design. 

I n  t h e  s i n g l e  t e s t  conducted with Tho2 and C02 f o r  47 hours a t  1790°K, some 
as ye t  un ident i f ied  reac t ion  occured, perhaps an anomaly. 
s e c t i o n  e n t i t l e d  "Analysis of Data." 

See Table X I V  i n  t h e  

Tho2 may form ThC, a t  a temperature as low as 1375'K but  only when Tho2 and 
C a r e  i n  in t imate  contact  as when mixed together  as powders ( r e f .  61).  

Z r B 2  compat ibi l i ty  with biowaste gases:  References on reac t ions  between the  
Peters has examined Z r B 2  as a rocket  l i n e r  

Clougherty, e t  a l . ,  

gas species  and Z r B 2  a r e  a l s o  meager. 
mater ia l  subjected t o  propel lan t  species  a t  temperatures from 1500-4000°K ( r e f .  62).  
H e  f i nds  t h a t  H 2 0 ,  C 0 2 ,  H2 and N 2  corrode Z r B 2  above 1500'K. 
( r e f .  63) r e p o r t s  S i c  and C improve oxidat ion r e s i s t a n c e  of Z r B 2  considerably. 

Below %l40O0K, a p r o t e c t i v e  B203 g las s  layer  forms from oxidation of the  Z r B 2  
surface.  
a t i o n  of t he  B203.  
similar pro tec t ion  over an intermediate  Zr02  layer .  
over four  hours a t  1775'K i n  an atmosphere of 250 Torr 
which i s  promising. 

Carbon i s  
not  considered a ser ious  r e a c t a n t  i n  the  case of Z r B 2  s ince  indeed carbon i s  used 
as a modifier t o  improve t h e  proper t ies  of t h e  mater ia l .  

A t  h igher  temperatures,  a S i c  modifier i s  needed because of t he  evapor- 
Then a Si02 g lass  phase formed from t h e  S i c  modifier provides 

Short-term los s  rate measured s- 

o,, were %5 x l0-lom/s 
This would suggest longer term tests on the  biowaste gases. 

u( 

No reference was found on poss ib le  r e a c t i o n  between NH3 and Z r B 2 .  

Tests  of C02  and Z r B 2  were not poss ib le  within t h e  scope of t h i s  test  pro- 
gram. 
of t he  cur ren t  f a c i l i t y  o r  t h e  immediate a v a i l a b i l i t y  of a high cur ren t  power 
supply of t he  order of 500 amperes t o  d i r e c t l y  heat  t h e  tubes i n  an atmospheric 
pressure (C02 environment) where improvised f i t t i n g s  could be used. Such fu ture  
t e s t s  a r e  warranted i f  modified Z r B 2  is  t o  be used i n  propulsion programs where 
C 0 2 ,  H20 ,  0 2 ,  N 2 ,  t h e  combustion gases are involved. 

The primary reason was lack of j o i n i n g  technology t o  propel lan t  feed tubes 

CH4 py ro l s i s :  For the  remaining biowaste gases reac t ions  do occur. While 
no references were found on any d i r e c t  r e a c t i o n  between CH4 and the  present  oxides, 
i t  i s  known t h a t  decomposition of CH4 by pyro lys i s  i n  platinum a l l o y  r e s i s t o j e t  
may r e s u l t  i n  u l t imate  clogging of t h e  tube by s o l i d  carbon (above 1080°K), a 
s i t u a t i o n  which might reasonably be expected t o  occur f o r  ceramic r e s i s t o j e t s  
( r e f .  5).  

d 

Reactions between t h i s  carbon and the  oxide have been previously noted. 

With respec t  t o  compat ib i l i ty  with propel lan t  spec ies ,  Zr02 is  ranked as t h e  "4. 

most d e s i r a b l e  tube material. 
t h a t  s t a b i l i z e d  Zr02 can be used as a r e s i s t o j e t  material f o r  extended periods a t  
high temperature i n  flowing gases of C02 ,  H2,  N 2 ,  and 0 2  even i f  these  gases con- 

From a v a i l a b l e  d a t a  it appears reasonable t o  expect 
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tain small amounts of 0, H, and OH but not NH3 and CH4. It is also possible that 
H20 can be used as propellant provided the hydroxide formation as mentioned in 
reference 53 is insignificant below the design temperature. 
tests, with regard to chemistry interaction encompassing 10,000 hours, are required 
to establish precise temperature limits. 

Extended experimental 

It is believed that Tho2 will behave similarly to Zr02 to the above gas species 
and that,therefore,this material merits use under the same conditions. 
basis of sketchy information (ref. 62) ZrB2 would appear to be uncertain as 
a material for all these gas species under the required service conditions and 
requires further experimental study for confirmation of this preliminary conclu- 
s ion. 

On the 

Sublimation. - Sublimation is the change in phase of a material directly from 
a solid to a gas, thus generally causing its surface to recess. This important 
process can be the controlling factor in determining the permissible lif; of a 
device operating at a given high temperature. The mass flux evaporation rate is 
the highest in a vacuum environment. 
inert gas. As is well known, this latter fact was utilized by Langmuir in the 
invention and development of the gas filled tungsten filament lamp. Motion of 
this gas cover increases the rate over that of the static case. 

It is greatly suppressed by adding a static 

For design purposes, the useful form for comparing candidate materials is 
surface recession as a function of surface temperature: (a) in a vacuum and (b) 
in a non-reacting gas atmosphere over a range of pressures and velocities. Data 
under vacuum conditions is available for the candidate materials from several 
investigators. Little experimental data is available under inert atmospheres 
particularly under forced convective conditions. 

In a vacuum: Sublimation data generally come about from high temperature 
thermodynamic data determinations, specifically vapor pressure. This technique 
measures directly the evaporation rate, G ,  from a heated wire or its equivalent 
the effusion rate from a Knudsen cell. The vapor pressure, 
this rate from the kinetic theory of gases (ref. 64 or 6 5 ) :  

is calculated from 
pV 

Surface recession rates, i ,  due to sublimation, are calculated here by use 
of the original measured evaporation rate data and the mass continuity equation: 

b = -  G 
P 

In the original vapor pressure determination work considerable effort was 
made to identify the species vaporizing. 
in the original literature this being essential to the proper choice of molecular 
weight in equation ( 1 ) .  
ciated or in part as Tho? 
materials effects like Knudsen cell materials for instance (such as tantalum as 
was the case of ref. 6 6 ) ,  then the evaporation rates are correct for the purposes 
of this section. 
there is dissociation at temperature. 

There is much discussion on this subject 

Does thorium dioxide, for instance, evaporate undisso- 
If the measurements are not influenced by external 

The only remaining question would be chemical stability if 
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The evaporation r a t e s  of materials of i n t e r e s t ,  i n  a vacuum, a r e  shown 
summarized on f i g .  12 .  The metals, rhenium (not biowaste r e s i s t a n t ) ,  platinum 
and i r id ium are shown only fo r  re ference  purposes from ref. 65 these  materials 
having been used ex tens ive ly  i n  previous r e s i s t o j e t s .  Rhenium has been demon- 
s t r a t e d  i n  r e s i s t o j e t s  ( r e f .  4 ) ,  using non-oxidizing p rope l l an t s ,  both hydrogen 
and ammonia, t o  temperatures of 2200'K for over 8000 hours without sublimation 
being of consequence. With oxidizing o r  biowaste p rope l l an t s ,  platinum a l loys  
genera l ly  with i r id ium are cu r ren t ly  being used up t o  temperature of 1550°K 
( r e f .  5) and t e s t e d  up t o  250 hours t o  da te .  

The evaporation r a t e  f o r  z i r con ia ,  shown i n  f i g .  1 2 ,  is t h a t  recommended by 
Thermophysical Proper t ies  Research Center from t h e i r  survey (ref.  39).  This d a t a  
corresponds c lose ly  t o  t h e  work of ref.  67. 
was used i n  combination with t h e  Knudsen ef fus ion  c e l l  t o  de t ec t  t h e  molecular 
spec ies  i n  t h e  vapor. The presence of Z r  o r  Ta  ( the  c e l l  mater ia l )  metal reduced 
z i rconia  (Zr02) t o  Z r O  beginning around 1975OK. 
whether Zr02 by i tself  d i s s o c i a t e s  before  vaporizing. 

There a double s l i t  mass spectrometer 

The l i t e r a t u r e  is  not  c l e a r  

Thoria evaporation ra te ,  G ,  shown i n  f i g .  1 2  from ref.  39 i s  somewhat higher  
than t h a t  of z i rconia .  
same (see f i g .  13) .  

On a recess ion  rate, 8,  b a s i s  they are e s s e n t i a l l y  t h e  

Zirconium dibor ide ,  ( r e f .  39) unmodified is  somewhat lower i n  evaporation 
and recess ion  rates than e i t h e r  Z r 0 2  o r  ThO2. 
f i e d  by add i t ives  t o  improve i t s  oxidat ion r e s i s t ance  ( r e f .  63).  Two compositions 
considered here  are one containing 20 volume percent  S i ,  and containing 30 and 14 
volume percent  of C and S i c  respec t ive ly .  
a lone i s  thus shown i n  f i g ,  12 and is  l e s s  than Z r B 2 .  Data f o r  S i c  was not found. 
No statement can be  made then r e l a t i v e  t o  t h e  modified form s ince  t h e  i n t e g r i t y  
of t h e  t o t a l  system must be considered. 

Zirconium dibor ide  has been modi- 

The sublimation ra te  da ta  of carbon 

For  t h e  same given (design) recess ion  ra te ,  6 ,  t h e  corresponding temperatures 
This i s  t o  produce these  rates a r e  wi th in  approximately 140'K f o r  t h e  candidates.  

not of major s ign i f i cance .  

Graphite has been shown f o r  re ference  as it was used as t h e  t e s t  hea t e r  t o  
i n d i r e c t l y  hea t  t h e  ceramic. 
sion-which l a t e r  was determined t o  be oxidat ion due e i t h e r  t o  i n s u f f i c i e n t  vacuum 
(%lo t o r r )  o r  t e s t  gas d i f fus ion .  

D i f f i c u l t i e s  were experienced i n  i t s  sur face  regres-  

The da ta  of f i g .  13 is  use fu l  i n  t h e  design of high temperature dewars such 
as those used i n  some e f f i c i e n t  r e s i s t o j e t  designs ( r e f .  3 ) .  I t  must be  borne 
i n  mind t h a t  t h i s  su r f ace  may not  be  t h e  most c r i t i c a l  one i n  a given design 
r e l a t i v e  t o  sublimation as  is  descr ibed f u r t h e r .  

Under condi t ions of a flowing gas:  As expected i n  any hea t  exchanger t h e  
maximum wall temperature requirements occur i n  contact  with t h e  heated (expellant)  
gas.  
of t h e  s p e c i f i c  designs must be determined. 
regard t o  metals b u t  not t h e  candidate materials, f o r  vacuum and forced convection 
with helium a t  1 atmosphere and 100 feet per  second ve loc i ty  conversion f a c t o r s  f o r  
o the r  gases are given. 

The inf luence  of gas p rope r t i e s ,  v e l o c i t y  and pressure  on evaporation r a t e s  
Reference 68 t r e a t s  t h e  subjec t  with 

Y 
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Since according to ref. 68 mass, G, and thickness loss rates, b, are inversely 
proportional to the square foot of  the pressure and directly proportional to velo- 
city, pressure and velocity effects can be found from the 1 atmosphere, 100 feet 
per second data by applying the following equation: 

As an example of the suppressing effect of pressure even under conditions of 
100 feet per second flows, for the tubular geometries of Zima, the recession rate 
for rhenium, at 2500°K, is reduced by a factor of 100 over that in a vacuum. 
increases the permissible use temperature of the materials by ~300K over those 
indicated by fig. 13 when the influence of pressure is considered. 

This 

The above generalizations are useful for preliminary selection purposes, 
Calculations of the specific geometry, material, gas and conditions are recommended 
in each instance prior to design. 

Based on the above data, the maximum permissible temperature based on subli- 
mation rates will be of the order of 2000'K for a design life of one year. 
the temperatures of any surfaces exposed to a vacuum such as dewars must be limited 
to 1700'K. 
decision for zirconium diboride because of the unavailability of data on the 
modified form primarily the silicon carbide phase. 

Further, 

The ranking of the candidates is close: zirconia, thoria with no 

Creep deformation, - The permanent or plastic deformation of a material with 
time under conditions of constant load and constant temperature is an important 
engineering property commonly known as creep. Creep may be due to compressive, 
tensile, or shear loads or combinations of these. 

The critical parts in the resistojet subjected to long-term, high temperature, 
stressed conditions, hence creep, are the last passes of the heat exchanger at the 
center of the thrustor just prior to the thrust nozzle. 
these parts which are generally tubular may be subject to compressive o r  tensile 
loading due to (1) pressure loading and/or (2) restrained differential thermal 
expansion. 

Depending upon design, 

The stress levels due to pressure loading, hoop stress, are small being of 
the order of 100 kN/m2 (15 psi) becuase of the low design total pressure in the 
chamber ( < 3  atm). Stresses due to restrained thermal expansion through improper 
design can be large. 
axial expansion of the hotter inner element relative to the outer case if there is 
an improperly designed pressure balancing-expansion compensator system. 

This could be brought about, for instance, during the greater 

This compensator system which must be included in the design is described for 
one design in ref. 3 .  It is located in the low temperature region of the engine 
to relieve these thermally induced axial stresses, as well as longitudinal stresses 
caused by pressure forces. This compensation system also may accommodate the small 
inevitable creep due to missmatching in the system design itself. 

Creep can cause two effects which cannot be compensated and must be accommo- 
dated in the design. First, the parts may change shape to the extent that surfaces 
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of a d i f f e r e n t  electrical p o t e n t i a l  may touch causing shor t - c i r cu i t i ng .  
they may creep t o  f a i l u r e .  
t h e  t h r u s t o r  l ifetime. 

Second, 
The design must b e  adequate t o  withstand these  during 

Summary experimental d a t a  i n  t h e  l i t e r a t u r e  are genera l ly  presented i n  terms 
of creep r a t e  versus  r ec ip roca l  temperature with s t r e s s  l eve l  as a parameter or  
creep ra te  versus  pressure  with temperature as a parameter as shown, f o r  example, 
i n  f i g .  14 f o r  t h o r i a  ( r e f .  69) .  For t h e  des igner ,  however, t h i s  d a t a  i s  more 
use fu l ly  presented i n  terms of allowable working s t r e s s  versus  design l i f e  based 
upon a given al lowable t o t a l  percentage s t r a i n .  

Experimental creep ra te  d a t a  assoc ia ted  with t h e  low values of stress encoun- 
t e r ed  i n  r e s i s t o j e t  designs of say less than 100 p s i ,  both compressive and t e n s i l e  
on high temperature p a r t s ,  are genera l ly  not  found i n  t h e  l i t e r a t u r e  f o r  t h e  
temperatures of interest, 1600-2100°K. Since ceramic p a r t s  are genera l ly  designed 
t o  take advantage of t h e i r  g r e a t  compressive s t r eng th ,  v i r t u a l l y  a l l  creep da ta  are 
compressive. There were no t e n s i l e  d a t a  found i n  t h e  l i t e r a t u r e  survey conducted 
here .  Hence, design curves must r e l y  on an ex t rapola t ion  from t h e  t y p i c a l  4000 p s i  
o r  more compressive creep r a t e  d a t a  (occurring over a per iod of a few days) t o  
stresses approximately two orders  of  magnitude smaller (involving years  of appl i -  
ca t ion ) .  
and t h e  assoc ia ted  d i f f i c u l t i e s  t o  gather  low s t r e s s -c reep  r a t e  da t a .  
mation is  important,  never the less ,  as t h e  long operat ing per iods required of 
r e s i s t o j e t s ,  t h e  order  of years ,  causes them t o  gradual ly  deform and could impose 
s i d e  e f f e c t  problems; sometimes se r ious  i f  not properly an t i c ipa t ed .  

Part  of t h e  experimental problem i s  t h e  long per iod of time necessary 
This i n fo r -  

An understanding of t h e  fundamental mechanisms of deformation a t  high temper- 
a t u r e s  is  necessary then before  t h e  long time-low s t r e s s  performance of these  can 
be meaningfully pro jec ted  from ava i l ab le  da t a .  

Tens i le  creep can only be guestimated based a t  present  upon t h e  r a t i o  of 
u l t ima te  t e n s i l e  t o  compressive s t r e s s .  

U n t i l r e c e n t l y t h e r e  was l i t t l e  information ava i l ab le  on t h e  creep behavior 
of s t a b i l i z e d  z i rconia  a p a r t  from t h e  l imi ted  d a t a  from Stavro lak is  and Norton's 
measurements on c a l c i a - s t a b i l i z e d  z i rconia  i n  to r s ion  ( r e f .  70). Recent work on 
y t t r i a  and scandia  s t a b i l i z e d  z i rconia  by Evans ( r e f .  71) and y t t r i a  rare ea r th  
s t a b i l i z e d  z i rconia  by Fehrenbacher, e t  a l . ,  ( r e f .  72) i s  b r i e f l y  summarized i n  
f i g .  15. The desc r ip t ion  of physical  p rope r t i e s ,  e t c . ,  of t h e  specimens is  t r e a t e d  
i n  Table V I .  

The compressive creep ra te  of t h o r i a  was measured by Poteat  and Yust, ( r e f .  
69) s o  as t o  show t h e  stress dependence of s t r a i n  rates over a range of tempera- 
t u r e s  from 1700°K t o  2060'K. These d a t a  are summarized i n  f i g .  14. Table V I  
compares t h e  p rope r t i e s  with those  of z i rconia  r e fe r r ed  t o  previously.  

There are t h r e e  regimes of creep. The secondary represents  a uniform minimum 
creep rate (MCR). This was used i n  t h e  z i rconia  inves t iga t ions  surveyed. Thoria 
used t h e  average, a higher  rate.  

The mechanical p rope r t i e s  of materials are very s t r u c t u r e  s e n s i t i v e ;  conse- 
quent ly ,  consis tency of p u r i t y  and dens i ty  of t h e  specimens as wel l  as o ther  
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f a c t o r s  such as g r a i n  s ize ,  subs t ruc ture ,  pore shape, and pore d i s t r i b u t i o n  a r e  
of t h e  utmost importance f o r  reproducible  r e s u l t s .  

The source materials of  t h e  s tud ie s  of refs. 71 and 69 were of high p u r i t y  
I n  t h e  case of t h o r i a ,  t h e  maximum impur- 

For t h e  z i rconia ,  Evans used t h e  
by preparat ion from chemical compounds. 
i t i e s  were carbon (40 ppm) and calcium (25 ppm). 
method described by ref.  73. 
99.75% pure. 
i c a l l y  were S i  0.1, A 1  0.03, V 0.03, Y 0.02, Yb 0.02, Ca .02 and Er 0.02%. 

The y t t r i a  and scandia  powder used were 99.99% and 
The p r i n c i p l e  impur i t ies  determined i n  t h e  s t a b i l i z e r  spectrograph- 

In  the  case of Fehrenbacher, e t  a l . ,  ( r e f .  72) s i g n i f i c a n t  addi t ions of IT'' 
rare ea r ths  were added i n  addi t ion  t o  the  y t t r i a  (9.1 weight percent ) .  
were the  y t t r i a  r a r e  ea r th  oxide s t a b i l i z e r  cons is t ing  of 90% yt t r ium sesquioxide 
with the  balance being t h e  o ther  heavy type "C" rare ea r th  oxides.  
graphic analyses ,  mass and x-ray, t he  a d d i t i v e s  were Y 9.2 and RE 0.9%, t h e  
impur i t ies  0.6%. 
K 0.015, Ca 0.05, Fe .0 .1  and Hf 0.3%. 

These 

By spectro- 

The p r i n c i p a l  impuri t ies  were Na 0.02, Mg 0.03, A 1  0.03, S i  0.05, 
The p u r i t y  then was 99.39%. 

The mechanism of  creep i n  these  materials is  discussed i n  some d e t a i l  i n  
r e f s .  71, 72 and 69 and i s  not  repeated here .  In  b r i e f ,  t h e  p l a s t i c  deformation 
of p o l y c r y s t a l l i n e  single-phase ceramic bodies occurs i n  general  by one o r  more 
of t h e  following mechanisms: (a) d i s l o c a t i o n  motion, (b) d i f f i s i o n  processes,  and 
(c) grain-boundary shear ing,  
deformation i n  ceramics can be  described. Under any given s e t  of condi t ions,  each 
mechanism may make some cont r ibu t ion  t o  the  t o t a l  shape change of t h e  body. 
p r i n c i p a l  mechanism a t  any time depends on t h e  conditions imposed. 
i s m  is rate cont ro l l ing  can be  sensed from micros t ruc tura l  evidence and dependence 
of s t r a i n  r a t e  on s t r e s s ;  namely, t h e  exponent, n. 

I t  i s  apparent t h a t  severa l  mechanisms e x i s t  by which 

The 
Which mechan- 

The s teady-s ta te  creep rate,  E ,  can be expressed by means of an Arrhenius 
equation i n  the form: 

E = (San/dm) exp (-Q/RT) (4) 

note that n,  the s t r e s s  exponent, i s  a funct ion of appl ied stress, a ,  temperature, 
and s t r u c t u r e .  

The da ta  surveyed here  i n d i c a t e  t h a t  t h e  dominant mechanism of creep under 
t h e  conditions of t h e s e  s tud ie s  involves a d i f f u s i o n  t r a n s p o r t  of material s ince  
the  deformation rate i s  very near ly  proport ional  t o  the  stress, and t h a t  t he  
mechanism includes t h e  s l i d i n g  of  gra ins  and t h e  concurrent c r e a t i o n  of grain-  
boundary voids. 
cated that the  dominant material t ranspor t  mechanism was Nabarro-Herring creep. 

In  cases of t h o r i a  and z i rconia ,  ana lys i s  of  t he  creep da ta  indi-  

The mathematical d e s c r i p t i o n  of d i f fus ion  coe f f i c i en t ,  D ,  f o r  un iax ia l  com- 
press ive  creep by the  Nabarro-Herring mechanism is ,  

a 

d 
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If d i f f u s i o n  t r a n s p o r t  of ma te r i a l  i s  responsible  f o r  deformation, t h e  s t r a i n  
r a t e  w i l l  be  d i r e c t l y  proport ional  t o  t h e  stress o r  n = 1 as suggested by equation 
(5) above. 

A stress exponent, n ,  o f  1.5 was found by Evans f o r  t h e  scandia-doped zircon- 
i a  and two regimes with n = 1 and 6 ,  were found f o r  t h e  yttria-doped z i rconia .  
These d a t a ,  supported bymicros t ruc tura l  evidence, are i n t e r p r e t e d  by him as showing 
t h a t  n = 1 is associated with c a t i o n  d i f f u s i o n  control  o f  creep, n = 6 with l o c a l  
propagation of i n t e r c r y s t a l l i n e  cracks, and n = 1 .5  with a t r a n s i t i o n  region. 

Evans found, f o r  t h e  stress of 4860 p s i  and temperature of 1675K inves t iga t ed ,  
t h a t  creep rates are l i n e a r l y  proport ional  t o  t h e  inve r se  square of t h e  g ra in  s ize  
of t h e  z i r con ia  r ega rd le s s  of s t a b i l i z e r .  That is, m = 2 i n  equation (4 ) .  The 
N-H mechanism equation (5) suggests t h i s  k dependence on d2 .  The cause of t h e  in- 
he ren t ly  l a r g e r  g r a i n  s ize  of y t t r i a  s t a b i l i z e d  compared t o  scandia s t a b i l i z e d  
z i r con ia  was unknown. 
general  caused by t h e  d i f f e r e n t  g ra in  s i z e s  of t h e  z i r con ia .  

I t  i s  suggested t h a t  t h e  d i f f e r e n t  creep rates are i n  

The design working stress curve f o r  z i r con ia  based on t h e  ex t r apo la t ion  of t h e  
a v a i l a b l e  da t a  i s  shown i n  f i g .  16. The ex t r apo la t ion  i s  based on equation (4) and 
not  account f o r  s t r u c t u r a l  changes with time such as g r a i n  growth o r  second phase 
disappearance f o r  i n s t ance ,  
(lower t h e  creep r a t e )  t h e  allowable working stress otherwise. The temperature 
effect  can only b e  s k e l e t a l l y  accounted f o r  by t h e  temperature dependence curve 
of Evans shown noted. The stress exponent, n ,  i s  unknown f o r  t hese  temperature 
l e v e l s ,  

I t  is  conservative i n  t h a t  t h e s e  f a c t o r s  w i l l  improve 

The e f f e c t  of g r a i n  s i z e  and add i t ives  appears t o  b e  dramatic. The upper two 
(2) s e t s  of time extrapolated curves represent  approximately 17 micron diameter 
g ra in  s i ze ;  t h e  lower one (1) micron. The upper curve appears t o  b e  s i g n i f i c a n t l y  
improved over t h e  z i r con ia  o f  Evans. 
curve does include some rare e a r t h  add i t ives .  

The reason f o r  t h i s  i s  unknown. The upper 

The working stress curve, f i g .  17, f o r  t h o r i a  i s  much b e t t e r  defined i n  terms 
For design purposes, t h i s  of temperature dependence based on t h e  d a t a  of ref .  69. 

curve i s  conservative r e l a t i v e  t o  z i r con ia  f o r  t h e  reasons of creep rate i n t e r -  
p r e t a t i o n  and t h e  fac t  t h a t  t h e  elongation o f  3% r ep resen t s  a smaller percentage 
of t h e  f a i l u r e  elongation ( d o % )  than z i r con ia  (1.5%). 

Based upon t h e  d a t a  extrapolated i n  time, both t h o r i a  and y t t r i a  rare ea r th  
s t a b i l i z e d  z i r con ia  pcssess acceptable  working stresses on t h e  b a s i s  of creep 
elongation. 
of t h e  l a rge r  g r a i n  s i z e  (growth) with time. 

This ex t r apo la t ion  does not t ake  i n t o  account t h e  b e n e f i c i a l  e f f e c t s  

The development of l a rge  g ra in  materials, according t o  t h e  d a t a  of r e f .  74, 
s i g n i f i c a n t l y  improve t h e  working stress based upon elongation under low stress- 
high temperature conditions over those shown i n  f i g s .  16 and 17. 

Modified zirconium diboride creep d a t a  are meagre l imited t o  t h a t  of re f .  14, 
t y p i c a l l y  25,000 p s i  with times less than one hour. I n s u f f i c i e n t  d a t a  were ava i l -  
a b l e  t o  make any design est imat ions similar t o  those of f i g .  16 and 17. 
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The ranking of materials r e l a t i v e  t o  c reep  i s  d i f f i c u l t  because of t h e  absence 
of any low stress, long du ra t ion  compressive d a t a  l e t  a lone  any t e n s i l e  creep d a t a .  
Based upon considerable  ex t rapola t ion ,  bu t  done conserva t ive ly ,  t e n s i l e  creep poses 
a s e r i o u s  design problem, R e s i s t o j e t s  using ceramics must b e  very c a r e f u l l y  de- 
signed with r e spec t  t o  pressure  drop such t h a t  a l l  members of any temperature i n  ex- 
cess  of %130O0K must be  i n  compression b u t  w i th in  t h e  l i m i t s  of f i g s .  16 and 17. 
Preliminary design shows t h i s  t o  be  e n t i r e l y  f e a s i b l e .  While t e n s i l e  creep da ta  
i s  va luable ,  a design r u l e  avoiding any t e n s i l e  stresses is  paramount. 

bs 

1 

Endurance s t r e s s .  - The stress t h a t  produces creep elongat ion t o  f a i l u r e  i n  a 
ma te r i a l  a t  e leva ted  temperature i n  a given time is  known as t h e  endurance stress. 

Such f a i l u r e  i n  most r e s i s t o j e t  parts connotes engine f a i l u r e  such as breaching 
of a high pressure  ves se l  wal l  f o r  example. 

L i k e  creep deformation, no d a t a  t o  f a i l u r e  a t  t h e  low stress l eve l s  and high 
However, u se fu l  i n t e r -  temperatures requi red  f o r  r e s i s t o j e t  design i s  ava i l ab le .  

i m  working stress curves can be  generated based upon creep deformation da ta  des- 
c r ibed  i n  t h e  previous sec t ion .  I n  z i r con ia ,  Fehrenbacher [ r e f .  72) noted t h a t  
t o t a l  e longat ion t o  f a i l u r e  was approximately 5%. The working s t r e s s e s  shown i n  
f i g .  16 r ep resen t  3% permiss ib le .  An in t e r im  prel iminary endurance stress as a 
func t ion  of time may be found from f i g .  16 by increas ing  t h e  time f o r  each s t r e s s  
given i n  t h e  ratio of  5 t o  3%. 

Potea t  and Yust noted elongat ions of 10% i n  t h o r i a ;  hence, t h e  working s t r e s s  
curve f o r  creep elongat ion may b e  used f o r  endurance stress by increas ing  the  
times i n  t h e  r a t i o  of 10% t o  3%. 
only,  Tens i le  endurance can only be  guesstimated a t  t h i s  time i n  t h e  r a t i o  of t h e  
u l t ima te  s t r e s s e s  a s  suggested under creep deformation. 

The above i s  suggested f o r  compressive-fai lure  

Thermal stress re s i s t ance .  - Thermal stresses o r i g i n a t e  i n  a body when d i f -  
fe rences  i n  thermal expansion of i t s  var ious elements cannot proceed f r e e l y .  
condi t ion can arise i n  a number of ways. 

This 

If a body i s  heated uniformly, no s t r e s s e s  arise providing t h e  body i s  homo- 
geneous, i s o t r o p i c ,  and unres t ra ined  ( f r e e  t o  expand). 
here  t o  compare candidate  r e s i s t o j e t  materials, is  def ined as a s t r e s s  caused by: 
(1) a cons t r a in t  of system members from f r e e  expansion and (2) a temperature 
grad ien t  e i t h e r  s t e a d y - s t a t e  o r  t r a n s i e n t .  

Thermal s t r e s s ,  as used 

The s u s c e p t i b i l i t y  o f  ceramic materials t o  thermal s t r e s s e s  has long been 
I t  i s  an important cons idera t ion  with regard t o  t h e i r  recognized and s tud ied .  

p o t e n t i a l  f o r  use i n  r e s i s t o j e t  t h r u s t o r s  where high hea t  f l u x  r a t e s  and tempera- 
t u r e  grad ien ts  can e x i s t  i n  some designs.  

Kingery (ref. 75) shows t h e  var ious a n a l y t i c a l  desc r ip t ions  which have been 
developed f o r  the condi t ions t o  i n i t i a t e  f r a c t u r e  of a b r i t t l e  ma te r i a l  consider- 
ing simple shapes i n  a v a r i e t y  of thermal s t r e s s i n g  s i t u a t i o n s .  Based upon these  
analyses ,  no s i n g l e  parameter o r  test  va lue  i s  a s u i t a b l e  index t o  r a t e  a mater- 
i a l ' s  r e s i s t a n c e  for  a l l  condi t ions of thermal s t r e s s i n g .  

64 

9 

The mater ia l  p rope r t i e s  which affect thermal stress r e s i s t a n c e  are e l a s t i c i t y ,  
s t r e n g t h ,  c o e f f i c i e n t  of expansion, Poisson ' s  r a t i o ,  and i n  some cases, thermal 
conduct ivi ty ,  d i f f u s i v i t y  o r  emiss iv i ty .  
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Analyses for different conditions result in the following three parameters 
that can be used to rate the thermal stress resistance of material under conditions 
where plastic strain is insignificant: 

where CI 

the proglern. 
is either tensile or shear fracture stress whichever is significant to 

For ceramics, the most dangerous thermal stresses are tensile. Since the 
compressive strength is generally four to eight times the tensile strength, failure 
from compressive stresses is relatively unimportant. 
are always greater than or equal to the tensile strengths. 

Shear strengths for ceramics 

Conceptually, the critical condition for fracture, f, is defined by the 
product f = R x S .  Where R is the appropriate material parameter; Rl, R2, or 
R,,  and S is a corresponding parameter dependent only on specimen geometry and 
size. Rl can apply when fracture results from an extreme thermal shock, in which 
case is the instantaneous surface temperature change, ATf, of an object, 
initially at one temperature, suddenly heated o r  cooled, a situation which is 
generally referred to as thermal shock. 
state heat flow, qmax 
fracture. 

f 

R 2  can apply under conditions of steady- 
that will cause a sufficient temperature gradient to induce 

R3 can apply to the minimum constant rate of surface temperature change, 
that will cause fracture. @f J 

In summary, it should be emphasized that the use of these factors would be 
exact only to a homogeneous isotropic body whose physical properties are substan- 
tially independent of temperature. 
conditions but are representative of the factors comprising thermal stress 
resistance. 

These relations do not cover all possible 

ATf = R1 S 

= R2 S qmax 

= R3 S @f 
Reference 76 notes these relations only apply when plastic strain does not 

These occur. 
factors do not cover all possible conditions. For example, in the case of a shape 
at a uniform temperature immersed suddenly in a medium at a lower temperature, the 

Plasticity causes a sharp increase in thermal stress resistance. 
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r e l a t i o n  aTf = R1S holds only when Bio t ' s  modulus, 13, is g r e a t e r  than about 20. 
This is  t h e  case where f l u i d  sur face  h e a t  t r a n s f e r  i s  exce l len t  compared t o  t h a t  
of a r e l a t i v e l y  th i ck  ceramic p a r t  or one of poor conductivity.  
is very small, equation ( 1 2 )  is  appl icable  and R2 is  t h e  b a s i s  f o r  material com- 
p a r i  son. 

If Bio t ' s  modulus 

4 

ATf = R,S 

O r  s t a t e d  another way, poor f lu id- to-sur face  hea t  t r a n s f e r  o r  t h i n  highly conductive 
ceramic p a r t s  i s  involved. 
proport ional  t o  any of t he  th ree  material parameters. Manson ( r e f .  77) has de- 
veloped an expression, however, f o r  ATf i n  terms of R 1 ,  R 2  and r h f o r  a l l  values 
of a .  

For intermediate  values of 6, ATf is  not  d i r e c t l y  

m 

Kingery ( r e f s .  75 and 78) gives shape f a c t o r s  f o r  c e r t a i n  simple geometries 
and thermal s t r e s s i n g  condi t ions.  

The s i z e  and shape of a ceramic p a r t  g r e a t l y  inf luences i t s  r e s i s t a n c e  t o  
thermal s t r e s s e s .  I n  p a r t i c u l a r ,  f o r  moderate rates of temperature change, thermal 
s t r e s s  r e s i s t a n c e  of a p a r t  is  inverse ly  proport ional  t o  specimen dimensions. 
very high rates of change, t h i s  s i z e  e f f e c t  is  only important f o r  small dimensions. 
I n  general ,  shapes having sharp corners o r  edges are t o  be avoided as are p a r t s  
having both th i ck  and t h i n  s e c t i o n s  together .  

F o r  

For  complex shapes o r  mater ia l s  which are subjec t  t o  p l a s t i c  flow, experi-  
mental measurements are t h e  only r e l i a b l e  method f o r  measuring thermal s t r e s s  
r e s i s t a n c e  of t he  s p e c i f i c  system. 

TableVII presents  t he  ca lcu la ted  values of t h e  thermal stress r e s i s t a n c e  
f a c t o r s  f o r  the  prime candidate materials on t h e  b a s i s  of proper t ies  a t  t h e  
temperatures noted. The higher t h e  r e s i s t a n c e  f a c t o r ,  t h e  more r e s i s t a n t  is  the  
mater ia l  t o  weakening o r  thermal f r a c t u r e  from thermal stress. These f ac to r s  
should be taken only as r e l a t i v e .  

From a thermal stress viewpoint, Z r B 2  i s  seen t o  be  c l e a r l y  super ior  with 
regard t o  R, and R, f a c t o r s .  
t h e  b a s i s  of thermal stress r e s i s t a n c e  although t h e  l i t e r a t u r e ,  i n  general ,  ranks 
Tho, lower than ZrO,. 

ZrO, and Tho2 are seen t o  b e  roughly comparable on 

In  r e s i s t o j e t  design, t h e  Biot modulus is  very small pr imari ly  because of t he  
physical  s i z e s  involved. 
above regarding equation (12 ) r a t h e r  than R 1  or  equation ( g ) .  I t  w i l l  be shown 
l a t e r  t h a t  t he  thermal s t r e s s i n g  requirement due t o  h e a t  t r a n s f e r  funct ions i n  the  
r e s i s t o j e t  design including t r a n s i e n t  ones are not  severe and ZrO, and Tho;! can 
amply qua l i fy  as candidates providing c e r t a i n  s i t u a t i o n s  a r e  avoided as is d is -  
cussed i n  the  following sec t ion .  

Thermal shock i s  valued on the  b a s i s  of  R2 as discussed 

A 
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TABLE V I 1 . -  CALCULATED THERMAL STRESS RESISTANCE FACTORS 

Z r 0 2  Z r B 2  

69.7 63.9 

56.7 69.3 

66.2 67.1 

1 2 2  5530 

107 5430 

132  5060 

47.5 2400 

28.4 1370 

31.1 1200 
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THRUSTOR DESIGN PHILOSOPHY 

‘ J  

Ob j e c t i v e  

The purposes of a preliminary conceptual design of an advanced biowaste 
r e s i s t o j e t  are: 
associated mater ia l s  and t o  v e r i f y  t h e  a v a i l a b i l i t y  of t h e  techniques required t o  
f a b r i c a t e  the  r e s i s t o j e t  p a r t s  from t h e  s e l e c t e d  mater ia l s .  

To def ine  t h e  environmental conditions which must be met by t h e  

There are no known preceding r e s i s t o j e t s ,  constructed with ceramics, upon 
which t o  base an i n i t i a l  concept. Related technology i s  found, through. This 
along with the  experimental experience here in  and t h a t  of Halbach, e t  a l .  ( r e f .  79) 
on a subsequent program, involving conducting-ceramic-heat-exchanger i n i t i a l  ex- 
periments,allow formulating a rudimentary set  of design p r inc ip l e s .  
s idered beyond t h e  scope of t h i s  phase of t h e  s tudy and too ea r ly  t o  present  a 
d e t a i l e d  preliminary design, 
use of Y,O, s t a b i l i z e d  ZrO,  and possibly Tho, f o r  t h e  h ighes t  temperature p a r t s .  

I t  i s  con- 

The design considerat ions here  are based upon the  

Modified ZrB, i s  not being considered f u r t h e r  f o r  t h e  design pr imari ly  because 
of i t s  high current-low vol tage c h a r a c t e r i s t i c  and the  assoc ia ted  power adaptat ion 
requi red ,  
b i l i t y .  

There was some uncer ta in ty  a l s o  about i t s  long-term chemical compati- 

The design objec t ives  a r e  t o  achieve t h e  highest  s p e c i f i c  impulse compati- 
b i l i t y  cons is tan t  with a serv ice  l i f e  of % l O , O O O  hours. 
temperature l i m i t  s e t  by one of t h e  mater ia l  considerat ions as described i n  the  
previous sec t ions .  Which one of t h e  mater ia l  considerat ions i s  l imi t ing  depends 
upon t h e  design chosen. 
t he  e l e c t r i c  power requirement f o r  a given t h r u s t  is not  considered c r i t i c a l l y  a t  
t h i s  time. 

This i s  pr imari ly  a 

The second p a r t  of t h e  design problem; namely, t o  minimize 

TableVIII i temizes t h e  expected design goals of a t h r u s t o r  which is  t o  be  
operable on the  propel lan ts  shown and de l iver ing  a t h r u s t  of O . l l l N  (25-mlb). 
p ro jec t ion  i s  based upon the  semi-empirical ana lys i s  of Halbach and applied t o  
biowaste propel lan ts  i n  r e f .  49 which takes  i n t o  account t h e  optimization of the  
viscous,  divergence, expansion r a t i o ,  and frozen flow e f f e c t s  of a laminar nozzle. 
The temperature of 2000°K can be achieved based upon t h e  mater ia l s  c r i t e r i a  re -  
viewed here in  being the  important and l i m i t i n g  ones. Operation on CHL, i s  shown 
l imited t o  lOOO’K by t h e  carbon deposi t ion problem, Reasonable, achievable hea ter  
e f f i c i e n c y  goals a r e  projected based upon previous experience; s p e c i f i c a l l y  a t  t he  
2000°K level .  

The 

The power l o s t  t o  t h e  surroundings i s  estimated a t  45W. 

Figure 18 schematically descr ibes  t h e  t h r u s t o r  configurat ion func t iona l ly .  
The design is  three-pass  and regenerat ive.  

Design Pr inc ip les  

The following represents  t h e  recommended d i r e c t i o n  f o r  t h e  design of a ceramic 
th rus  t o r  : 
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TABLE VIII. - ADVANCED RESISTOJET DESIGN GOALS 
THRUST, 0.111 N (25mlb) 

Parameter 

Gas temperature, T4, O K  

Chamber pressure, PI+, atm. 

Mass flow, m, Kg/s x lo5 

Specific impulse, I S 
SP ’ 

Total electrical power, W 

Efficiencies : C 

QH 
QN 

Heater efficiency, 
Nozzle efficiency, 
Overall power eff. n o  
Overall electrical eff. Q: 
Nozzle frozen flow eff. r l F  

a 
co2 

2000 

1 

5.85 

194 

171 

0.754 
0.769 

0.580 
0.629 
0.97 

Pro 
a 

CH4 

1000 

1 

5.31 

214 

121 

0.940 
0.803 
0.756 
0.965 
0.97 

:llant, nominal 
a 

H20 

2000 

1.1 

4.18 

271 

320 

0.869 
0.493 
0.428 
0.460 

0.65 

H2 

2000 

1 

1.67 

679 

487 

0.919 
0.723 
0.664 
0.760 
1.00 

b 
NH3 

2000 

1 

3.37 

3 36 

347 

.877 
0.569 
0.498 
0.527 
0.77 

a See Table IV for initial and final reactant species composition at temperature 
of propellants and rationale. 

Chemical compatibility with ceramics is uncertain. 

See Appendix B for definitions of efficiencies. C 
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Figure 18.- Functional schematic of an advanced resistojet configuration. 
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(1) The ceramics considered must b e  ohmically heated d i r e c t l y  i f  they 
are t o  take advantage of t h e i r  supe r io r  temperature c a p a b i l i t y  
(>2000°K) over t h e  platinum a l l o y s  (%1500°K). There are two reasons 
f o r  t h i s  recommendation based upon t h e  experience with i n d i r e c t  
high temperature hea t ing  of  ceramics on t h i s  program. 

(a) Close coupling of  h e a t e r  and ceramics required f o r  
e f f i c i e n t  hea t  t r a n s f e r  promotes touching r e s u l t i n g  
i n  thermal shock f a i l u r e  of t h e  ceramic. I n d i r e c t  
hea t ing  by metal conductors a t  t h e  design condi t ion 
r equ i r e s  s u b s t a n t i a l l y  higher  wire  temperatures.  The 
R, f a c t o r  on TableVII i nd ica t e s  t h e  AT,  requi red  be- 
tween h e a t e r  and ceramic t o  t r a n s f e r  t h e  power, w i l l  
cause such f a i l u r e .  Over 70% of  t h e  test  terminat ions 
on t h i s  experimental program were f o r  t h i s  cause.  

(b) I n d i r e c t  hea t e r s  i f  no t  biowaste gas r e s i s t a n t  a t  use 
temperature a r e  quickly consumed. 
h e a t e r  l i f e ,  f o r  example, was less than 100 hours even 
though located i n  a vacuum environment. 
t h e  primary r e f r a c t o r y  metal h e a t e r  would have t o  be  
pro tec ted  from exposure t o  t h e  p rope l l an t  a t  high t e m -  
pe ra tu re  as t h e  i n a b i l i t y  of metals t o  withstand t h i s  
s o r t  of  environment i s  t h e  very reason f o r  t h e  use  of  
ceramics i n  t h i s  app l i ca t ion .  
zone, t h e  wire would soon succumb t o  oxidat ion by t h e  
i n e v i t a b l e  d i f f u s i o n  of gases through wa l l s .  Z r 0 2 ,  as 
discussed e a r l i e r ,  i o n i c a l l y  t r anspor t s  0 2  a s  a s o l i d -  
s t a t e  e l e c t r o l y t e  when an e l e c t r i c  f i e l d  i s  appl ied.  
Even metals can develop leakage pa ths  over t h e  l i f e  of 
opera t ion  which do not  s e r ious ly  inf luence  performance 
( r e f .  4) b u t  could pose m a t e r i a l ' s  problems elsewhere 
due t o  oxidat ion.  The primary e l e c t r i c a l  h e a t e r  and 
inner  hea t  exchanger, i n  f i g u r e  18, then  a r e  one and 
the  same. 

The g raph i t e  tes t  

In  p a r t i c u l a r ,  

I f  pro tec ted  i n  an i n e r t  

(2) The ceramic inne r  element must be  s t a r t e d  by an a u x i l l i a r y  means. 
The hea t ing  of t h e  inner  exchanger would t a k e  p lace  i n  two ways 
mainly by warm p rope l l an t  from t h e  intermediate  exchanger (%lo 
seconds) and secondar i ly  by t r a n s i e n t  conduction through t h e  inner  
i n s u l a t i o n  system ( ~ 1 0 0  seconds a lone) .  

(a) An e l e c t r i c a l  hea t e r  may be used. The hea te r  material, 
a wire, s e l e c t e d  must be  r e s i s t a n t  t o  biowaste gases 
t o  about 1300°K, i t s  opera t ing  temperature,  and located 
next t o  intermediate  h e a t  exchanger as shown i n  f i g u r e  
18. 

(b) There i s  a poss ib l e  f u t u r e  a l t e r n a t i v e ;  namely, t h e  
add i t ion  of  "doping" materials t o  make t h e  ceramic 
conduct a t  low temperature.  I n  many r e spec t s  t h i s  
choice i s  b e t t e r  bu t  r epor t s  of e a r l y  a t tempts  have 
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ind ica ted  a tendency t o  r e t u r n  t o  t h e  more r e s i s t a n t  
s ta te  with gradual l o s s  of t h e  doping material. 
work i n  t h i s  area i s  needed t o  determine if t h i s  
approach can b e  made p r a c t i c a l  i n  the  fu tu re .  

More 

Tensi le  stresses are t o  be avoided. An a l l  compressive design is 
poss ib le  by carefu l  choice of t h e  configurat ion and t h e  pressure 
drop from t h e  t h r u s t o r  i n l e t ,  s t a t i o n  1, through t o  the  nozzle 
e x i t ,  4. Limiting compressive stress leve ls  t o  t h e  order of 
100 kN/M2 ( ~ 1 5  p s i )  a r e  estimated t o  allow a 104 hours ( ~ 1  yr)  l i f e  
a t  a temperature of 2000°K. 

The use of vacuum dewars i n  areas g r e a t e r  than 1700OK must be  
avoided because sublimation e f f e c t s ,  on vacuum s i d e ,  could l i m i t  
l i f e .  Further ,  such vacuum j a c k e t s  cause undesirable  t e n s i l e  
s t r e s s e s .  Preliminary h e a t  t r a n s f e r  ca lcu la t ions  show t h a t  they 
may not  be  necessary i n  ceramic designs a t  t h e  25-milipound t h r u s t  
level.  

Platinum t o  Zr02 or  Tho, f o r  metal-to-ceramic seals a r e  recommended 
t o  be considered. 
made f u r t h e r  more compatible by t h e  use of graded j o i n t s .  

These show good expansion c a p a b i l i t y  but  may be 

The metals platinum-rhodium o r  thoria-dispersed platinum a r e  
recommended t o  f a b r i c a t e  members f o r  temperature s e r v i c e  f o r  
temperatures below approximately 1200°K. Thoria-dispersed 
nickel  is prefer red  f o r  p a r t s  below approximately 800°K. 

The conducting ceramics because of a negative e l e c t r i c a l  
r e s i s t a n c e  c h a r a c t e r i s t i c  with temperature must have an e l e c t r i c a l  
r e s i s t a n c e  i n  series as a b a l l a s t  f o r  s t a b i l i t y .  The i n l e t  
s tage  e l e c t r i c  heaters are t o  be used f o r  t h i s  b a l l a s t  thus 
u t i l i z i n g  t h e  power, otherwise l o s t ,  f o r  propel lan t  heat ing.  

c 

Based upon p r i n c i p l e s  out l ined ,  t h e  design t o  meet t h e  goals of Table V I 1 1  is 
made somewhat more d e f i n i t e  and is  b r i e f l y  out l ined  below. 
diameter is  0.89 mm f o r  a l l  propel lan ts  shown. 
range from 2 t o  4 cm long, depending upon terminal vo l tage  se lec ted .  
wall temperature w i l l  b e  less than 50°K above gas temperature i n  t h e  worst case. 
The inner  element process ,  from s t a t i o n s  3 t o  4, with proper heat  t r a n s f e r  design, 
should make the  major power input  cont r ibu t ion  t o  the  gas,  t h e  maximum temperature 
t o  occur a t  s t a t i o n  4. 
h e a t e r  system need have the  high temperature capab i l i t y ;  hence, be fabr ica ted  of 
ceramics, 
reasons of minimizing creep loads.  
l o s t  by t h i s  choice say  over a 3-atmosphere design. 
reasonable as a r e s u l t  making it less s e n s i t i v e  percentage-wise to any 

water is  l l O W  of t h e  320W shown i n  Table VIII. The low temperature of 1000°K f o r  
CHI, was chosen t o  avoid t h e  carbon formation by pyro lys i s .  
would not  be a c t i v a t e d  f o r  t h i s  case and t h e  r e s i s t o j e t  would be run on the  s tar ter  
hea ters  alone. 
powersystems and w i l l  be  a l t e r n a t i n g  cur ren t .  

The geometric t h roa t  
The ceramic inner  element w i l l  

Maximum 

Only the  inner  element and i ts  associated supports qnd 

The chamber pressure should be s e l e c t e d  around one atmosphere for  

The th roa t  s ize  is  very 
Less than 6 seconds i n  s p e c i f i c  impulse i s  

small changes t h a t  may occur i n  sur face  dimension. The power t o  evaporate t h e  % 

The ceramic h e a t e r  
x 

The terminal vol tage w i l l  be  d i r e c t l y  matchable t o  space s t a t i o n  
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A thorough design of  t h i s  t h r u s t o r  i s  i n  process on NASA Contract  NAS1-10934. 
A prel iminary r e p o r t  of  t h i s  la ter  s tudy  i s  given by Halbach i n  re ference  79. 

Fabr ica t ion  Techniques 

The r e s i s t o j e t  demands l i t t l e  i n  quan t i ty  of i t s  material b u t  much i n  q u a l i t y .  
'This small quan t i ty  permits q u a l i t y  f a b r i c a t i o n  methods f o r  p a r t s  which otherwise 
would be uneconomical i n  l a r g e r  quan t i ty  app l i ca t ions .  
spec i fy ing  t h e  exact  a d d i t i v e  composition t o  achieve a l l  t h e  des i r ed  p rope r t i e s  
i n  an advanced r e s i s t o j e t  f o r  l i v e s  of  t h e  order  of  l o 4  hours.  
conclusion t h a t  t h e  method must b e  a b l e  t o  cont ro l  p u r i t y  and permit con t ro l l ed  
addi t ions  of des i r ed  add i t ives .  

The p r i n c i p a l  problem i s  

I t  i s  an important 

Zr02 and Tho, p a r t s  have been made by wel l  known methods o f  s l i p  cas t ing ,  
ex t rus ion ,  and cold press ing  followed by s i n t e r i n g  ( r e f .  78).  More r ecen t ly  they 
have been made by conventional and i s o s t a t i c  hot  press ing .  
( r e f .  18) has been discussed e a r l i e r  as compared t o  h o t  press ing  as a low temper- 
a t u r e  hot  press ing  technique producing a f i n e  g ra in  repor ted  t o  be  r e l a t i v e l y  shock 
r e s i s t a n t  ceramic. High p u r i t y  techniques are descr ibed by Henderson ( r e f .  73) 
f o r  z i rconia  and ha fn ia .  
a f a b r i c a t i o n  technique f o r  high q u a l i t y  hea t  exchanger p a r t s  of t h e  shapes des i red .  
Reference 72 descr ibes  c reep  tests on t h i s  mater ia l  t h e  r e s i s t a n c e  t o  creep being 
high.  
low poros i ty .  

The "Zyt t r i te"  process 

The i s o s t a t i c  ho t  press ing  technique by Coors promises 

P a r t s  ordered f o r  t h i s  program, b u t  unfor tuna te ly  untes ted  i n  depth,  had 

Dense bodies  of t h o r i a  have been prepared by cold press ing  d i sks  followed by 
s i n t e r i n g  i n  a molybdenum r e s i s t a n c e  furnace i n  a hydrogen atmosphere a t  2275°K - 
2575"K, according t o  r e fe rence  80. 
i nh ib i t ed  discont inuous g ra in  growth and allowed s i n t e r i n g  t o  proceed t o  theo re t i -  
c a l  dens i ty .  I t  should be  poss ib l e  t o  ho t  press  c y l i n d r i c a l  and bar-shaped spec i -  
mens with corresponding add i t ions  of CaO a t  considerably lower temperatures t o  
achieve t h e o r e t i c a l  dens i ty .  

The add i t ion  of a 2 mole % CaO t o  t h e  Tho, 

The use  of u l t r a - f i n e  oxide p a r t i c l e s  is  a well-known method t o  produce high 
dens i ty  bodies by ho t  press ing .  
hydro ly t i c  decomposition of a lkoxides  ( r e f .  81). 

Submicron ha fn ia  powders have been prepared by 

Jo in ing  Techniques 

There are two type j o i n t s  of i n t e r e s t  i n  t h e  design:  ceramic-to-ceramic and 
metal-to-ceramic, 

Ceramics may be  joined t o  themselves. According t o  a r ecen t  r e p o r t  from Naval 
Research Laboratory, Z r B z ,  Zr02, and MgO have been welded by high temperature 
s o l i d - s t a t e  d i f fus ion  and/or r e a c t i o n  and by fus ion  welding ( r e f .  82) .  

,. 

A g r e a t  dea l  of work on t h e  ceramic-to-metal s e a l  problem has been done. 
r e f .  83 f o r  such a summary. However, most of t h e  a v a i l a b l e  information and s tan-  
dard processes apply t o  t h e  j o i n t  of  metals t o  alumina and o ther  ceramics i n  more 
widespread use  than Zr02 and Tho*. 

See 

Although t h e  technology genera l ly  may be 
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adaptable  t o  t h e  l a t t e r  materials, t h e  exact processes have not  been developed t o  
nea r ly  t h e  same ex ten t  as those  f o r  A l 2 O 3 ,  e tc ,  

Hermetically t i g h t  seals s u i t a b l e  f o r  electrical apparatus  a t  a l l  low and 
high temperatures are repor ted  t o  be  formed by Buyers (ref. 84) between any s tab-  
i l i z e d  ceramic containing a t  least 10 mole % ZrO, including mixtures with Tho2 
with Ta  and i t s  a l l o y s  with W ,  R e ,  Nb, Mo., etc. ,  by contac t ing  t h e  ceramic and 
metallic members toge the r ,  hea t ing  t o  2200-2500°K by any method and cooling t o  
room temperature. Sea l s  are repor ted  t o  withstand immersion i n  l i q u i d  N 2 ,  pro- 
longed hea t ing  a t  2300°K and r epea t  1-2  minute cycles  between 2200°K and room 
temperature.  If t h i s  process works with P t  then  a v i ab le  seal o r  e l ec t rode  may 
be  achieved. The following compounds were i d e n t i f i e d  by x-ray d i f f r a c t i o n  pa t t e rns :  
Ta z i rconate ,  Y t a n t a l a t e ,  Ta  s i l i c i d e ,  etc. The biowaste r e s i s t a n c e  o f  t hese  
j o i n t s  must b e  e s t ab l i shed .  

Research t o  eva lua te  t h e  a c t i v e  metal process f o r  j o in ing  z i rconia  ceramics 
is discussed i n  re ference  85. 
Also inves t iga t ed  was t h e  Ag-Zr system f o r  j o in ing  Zr02 and A1203 ceramics. 
wet t ing  and bonding were obtained when t h e  tests were conducted i n  a vacuum. 

F i l l e r  a l l o y s  with 10% T i  produced t h e  b e s t  r e s u l t s .  
Good 

\Fs 

h 

The platinum-zirconium graded j o i n t  appl ied by ion  p l a t i n g  with subsequent 
brazing t o  t h e  platinum a l l o y  members appears a t t r a c t i v e .  
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THRUSTOR ELEMENT FABRICATION AND TEST 

c 

Based upon t h e  r e s u l t s  of t h e  materials p rope r t i e s  evaluat ion,  y t t r i a  s t a b i -  
l i z e d  z i r con ia ,  t h o r i a  and modified zirconium d ibor ide  were chosen f o r  experimental 
evaluat ion i n  t h e  form of r e p r e s e n t a t i v e  t h r u s t o r  elements. 
tes ts  were t o  determine t h e  compa t ib i l i t y  of t hese  ma te r i a l s  with t h e  p o t e n t i a l  
p rope l l an t s  carbon dioxide,  water, methane, ammonia and hydrogen t o  t h e  most severe 
condi t ions expected i n  a t h r u s t o r  design and t o  determine t h e i r  maximum termperature 
c a p a b i l i t i e s .  C 0 2  was used as a screening t e s t  and t h e  most s u i t a b l e  materials were 
then t o  be t e s t e d  on t h e  balance o f  t h e  above p rope l l an t s .  Z r B 2  was no t  t e s t e d  as 
described l a t e r .  

The purposes o f  t h e s e  

The major emphasis of t h e  t e s t  was t h e  exposure o f  t h e  niaterials t o  t h e  high 
temperature candidate gases t o  see i f  t h e r e  were any obvious i n t e r a c t i o n .  Other 
e f f e c t s  t o  which a simulated r e s i s t o j e t  h e a t  exchanger may be exposed were attem t e d  

t o r r . )  s o  as t o  sub jec t  t h e  specimen t o  sublimation on i t s  e x t e r i o r  and i ts  walls 
t o  t e n s i l e  creep e f f e c t s  f o r  periods of t h e  order of l o 2  hours. 
techniques were s tud ied ,  as t h e  o r i g i n a l  t h r u s t o r  design concept i nd ica t ed  t h i s  
approach. The t e s t  program gave valuable  d a t a  t o  i n d i c a t e  otherwise. 
program has confirmed t h a t  d i r e c t  ohmic heat ing approach was supe r io r  and times 
demonstrated t o  t h e  o rde r  o f  l o 3  hours a t  higher  temperatures than reported here  
( r e f .  79) .  The t h r u s t o r  design s e c t i o n  h e r e i n  takes  t h e  la te r  r e s u l t s  i n t o  account. 

t o  gain design experience. An ex te rna l  vacuum jacke t  was simulated t o  10 - P  
External h e a t e r  

A subsequent 

I t  was not t h e  o r i g i n a l  i n t e n t  of t h i s  program t o  develop t h e  high temperature 
ceramic-to-metal seal technology which would u l t imate ly  b e  required i n  f a b r i c a t i n g  
t h r u s t o r s  of ceramic materials. The materials t e s t  program, however, under t h e  
i n d i r e c t  hea t ing  concept required t h a t  such j o i n t s  b e  made on each t e s t  item t o  
p ro tec t  t h e  hea te r  from oxidat ion.  

The type of j o i n t  required was found not  t o  be a s tandard,  e a s i l y  accomplished 
th ing  bu t  i n s t e a d  i s  apparent ly  r i g h t  a t  t h e  edge of c u r r e n t l y  a v a i l a b l e  tech- 
nology. 
development of a workable high temperature ceramic-metal seal assembly f o r  t h e  
t e s t  program. This i s  reported he re in .  

I t  was, t he re fo re ,  necessary t o  devote a major p a r t  of t h e  program t o  t h e  

E lement Fabr ica t ion  

Q 

I t  was found t h a t  soph i s t i ca t ed  o r  even s p e c i a l  p a r t s  f ab r i ca t ed  from t h e s e  
materials were not  r e a d i l y  a v a i l a b l e  i n  terms of both c o s t  and d e l i v e r y  time. 
Tubes of z i r c o n i a  and t h o r i a  i n  a commercial grade, porous b u t  impervious t o  gas 
leakage, could b e  ordered e i t h e r  from s tock  o r  i n  s p e c i a l  l o t s .  The diameters of 
t h e s e  tubes va r i ed  b u t  i n  general  t h e  smallest a v a i l a b l e  s i z e s  were one-eighth t o  
one-quarter inch. S l i p  cast one-eighth inch O . D .  CaO s t a b i l i z e d  Z r 0 2 ,  one-quarter 
inch Y203 s t a b i l i z e d  Zr02 and one-eighth O.D.  Tho, tubes were ordered from Zircoa,  
Solon, Ohio. 
i n  favor of t h e  Y2O3 s t a b i l i z e d  ones. 
pressed f u l l y  and p a r t i a l l y  Y203 s t a b i l i z e d  z i r con ia  were ordered from Coors, 
Golden, Colorado. 
s p e c i a l l y  ordered from ManLabs, Cambridge, Massachusetts. 
test samples is  shown i n  Table I X .  

The CaO s t a b i l i z e d  tubes were later dropped from t h e  candidate l i s t  
One-quarter inch O . D .  tubes of i s o s t a t i c a l l y  

Hot pressed tubes o f  Z r B 2  with S i c  and S i c  + C add i t ives  were 
The complete matrix of 
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Since t h e  simulated r e s i s t o j e t  hea t  exchanger elements were t o  b e  t e s t e d  i n  
t h e  presence of var ious  flowing propel lan ts  and s i n c e  t h e  graphi te  and r e f r a c t o r y  
metal hea te r s  could not  b e  used i n  t h e  presence of most of these propel lan ts ,  it 
became necessary t o  a t t a c h  t h e  test  samples t o  propel lan t  i n l e t  and e x i t  tubes.  
I n i t i a l l y  t h e r e  appeared t o  be  seve ra l  poss ib l e  approaches t o  t h i s  attachment 
problem and t h e  easiest of t hese  were attempted first s ince  t h e  objec t  of t h e  
program was t h e  t e s t i n g  of ceramic materials and not  t h e  development of  jo in ing  
techniques.  

The s implest  method involved t h e  use of long tubes (12 inches) and metal 
Swagelok f i t t i n g s  with t e f l o n  f e r r u l e s .  The heated t e s t  s ec t ion  was located 
c lose r  t o  t h e  cooled i n l e t  end with t h e  long exhaust s ec t ion  serving t o  cool t h e  
gas adequately before  encountering t h e  exhaust f i t t i n g .  Early tests revealed,  
however, t h a t  t h e  end was too high i n  temperature f o r  t e f l o n  over long t e s t i n g  
per iods because of i t s  creep. 

The b a s i c  approach was t h e  brazing of  Kovar f i t t i n g s  t o  ceramic tubes with 
metal coated ends. 
t i n g s  a s  shown i n  f i g u r e  19 f o r  easy removal, however, t h e  s e n s i t i v i t y  of t h e  tubes 
t o  the  torque necessary t o  seal  t h e  f i t t i n g s  caused t h i s  technique t o  be  abandoned 
i n  favor of attachment by torch  brazing t h e  Kovar t o  t h e  propel lan t  tubes.  

The o r i g i n a l  geometry would then have at tached t h e  Kovar f i t -  

The first coat ing method explored was vapor deposi t ion of a tungsten film 
(a lso  t o  be  used as a hea ter )  approximately .01 mm (.0004 inch) th i ck ,  shown i n  
f igu re  19. The coat ing thickness  was determined by t h e  hea te r  requirement and 
not  t h e  brazing requirement. F i r s t  at tempts a t  brazing these  samples t o  Kovar 
end f i t t i n g s  met with some success i n  producing leak t i g h t  j o i n t s  bu t  i t  was a l s o  
obvious t h a t  t h e  braze a l l o y  a t tacked  and dissolved t h e  t h i n  tungsten coating. 
In t e rac t ion  of t h e  a l l o y  and coat ing mater ia l  i s  a necessary condi t ion f o r  brazing 
but  t h e  thickness  of t h e  coat ing must be s u f f i c i e n t  t o  prevent i t s  t o t a l  loss  dur- 
ing t h e  time t h a t  t h e  a l l o y  melts and flows. 
ma te r i a l ,  as discussed l a t e r ,  it was a l s o  discontinued as a j o i n t  coat ing.  I t  i s ,  
i n  f a c t ,  not  e n t i r e l y  s u i t a b l e  s ince  it would s u f f e r  from long-term exposure t o  t h e  
oxygen component of t h e  propel lan t  i o n i c a l l y  d i f fus ion  through t h e  ceramic wall. 

When W was abandoned as a hea te r  

The next approach, pursued concurrently with t h e  tungsten f i l m  deposi t ion,  
was t h e  app l i ca t ion  of Liquid Bright Platinum No. 6857 obtained from the  Hanovia 
Liquid Gold Divis ion ofEngelhard Indus t r i e s .  
ence 83 as being success fu l ly  used. 
propr ie ta ry  f l u x  materials i n  an organic so lu t ion .  
sur face  with a brush and heated i n  a i r  t o  670°K with good v e n t i l a t i o n  t o  burn off 
t h e  organic matter. Heating i s  then continued t o  1050-1100°K f o r  f i f t e e n  minutes 
o r  more t o  bond t h e  metal f i l m  t o  t h e  ceramic. 

This method was described i n  refer- 
This i s  a f i n e  suspension of platinum and 

I t  is  appl ied t o  t h e  ceramic 

Brazing o f  Kovar end f i t t i n g s  t o  platinum coat ings prepared as above was 
accomplished as follows: The Kovar and platinum sur faces  were cleaned with tri- 
chloroethylene (vapor degreasing) .  82% gold - 18% nicke l  a l l o y  wire was appl ied 
t o  t h e  f i t t e d  j o i n t  and t h e  p a r t s  heated i n  th ree  hours t o  1280"K, i n  a hydrogen 
furnace,  and cooled immediately t o  below t h e  melting poin t  of t h e  a l l o y  (1220OK). 
The p a r t s  were then cooled t o  room temperature i n  t h r e e  hours.  

Early r e s u l t s  using t h i s  technique were successful .  There were problems, 
however. The i n i t i a l  P t  coat ings were less than .01 mm th i ck  and were subjec t  t o  
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a t t a c k  by t h e  f i l l e r  a l l o y  during brazing. 
t h i s  problem. (1) The braze  cycle  was changed so  t h a t  t h e  maximum temperature 
reached of  1250°K was j u s t  above t h e  melting poin t  (1220OK) of t h e  82 Au- 18 N i  
a l l o y  and t h i s  temperature was he ld  only f o r  t he  order  of  seconds t o  allow t h e  
a l l o y  t o  melt and flow where previously it had been held a t  a higher  temperature 
f o r  severa l  minutes. The i n i t i a l  P t  coat ing was e l e c t r o p l a t e d  t o  produce a 
t h i c k e r  metal j a c k e t  so t h a t  t h e  material could not  be  completely removed by t h e  
a l l o y .  

Two s t eps  were taken t o  e l imina te  

(2) 

Two types of e l e c t r o p l a t i n g ,  gold and n icke l  were i n i t i a l l y  contemplated. 
There were r e s e r v a t i o n s  about t h e  gold p l a t i n g  because i t s  melting poin t  i s  c lose  
t o  t h a t  of  t h e  Au-Ni a l l o y  and n icke l  was attempted f i rs t .  Samples of P t  coated 
Tho2 and Zr02 were p l a t e d  with N i  t o  a thickness  of  .07 mm (.0027 inch) and then 
brazed t o  Kovar f i t t i n g s  by t h e  procedure i n  (1) above. 

Due, apparent ly  t o  problems of thermal expansion, t h e  p la ted  metal coatings 
separated from t h e  ceramic during t h e  braze  cycle.  
mined metalographically t h a t  t he  P t  coat ings were not  forming a good bond t o  t h e  
ceramic and were near ly  always removed by a heat ing and cooling cycle  s u f f i c i e n t  
f o r  brazing. 

A t  t h i s  po in t  it was de ter -  

The procedure was abandoned i n  favor of t h e  tantalum coat ing process. 

Tantalum coat ing process.  - Vapor deposited tantalum coatings were applied 
t o  t h e  tube samples by Ultramet, Pacoima, C a l i f o r n i a ,  using a propr ie ta ry  process.  
The e s s e n t i a l  d e t a i l s  of t h i s  process are as follows: 

The tantalum metal i n  t h e  form of powder, b r i q u e t t e ,  o r  shee t  c l ipp ings  is  reacted 
with ch lor ine  gas t o  form tantalum pentachlor ide by t h e  reac t ion :  

2 T a  + 5 C 1 2  + 2 TaC15 (13) 
,*- 

The metal ch lor ide  i s  mixed with hydrogen and passes through a reac t ion  
chamber. 
a s u i t a b l e  temperature by induction hea t ing  ( f i g .  20) .  With t h e  proper gas flow 
and temperature, found by experimentation, t h e  following reac t ion  takes  place: 

The objec t  t o  be coated i s  placed i n  t h e  r e a c t i o n  chamber and heated t o  

(14) 2 TaC15 + 5 H2 -+ 2 T a  + 10 H C 1  

The tantalum is deposited as a s o l i d  coat ing on a l l  surfaces  heated t o  the  
Surfaces on which a coat ing i s  not des i red  a r e  masked 

The samples prepared for  t he  
appropriate  temperature. 
with graphi te  which is  removed a t  t he  conclusion. 
s u b j e c t  program were 0.635 cm d ia .  ceramic tubes with .07 cm walls. The coatings 
were .005 t o  .008 cm t h i c k  appl ied over a 2 t o  3 e m  length on both ends of t h e  15 
t o  23 cm long tubes.  

Surface defec ts  i n  t h e  tubes a r e  t o  be  avoided s ince  these  can cause cracks 
i n  the  ceramic during heat ing.  

The coat ings produced i n  t h i s  manner have r e l a t i v e l y  good mechanical adher- 
ence t o  t h e  ceramics but  do occasional ly  separa te  a t  e levated temperatures under 
s t r e s s .  
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Brazing. - To prevent  undue s t r e s s e s  t h e  ma te r i a l s  involved should have 
similar thermal expansion c h a r a c t e r i s t i c s ,  as shown i n  f i g u r e  21, and should b e  
appl ied  i n  r e l a t i v e l y  t h i n  sec t ions .  
gene ra l ly  success fu l .  

Figure 22 shows t h e  dimensions found t o  be  

Kovar f i t t i n g s  were f a b r i c a t e d  t o  f i t  each ind iv idua l  tantalum coated tube 
end with .003 t o  .008 cm r a d i a l  c learance.  Larger c learances were a l s o  successfu l  
however. The tubes and f i t t i n g s  were cleaned with acetone and assembled. La ter  
samples were cleaned with an Alconox de tergent  s o l u t i o n  i n  an u l t r a s o n i c  c leaner  
and r in sed  with acetone. The vacuum tube  grade 82% gold - 18% n icke l  a l l o y  was 
appl ied  e i t h e r  i n  t h e  form of  wire r i n g s  (one r i n g  o f  .064 c m  diameter wire) o r  
s l u r r y .  I n  some cases  two r ings  of 
wire were appl ied b u t  t h i s  r e s u l t e d  i n  an excess of a l l o y  which formed a "run" 
and t h i s  sometimes caused a non-uniform stress during cool ing o r  l a t e r  during t h e  
t e s t  r e s u l t i n g  i n  Separat ion of t h e  tantalum coat ing  from t h e  ceramic. 

Best r e s u l t s  were obtained with t h e  wire.  

The assembly was heated i n  a vacuum furnace,  a t  l o e 5  t o r r ,  t o  1142'K j u s t  
below t h e  melting po in t ,  1223'K of t h e  a l l o y  over a per iod  of  1 hour and 50 minutes 
and held 30 minutes. 
above the  melt temperature f o r  5 minutes. 
i n  t h e  furnace t o  in su re  adequate time f o r  brazing.  
then reduced t o  700'K i n  a per iod of two and one-half hours.  
was acce lera ted  over t h e  next 40 minutes t o  room temperature.  
j o i n t  i s  shown i n  f i g u r e  23. 

The temperature was then increased t o  1256'K and remained 
Melting was observed through a window 

The furnace temperature was 
The cool ing ra te  

A t y p i c a l  braze  

A number of j o i n t s  were sect ioned and examined t o  determine t h e  flow of and 
wet t ing of t h e  metal sur faces  by t h e  braze  a l loy .  These sec t ions  a l s o  ind ica ted  
t h a t  t h e  tantalum coat ing formed a physical  r a t h e r  than a chemical bond with t h e  
ceramic sur face .  
both tantalum and Kovar sur faces  by t h e  a l l o y  i s  evident .  

A t y p i c a l  s e c t i o n  photograph i s  shown i n  f i g u r e  24. Wetting of 

Samples f ab r i ca t ed  by t h i s  process and t e s t e d  f o r  per iods of about 100 hours 
i n  the  presence of n i t rogen ,  hydrogen, C02 and steam with j o i n t  temperatures of 
about 600'K have shown no evidence of chemical a t t a c k  o r  physical  degradation except 
f o r  t h e  occasional  separa t ion  t r aceab le  t o  t h e  imposit ion of non-uniform thermal 
s t r e s s e s .  

The above process have been used t o  produce reasonably r e l i a b l e  ceramic-metal 
s e a l s  between Kovar and e i t h e r  t h o r i a  o r  z i r con ia  tubes.  These s e a l s  can be  con- 
s idered  usefu l  t o  temperatures of a t  least 600'K. 

Improved q u a l i t y  and r e l i a b i l i t y  of  t hese  s e a l s  and, probably, higher  u se fu l  
temperature can be  achieved through g r e a t e r  a t t e n t i o n  t o  t h e  q u a l i t y  of the  ceramic, 
b e t t e r  su r f ace  prepara t ion  such as roughening and cleaning,  and opt imizat ion of  
braze  geometry and time a t  temperature. 
t h e  present  program. 

These e f f o r t s  were not  with t h e  scope of 

Other me ta l l i z ing  processes ,  r e s u l t i n g  i n  physical  o r  chemical bonds t o  t h e  
ceramics, may r e s u l t  i n  j o i n t s  t h a t  a r e  more dependable when exposed t o  c y c l i c  
thermal s t r e s s e s ,  such as those  expected i n  r e s i s t o j e t  t h r u s t o r s ,  o r  t o  higher  
temperatures.  Such processes  a r e  c u r r e n t l y  under inves t iga t ion .  
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Figure 23.- Kovar to zirconia seal  ( 5 . 5 ~ ) .  

Figure 24.- Kovar to zirconia seal  - longitudinal section ( 1 1 ~ )  
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Material Test Apparatus 

x 

Vacuum s t a t i o n .  - The b e l l  jar vacuum system used f o r  t h e  mater ia l s  tests i s  
shown i n  f i g u r e  25. The pumping s t a t i o n  is  a Bendix CVC Model PAS41C capable of 
producing a vacuum i n  t h e  10m7Torr. range. I n i t i a l  t e s t s  were run with the  mech- 
an ica l  pump only a t  a pressure i n  t h e  1 t o  10 micron range as was t h e  p r a c t i c e  of 
contemporary r e s i s t o j  e t  mater ia l  t e s t i n g .  
range i n  an attempt t o  g e t  longer graphi te  tes t  h e a t e r  l i fe .  The propel lan t  en te r s  
t he  system through t h e  basepla te ,  passes through the  tube sample, and e x i t s  through 
the  baseplate .  
and the  region of  g r e a t e s t  i n t e r e s t  is  t h e  i n t e r i o r  surface of t h e  tube sample. 

Later t e s t s  were run i n  t h e  10-5Torr. 

Thus, no flow handling capaci ty  is required i n  t h e  vacuum system 

Instrumentation. - The most important information obtained from the  tests was 
t h e  ne t  a b i l i t y  of t h e  mater ia l  t o  withstand exposure t o  a typ ica l  r e s i s t o j e t  
operat ing environment. This meant t h a t  t h e  environmental conditions during t h e  
t e s t s  Inust b e  known and t h e i r  e f f e c t s  on t h e  mater ia l  determined by observation be- 
fo re ,  during, and af ter  t h e  t e s t s ,  mainly by micros t ruc tura l  ana lys i s  of as-received 
and p o s t - t e s t  samples. 
maximum temperature of t he  t e s t  item. 

The most important parameter t o  be measured then is  the  

Sample temperature: A l l  of these  temperature measurements were made with a 
Pyrometer Instrument Company Micro Optical  Pyrometer, Model 95. 
made with t h i s  instrument a r e  based on black body r a d i a t i o n  and were corrected 
f o r  t he  conditions of t h e  experiment according t o  t h e  ana lys i s  presented i n  Appen- 
d ix  A. 
t he  indicated sample temperature i s  very c lose  t o  t h e  t r u e  temperature. 

Measurements 

For temperature d i f fe rences  of l e s s  than 60°C between h e a t e r  and sample, 

Propel lant  flow r a t e :  Propel lant  flows were measured with a Brooks Model 
1214-1560 laboratory flowmeter system, This i s  a conventional g lass  tube ro t a t a -  
mometer with interchangeable tubes and f l o a t s  f o r  var ious propel lan ts  and flow 
r a t e s .  
s u f f i c i e n t  f o r  these  tests.  

Accuracy of t h i s  type of meter i s  i n  the  + 1 t o  2 percent range, more than - 

Propel lant  pressure:  
gage with 1 percent  accuracy. 

Pressure measurements were made with a bourdon tube 

Bell j a r  vacuum: A conventional theromcouple gage was used. (HVEC model 
G-91-1.) 

Heater vol tage and cur ren t :  A Honeywell model 333R D i g i t a l  Voltmeter with 
a c a l i b r a t e d  shunt was used f o r  t h e  e l e c t r i c a l  power parameters. 

Temperature: Lower temperatures on the  t e s t  items, f i t t i n g s ,  and f i x t u r e s  
were measured with chromel-alumel thermocouples ind ica ted  on t h e  d i g i t a l  vo l t -  
meter or  a Leeds 6 Northrup K-3 Potentiometer. 

Test  f i x t u r e  and h e a t e r  geometries. - The general  t e s t  schematic is shown 
i n  f igu re  26. 
program is  considerably more d i f f i c u l t  than it f i r s t  appears. 
tubes a r e  e a s i l y  heated r e s i s t i v e l y  t o  Q1600'K. 
requirement, imposed by t h e  i n i t i a l  ground r u l e s ,  of i n d i r e c t l y  heat ing the  
o r d i n a r i l y  non-conductive ceramic mater ia l s  i n  addi t ion  t o  the  much higher temper- 

The problem of heat ing small samples of t h e  type used i n  t h i s  
Small m e t a l l i c  

The problem is  compounded by the  
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Figure 25. - Material test apparatus. 
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a t u r e s  desired.  The a u x i l i a r y  h e a t e r  t r a n s f e r s  t h e  hea t  t o  t h e  t es t  sample with 
a lower e f f i c i e n c y  r e s u l t i n g  i n  a g r e a t e r  l o s s  than i n  t h e  case of d i r e c t  heat ing.  
A number of h e a t e r  configurat ions were considered and several attempted before  a 
workable system was found. These are b r i e f l y  discussed below. 

An induction h e a t e r  was considered b u t  r e j e c t e d  because most of t h e  samples 
are non-conductive ( a t  low temperatures) and a graphi te  susceptor  would have been 
required and t h i s  could have been more e a s i l y  heated r e s i s t i v e l y .  Also, t h e  high 
frequency power inputs  would have r e s u l t e d  i n  o ther  problems. 
tance heat ing was s e l e c t e d  as the  s implest  and most e f f i c i e n t  method. 

Auxiliary r e s i s -  

The first r e s i s t a n c e  h e a t e r  was a s l o t t e d  graphi te  cy l inder  designed t o  
accept a r e l a t i v e l y  low cur ren t ,  s ince  a s t r a i g h t  cy l inder  would have required a 
p r o h i b i t i v e l y  high cur ren t  o f  severa l  hundred amps. 
t o  reach tes t  item temperatures of t he  order  of 1600'K using a Perkin Model MR1040- 
30B t o  supply h e a t e r  power. 
ever ,  due t o  the  r e l a t i v e l y  l a rge  ex terna l  r a d i a t i n g  sur face  of t h i s  hea te r .  

This f i rs t  h e a t e r  was used 

Losses t o  t h e  surrounding equipment were high,  how- 

The second method attempted was a vapor deposited coat ing of tungsten,  less 
than 0 .01  mm th ick ,  described e a r l i e r  and shown i n  f i g u r e  19, forming a r e s i s t a n c e  
h e a t e r  i n  d i r e c t  contact  with t h e  mater ia l  sample. 
chosen f o r  chemical compat ibi l i ty  with the  ceramics, temperature capab i l i t y ,  and 
r e l a t i v e  ease of deposi t ion.  
were favorable ,  giving 11 v o l t s  and 10 amps a t  t h e  peak power. 
began t o  break down a t  1338'K, as evidenced by the  formation of a loca l  ho t  spot  
and the  loca l  temperature gradient  i n  t h e  tube caused i t  t o  f r a c t u r e  a t  t h a t  po in t .  
This fa i lure  could be caused by one o r  more of t he  following: 

The tungsten coat ings were 

The e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h i s  configurat ion 
However, t he  f i l m  

1. 
it t o  separa te  l o c a l l y  and overheat because of t h e  lack of thermal con- 
duction t o  the  Zr02. 

D i f f e r e n t i a l  expansion: Thermal stresses i n  the  W could have caused 

2 .  I n s t a b i l i t y :  Zr02  becomes an e f f e c t i v e  e l e c t r i c a l  conductor a t  
t h e s e  temperatures. 
with no b a l l a s t  r e s i s t o r  i n  s e r i e s .  
current  l o c a l l y  on t h e  circumference may have occurred. 

I t  was physical ly  i n  p a r a l l e l  with the  f i l m  h e a t e r  
Without b a l l a s t ,  high e l e c t r i c a l  

3. Chemical a t t a c k  on hea te r :  The ZrO;! wall could have become an oxygen 
t r a n s p o r t e r  from the  0 2  species  present  i n  t h e  flowing d issoc ia ted  GO;! 
gas causing oxidat ion a t t a c k  on the  W. 

The next h e a t e r  geometry employed was a c o i l  of W-26 R e  wire wound t i g h t l y  
around t h e  ceramic tube t o  give as much e f f i c i e n c y  i n  h e a t  t r a n s f e r  as possible .  
The heated s e c t i o n  was approximately 5 cm i n  length ,  cons is t ing  of 25 c o i l s .  
t he  corresponding measurements of t he  wire and tube,  t h e  temperature d i f fe rence  
was found t o  be small. 
c o i l  temperature was 1730'K f o r  a d i f fe rence  of approximately 60'K. 
i n  t h e  test  vacuum evaporation of metal from t h e  h e a t e r  c o i l  was s u f f i c i e n t  t o  
permit t h e  deposi t ion of a t h i n  metal f i l m  on t h e  sur face  of t he  ceramic tube 
i n  t h e  matter of a few hours. 
t h e  h e a t e r  c o i l s  with a rc ing  between the  c o i l s  and t h e  deposited metal f i l m .  Use 
of such hea ter  c o i l s  a t  these  temperatures could poss ib ly  be encapsulated but  not 
bonded t o  t h e  ceramic i n  an attempt t o  prevent t h i s  s h o r t - c i r c u i t  problem from 

From 

S p e c i f i c a l l y ,  f o r  a tube temperature of 1670°K, t h e  h e a t e r  
Unfortunately, 

This r e s u l t e d  i n  an i n t e r m i t t e n t  sho r t  c i r c u i t  of 
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occurr ing.  However, t h e  thermal shock problem cannot b e  avoided. Figure 27 shows 
sample and wire temperature f o r  Test 4 ,  as a func t ion  o f  power inpu t ,  represent ing  
t h e  case of t h e  c o i l  i n  near  contac t .  
sample temperature of 1745OK was reached. 

A AT of some 200'K i s  requi red .  A maximum 

A s e r i e s  of tests were then run  i n  an unsuccessful  attempt a t  suppressing 

The i n e r t  atmosphere 
t h i s  depos i t ion  by adding an i n e r t  atmosphere (argon) a t  var ious pressure  l eve l s  
and reducing t h e  requi red  AT between h e a t e r  and ceramic. 
tended t o  suppress t h e  depos i t ion  bu t  not  t o  t h e  ex ten t  necessary.  
temperature h e a t e r  wire  c o i l  was abandoned. 

The high 

The s l o t t e d  g raph i t e  cy l inde r ,  o r i g i n a l l y  dropped i n  favor  of t h e  two previously 
mentioned "easier"  approaches, was reconsidered a t  t h i s  po in t .  
of t h e  h e a t e r  with a smal le r  heated s e c t i o n  and much less ex te rna l  area f o r  r a d i a t i o n  
r e s u l t e d  i n  more e f f i c i e n t  hea t ing  o f  t h e  tes t  i tem ( f igu re  28). The addi t ion  of 
b e t t e r  i n s u l a t i n g  s t r u c t u r e s ,  water cool ing f o r  t h e  h e a t e r  power clamps, and a 
water cooled shroud t o  p r o t e c t  t h e  b e l l  j a r  from overheat ing r e s u l t e d  i n  a workable 
t e s t  system capable of temperatures up t o  2500'K. 
apparatus i s  shown schematical ly  i n  f i g u r e  29. 

Careful  redesign 

The f i n a l  design of t h e  t e s t  

Test  desc r ip t ion .  - The following descr ibes  b r i e f l y  t h e  tests conducted: 

The samples used f o r  each t e s t  a r e  l i s t e d  i n  Table I X  and an a r r a y  of sample 
types i s  shown i n  f i g u r e  30. Included a r e  
h e a t e r  and seal development tests as wel l  as those f o r  propel lan t  compat ib i l i ty .  
A l l  f i t t i n g s  were made of  Kovar and a t tached  t o  t h e  meta l l ized  samples with 82% 
gold - 18% n icke l  braze  a l l o y .  
cyc le  were descr ibed e a r l i e r .  

The t e s t s  are summarized i n  Table X.  

De ta i l s  of t h e  me ta l l i z ing  processes and t h e  braze  

The t e s t s ,  i n  t h e  main, were not terminated by f a i l u r e  of t h e  sample but by 
t e s t  equipment causes.  Thermally induced movement of t he  components of t h e  appar- 
a t u s  permitted t h e  sample t o  contac t  the  c lose ly  coupled g raph i t e  hea te r  r e s u l t i n g  
immediately i n  a crack i n  t h e  sample allowing gas leakage. 
last  group were usua l ly  terminated when t h e  hea te r  had been eroded t o  t h e  poin t  
where it could no longer e f f e c t i v e l y  t r a n s f e r  hea t  t o  t h e  sample or  by hea te r  break- 
age near t h i s  po in t  of i ne f f ec t iveness .  

The o the r  t e s t s  i n  t h i s  

The cause of  t h i s  e ros ion  may be  minute leaks allowing C02 t o  escape i n t o  t h e  
b e l l  j a r  and remove t h e  h e a t e r  ma te r i a l  by oxidat ion o r  0 2  background l e v e l  i n  t h e  
b e l l  j a r .  
t h e  tube might be  t h e  reason. 
with n i t rogen  flow, and a l s o  when t h e  system was known t o  be  t i g h t .  

I t  is  a l s o  f e l t  t h a t  t h e  t ransmission of oxygen through t h e  walls of 
The problem occurred, however, with no gas flow, 

The cause was then thought t o  b e  t h e  background l e v e l  of oxygen i n  t h e  l o m 2  
t o r r .  vacuum. 
Whether leaking from t h e  flow system o r  through t h e  tube walls, t h e  hydrogen cer- 
t a i n l y ,  by i t s  presence,  prevented t h e  removal of h e a t e r  mater ia l .  
it was thought t h a t  longer hea te r  l i f e  might have been due t o  somewhat lower pres- 
su res  i n  t h e  b e l l  jar  during t h e  H2 t e s t s .  
lo-' t o r r . ,  however, t h a t  h e a t e r  d e t e r i o r a t i o n  was as r ap id  as a t  t h e  higher  
pressures .  
mechanism i s  respons ib le .  

Tests with hydrogen flow reduced t h e  h e a t e r  degradation t o  zero. 

A t  t h e  time, 

I t  was la ter  discovered i n  t e s t s  a t  

E i the r  t h e  background oxygen l e v e l  is  s t i l l  a problem o r  some o ther  
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40 

Figure 27.- Co i l  hea t e r  - sample temperature d i f f e rence  vs  electric power - 
Test #4. 
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TUNGSTEN SHIELD 
O.D.= 25.4 , I.D.: 23.4 

GRAPHITE HEATER 
O.D.:10.5, l . D . =  8.4 

TUBE SAMPLE 
O.D.: 6.4, I.D.= 4.8 

DIMENSIONS IN mm. 

(a) Cross section 

PYROMETER 

(b) Rolled-out view of heater pitchline 

Figure 28.-  Test heater - sample geometry. 
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Figure 30.- Array of sample types. 
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ANALYSIS OF DATA 

The search f o r  high temperature chemical reac t ions  of propel lan t  gases with 
t h e  candidate ceramic walls employed t h e  following techniques: 

1. 

2.  X-ray d i f f r a c t i o n  f o r  composition, poss ib le  r eac t ion  products,  and pu r i ty .  

Visual inspec t ion  f o r  gross  effects .  

3.  X-ray f luorescence f o r  elemental i d e n t i f i c a t i o n .  

4. 

The samples micros t ruc tura l ly  analyzed are l i s t e d  i n  Table X I .  There, t h e  
a x i a l  pos i t i on  of t h e  heated sec t ion  and t h e  s t a t i o n  of temperature measurement 
are noted. 
on t h e  same b a s i s  and thus may be  r e l a t e d  t o  t h e  t e s t .  
t u r e  measurement s i t e  was made i n  each case. The later s i t e  was not  necessar i ly  
t h e  h o t t e s t  s ec t ion  on t h e  sample but  had t h e  advantage t h a t  i t s  temperature 
h i s t o r y  was known. 

Optical  micrography f o r  g ra in  s i ze ,  poros i ty ,  new phases and any anomalies. 

The micrographical s ec t ions ,  e tc . ,  are i d e n t i f i e d  by t h e  a x i a l  loca t ion  
A s ec t ion  a t  t h e  tempera- 

Information on As-Received Tubes 

The Zr02 tubes obtained from Zircoa, described i n  Table I X ,  were a l l  s l i p -  
cast and p a r t i a l l y  s t a b i l i z e d  with Y 2 O 3  a t  about 8 weight percent .  
from Coors, Test 10, was i s o s t a t i c a l l y  cold-pressed and s i n t e r e d  and was a l s o  
p a r t i a l l y  s t a b i l i z e d  with Y 2 0 3  a t  8.4 weight percent .  
i t  as having a closed pore s t r u c t u r e .  
was s l i p - c a s t .  

The-Zr02 tube 

The manufacturer reported 
The Tho2 tube, Test  13, obtained from Zircoa, 

Aside from t h e  s t a b i l i z e r ,  a l l  t hese  tubes were reported by t h e  manufacturer 
as having a p u r i t y  of 99+%. 
a r e  known t o  b e  Si02, T i 0 2 ,  MgO, A l 2 O 3 ,  and Fe2O3; a l l  adding up t o  less than 1% 
by weight.  

I n  t h e  case of Zr02, t h e  most important impur i t ies  

A minor impurity i n  t h e  Tho2 i s  H f O 2 .  

I n  order  t o  v e r i f y  t h e  p u r i t y  and composition of  t h e  as-received tubes,  one 
Zr02 and one Tho2 tube were subjected t o  x-ray d i f f r a c t i o n  ana lys i s .  Table X I 1  
shows t h e  d-dis tances  obtained from t h e  d i f f r a c t i o n  p a t t e r n  f o r  Z r 0 2  i n  comparison 
with cards from t h e  ASTM d i f f r a c t i o n  d a t a  f i l e  and TableXIII  shows t h e  same f o r  
Th02. 

From Table XII, it i s  seen t h a t  most of t h e  d i f f r a c t i o n  p a t t e r n  of t h e  as- 
received tube agrees  with t h e  cubic,  f u l l y  s t a b i l i z e d  p a t t e r n  while t h r e e  low- 
angle peaks agree with t h e  uns tab i l ized ,  monoclinic pa t t e rn .  
f o r  p a r t i a l l y  s t a b i l i z e d  z i rconia .  

This is t o  be expected 

The d i f f r a c t i o n  p a t t e r n  of t h e  as-received Tho2 i s  t y p i c a l  of  t h a t  f o r  cubic 
Th02. 
XII Ia t  d = 2.87A and d = 1.64A. 
found . 

Two veryolow in tens i tyopeaks  were found i n  add i t ion  t o  those  l i s t e d  i n  Table 
An explanation f o r  t h e i r  presence has not  been 
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TABLE XII. - X-RAY DIFFRACTION DATA ON Zr02 

Analysis of Tho2 
as -received tub e 

Analysis of Zr02 
as-received tube, 
partial 1 y stab i li zed 

Comparative data from A$TM file 

Cubic Th02 a 

cl-disgances 
A 

3.67 

3.15 
2.94 
2.84 
2.55 
1.81 
1.54 
1.478 
1.274 
1.178 
1.146 

Comparative data f r c  

Cubic Zr02, fully stabilizeda 

d-distances 
K 

2.92 

2.53 
1.80 
1.53 
1.464 
1.267 
1.164 
1.133 
etc. 

h k l  

111 

200 
220 
311 
222 
400 
331 
420 
etc. 

ASTM file 
Monoclinic Zr02b 

d-diszances 
A 

5.05 
3.69 
3.63 
3.16 

2.84 
etc. 

ASTM Card No. 7-337. a ASTM Card No. 7-343 (no stabilization) 

TABLE XIII. - X-RAY DIFFRACTION DATA ON Tho2 

d-distances a d-distances 
A 

h k l  

3.21 
2.80 
1.97 
1.68 

i 1.61 
1.394 ~ 

1.281 
1.251 
1.141 

i 

3.234 
2.800 
1.980 
1.689 
1.616 
1.400 
2.284 
1.252 
1.1432 
etc. 

111 
200 
220 
311 
322 
400 
331 
420 
422 
etc. 

ASTM Card No. 4-0562. a 

k h l  

100 
011 
110 
111 

111 
etc. 
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From a cross  sec t iona l  view of t h e  as-received Z r O 2  tube,  f i g u r e  31a, t h e  
p a r t i c l e  s i z e ,  was found t o  be  about 2511 €or most of t h e  g ra ins  with some gra ins  
f i n e r .  
For t h e  as-received Tho2 tube, shown i n  f i g u r e  31b, most of t h e  gra ins  again have 
a diameter of about 2 5 ~ .  

The gra ins  were brought ou t  through etching with phosphoric ac id  a t  520°K. 

Both t h e  z i rconia  and t h e  t h o r i a  tubes,  types A and F i n  Table I X ,  are r a t ed  
as “impervious” by t h e i r  manufacturers. 
porous, p a r t i c u l a r l y  t h e  Th02. 
of tubes.  

Figure 31 shows them both t o  be  q u i t e  
No gas leakage was experienced with these  types 

This i s  ev ident ly  not  interconnected porosi ty .  

Tested Tubes 

Visual inspect ion.  - Representative photographs of samples a f t e r  test  are 
shown i n  f igu re  32 f o r  t e s t s  16, 17, and 18. 
most tubes was t h e  darkening and graying and i n  certain areas  s t rong  darkened bands 
and r i n g s ,  whose co lor  a l s o  could be t i n t s  of yellow, brown, and pink. 
cases where t h e  g raph i t e  hea te r  broke through wear and r e s t e d  on t h e  ceramic tube, 
p in  holes  o r  small cracks i n  t h e  tube were observed. 

An obvious f e a t u r e  along sec t ions  of 

I n  those 

The i d e n t i t y  of t h e  dark coat ing,  bands, and r ings  of var ious t i n t s  is  d i s -  
cussed i n  t h e  following sec t ions .  Possible  causes were thought t o  be (1) deposi t ion 
and subsequent d i f f u s i o n  of metal oxide o r  carbon from t h e  sh i e ld  o r  hea te r ,  (2) 
contamination o r  depos i t ion  from o the r  sources i n  t h e  environment, o r  (3) migration 
of T a  from the  metal l ized s e c t i o n  o r  of Au (yellow t i n t e d  r ings )  o r  N i  from t h e  
brazing a l l o y .  
cause. 

The deposi t ion of C o r  oxides of W was thought t o  be  t h e  most l i k e l y  

X-ray d i f f r a c t i o n  ana lys i s .  - This ana lys i s  was performed on a Norelco D i f -  
The purpose of t h i s  ana lys i s  on se l ec t ed  samples was fractometer ,  Type No. 12045. 

an attempt t o  i d e n t i f y  t h e  s ta ined-areas  on t h e  t u b e s , - v e r i f y  any changes i n  t h e  
composition of t h e  tube,  and i d e n t i f y  any r eac t ion  product between tube and gas. 

A l l  measurements a t  t h e  important temperature measurement s i t e s  f o r  Zr02 showed 
only t h e  p a r t i a l l y  s t a b i l i z e d  z i rconia ,  t h a t  i s  cubic p lus  some monoclinic phase 
and f o r  Tho2 t h e  cubic  pa t t e rn .  
face  of t he  tube.  

These measurements were made on t h e  i n t e r n a l  sur-  

‘7 

TableXIV shows t h e  x-ray d i f f r a c t i o n  ana lys i s  on se l ec t ed  s i t e s  for s t a i n  
i d e n t i f i c a t i o n  purposes. 

I t  should be  remarked t h a t  x-ray d i f f r a c t i o n  ana lys i s  does not d e t e c t  compounds 
i n  concentrat ion below about 1%. I t  is, the re fo re ,  not su rp r i s ing  t h a t  no contami- 
nati0.n was de tec ted  from t h e  s t a ined  areas and r ings  on seve ra l  of t h e  samples i n  
Table X I V  s ince  t h e  coat ings were extremely t h i n .  In  one case,  however, Test  1 7 ,  on 
N 2  g raphi te  was indica ted .  
test  run,  1 2 2  hours.  
t e s t  s ec t ion  as a coat ing ( s t a t i o n  % 8 i n . ) .  
and 3 hours on H2 as a check on gas type inf luence  on graphi te  hea ter  wear r a t e .  

something o ther  than graphi te  was present  i n  t h e  s ta ined  areas and r ings .  In  an 
attempt t o  reso lve  t h i s  f u r t h e r ,  t h e  presence of elements i n  these  areas was ex- 
amined by t h e  more s e n s i t i v e  x-ray f luorescence technique discussed l a t e r .  

84 

This was t h e  sample t h a t  had been subjected t o  the  longest  
I t  was found on t h e  i n t e r n a l  sur face  only downstream of t h e  

The sample was a l s o  run 5 hours on C02 s 

I n  a couple of samples un iden t i f i ed  peaks were found. Obviously, therefore ,  la 
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[a) Zr02 8 w/o Y203(100x) 

(b) Tho2 ( 1 0 0 ~ )  

Figure 31.- Cross-sect ional  view of as-received Zircoa tubes.  
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TABLE X I V . -  X-RAY DIFFRACTION ANALYSIS OF SELECTED MATERIALS 

Test 
No. 

10 

13 

16 

17 

Area analyzed 

Dark s t a ined  areas on 
ex te rna l  tube wall. 

Dark s t a ined  area, yellow 
brown and pink r ings  a t  
hot  end of tube,  ex terna l  
wall. 

Dark a rea  of ex terna l  tube 
wall towards hot  end. 

Dark a rea  a t  i n t e r n a l  tube 
w a l l .  Adjacent t o  j o i n t  a t  
ho t  end. 

S t a t i o n  
( in . )  

A t  1 
and 4.1 

From 4.5 
t o  5.5 

From 7.0 
t o  8.G 

From 7.5 
t o  8.5 

Resul ts  

No graphi te ,  carbon o r  P t  
detected.  Pa t t e rn  of  p a r t i a l l y  
s t a b i l i z e d  Z r O 2  shown. Un-" 
i d e n t i f i e d  peak a t  d = 2.56A. 

Shows typ ica l  cubic  Th02pattern. 
Two un iden t i f i ed  peaks obsgrved 
a t  d = 2.87A and d*=  1.635A. 

Shows p a r t i a l l y  s t a b i l i z e d  Zr02 
Contaminated a r e a  below detec- 
t i o n  l i m i t  of x-ray d i f f r a c t i o n  
method. 

Small peak a t  d = 3.36w agrees 
with s t ronges t  graphi te  r e f l e c -  
t i on .  Otherwise Z r 0 2  p a t t e r n  
shown. 

According tc  re ference  86, temperatures above 2200°K a r e  apparently required 
before  Zr02 r e a c t s  ex tens ive ly  with carbon t o  form Z r C .  
any of t he  analyses performed here.  
t h e  ceramic tube a r r i v e d  t h e r e  by d i f fus ion .  According t o  reference 87, however, 
t h e  r eac t ion  Tho2 
powders of Tho2 and C are compacted toge ther  and, t he re fo re ,  a r e  i n  in t imate  
contact .  
spond t o  t h e  x-ray d i f f r a c t i o n  p a t t e r n  of ThC2. 

No Z r C  was detected i n  
The carbon (o r  graphi te )  found i n  t h e  wall  of 

+ C -m ThC2 may occur a t  a temperature as low as 1375'K i f  

The two un iden t i f i ed  peaks found f o r  t h e  sample of Tes t  13 do not corre-  

I t  should be  explained t h a t  carbon (or  graphi te)  would not be  de l ibe ra t e ly  
incorporated i n  a r e s i s t o j e t  design. 
r e s u l t s  observed. 

The i n t e r a c t i o n  is discussed here  t o  explain 

In  t h e  l i t e r a t u r e  survey presented earlier on t h e  poss ib le  reac t ions  between 
t h e  gases C02 ,  CO, H20 ,  H2 ,  0 2 ,  N 2 ,  and NH3 with Zr02 ,  Tho2 and Z r B 2 ,  t h e r e  a r e  no 
known reac t ions  t o  2200°K except between NH3 and Zr02 and poss ib ly  between H20 and 
Zr02 .  This l a t t e r  one, only,  i s  of i n t e r e s t  here .  I t  is based on an a b s t r a c t  
from a Russian a r t ic le  ( r e f .  SO), bu t  unfor tuna te ly ,  t h e r e  i s  no mention of t h e  
temperature a t  which such r eac t ion  occurs. 
i n  flowing H20  gas t o  1895°K and no zirconium hydroxide, if formed, was found a t  t h e  
i n t e r n a l  wall of t he  Zr02 tube.  
p a t t e r n  given f o r  t h e  phases i n  Tables X I 1  and XIII. 

In 'any case,  t h e  t e s t  2 1  was conducted 

A l l  Zr02 and Tho2 pa t t e rns  found correspond t o  t h e  
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X-ray f luorscence  a n a l y s i s .  - The x-ray f luorescence analyses  t h a t  were per- 
formed a r e  shown i n  Table XV. 
Spectrograph, Type No. 52157-A. 

The analyses  were performed on a Norelco Vacuum 

The areas  analyzed were gene ra l ly  s t a ined .  No unexpected elements were found 
except t r a c e s  of i r o n .  
underneath t h e  Ta coat ing.  
using a s t e r a t e  analyzing c r y s t a l ,  which was no t  ava i l ab le .  
impurity i n  t h e  z i r con ia  tube material. 

Some T a  appeared t o  have d i f fused  through t h e  tube wall 
Carbon is not  de t ec t ab le  with t h i s  equipment except when 

I r a n  i s  p resen t  as an 

TABLE XV. - X-RAY FLUORESCENCE ANALYSIS OF SELECTED SAMPLES 

10 

1 2  

17 

Area analyzed 

Sta ined  a r e a  

(1) Tube s e c t i o n  a t  Ta  
coa t ing  towards end, bu t  
ou t s ide  j o i n t  . 
(2) Same b u t  under Ta  
coat ing.  

(1) I n t e r n a l  tube wall 
ad jacent  t o  j o i n t .  

S t a t  i o n  
( in . )  

4.1 

4.8 

8.5 

Resul ts  

Spec t r a l  scan of a l l  elements 
down t o  Mg, negat ive,  except 
f o r  those  known t o  be  present ,  
such as Zr and Y.  

(1) Only Ta,  p lus  Z r  and Y 
ind ica ted .  Au, N i  and Fe absent .  

(2) Only Zr and Y ind ica ted .  

(1) Besides Z r  and Y, t r a c e s  
of  Ta  and Fe found, 

Opt ica l  micrography. - Photomicrographs were taken on some longi tudina l  and 

The main purpose, i n  
t r ansve r se  c ross  sec t ions  on s e l e c t i v e  samples t o  observe t h e  i n t e g r i t y  of t h e  tube 
with r e spec t  t o  s t r e s s e s  imposed and growth of  g ra in  s i z e .  
t h e  j o i n t  a r ea ,  was t o  examine t h e  e f f ec t iveness  of  t h e  bond i n  t h e  meta l l ized  and 
brazed a rea .  
Table XV summarizes t h e  f ind ings .  

The work was c a r r i e d  out  with a L e i t z  Model MM5 Research Metallograph. 

Figure 33 is  a typical example of a f r ac tu red  o r  cracked ceramic tube wall 
caused by t h e  f a i l i n g  o r  broken g raph i t e  h e a t e r  r e s t i n g  on t h e  ceramic tube.  
f e r r i n g  t o  Table x ,  t h i s  type f a i l u r e  represented t h e  major cause of  t e s t  i n t e r -  
rup t ion  (thermal shock) and c l e a r l y  i n d i c a t e s  t h e  b a s i c  cu r ren t  emphasis on d i r e c t  
hea t ing  concept f o r  advanced biowaste design which has solved t h i s  problem pu t t ing  
t e s t  times i n  l o 3  hour c l a s s ,  a t  present  ( r e f .  79) .  

Re- 

Figure 34 shows longi tudina l  and cross  s e c t i o n a l  view of t h e  hot  f i t t i n g  f o r  
The apparent poor bonding between Ta  me ta l l i z ing  and 

A p r inc ipa l  con- 

T e s t  13 (Tho, and C 0 2  gas) .  
ceramic and between n ioro  braz ing  a l l o y  and t h e  ex te rna l  Kovar tube a f t e r  47 hours 
is  shown. 
c lus ion  of t h e s e  t e s t  runs i s  t h a t  t h e  ceramic-to-metal bonding technology used i s  
quest ionable  f o r  long-term, l o 4  hour,  usage. 

No leakage was experienced during t h e  tes t ,  however. 
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(a) End views 

(b) Contact site 

Figure 33.-Typical thermal shock fracture caused by contact with graphite 
test heater. Basis for .recommendation of direct ohmic 
heating of ceramic. 
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(a) Longitudinal (1OOx) 

(b) Circumferential (1OOx) 

Figure 34.- Sectional view of metal-to-ceramic fitting (Station 5.9 in, 
Test 13). 
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Figure 35a is  t h e  first and only ind ica t ion  of a poss ib l e  g ra in  boundary 

(85 p s i )  f o r  
These d a t a  are roughly 

f r a c t u r e  a t  t h e  O.D.  ~f t he  tube S t a t i o n  3.9 inches o f  test  17, I t  demonstrates 
t h a t  endurance s t r e s s  rupture  under a tensile load of ~ 6 0 0  kN/m 
periods of t h i s  t e s t  (%I29 hours and 1850°K) is i n c i p i e n t ,  
i n  agreement with f i g .  16 and t h e  supporting t ex t  given. 
type design as indicaqed. 

A l l  compressive s t r e s s  

Figure 35b i n d i c a t e s  a new phase a t  t h e  I.D, of t h e  tube,  S t a t i o n  7.5 i n .  
This 'phase has not  been i d e n t i f i e d  bu t  Table XV 

The 
gas used i n  t h i s  case was N . 
ind ica ted ,  by x-ray f luorescence ana lys i s ,  The presence of Ta and Ee a t  t h e  I.D. o f  
S t a t i o n  8.5 inches. 
high but  not reported temperature. 

From reference  57, t h e  information of Z r N  is  poss ib le  a t  a 

e 
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(a) A t  s t a t i o n  ggmm(3.9 in . )  T=1848'K 
showing inc ip i en t  t e n s i l e  creep 
f a i l u r e  on O . D .  

(b) A t  s t a t i o n  181mm (7.5 i n . )  T=58S°K 
showing u n i d e a t i f i e d  phase a t  I.D. 

Figure 35.-Cross sec t ions  of test  17, N2 , 1 .7  atmospheres, 122  hours. 
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CONCLUSIONS 

In considering the data obtained and the facts learned from this program, the 
following conclusions are apparent. 
further for ceramic biowaste resistojets. 

It is recommended that ceramics be studied 

1. Ceramic materials are the only possibility for oxidizing propellant 
resistojets o erating above %,2000"K. because of chemical compatibility. Compati- 
bility to %loq hours was demonstrated yith no prQblem; lo4 hours are required in 
service. 

2 .  A ceramic heat exchanger heated by a separate refractory metal resistance 
heater is dubious because it requires the propellant t o  be completely separate from 
the heater. Because of diffusion mechanisms, this is difficult to achieve. It 
requires absolute physical separation of heater and ceramic o r  thermal shock due to 
their required temperature difference causes failure on contact. 
a conducting ceramic is selected as the best choice for a design philosophy. 

For this reason, 

3. Y2O3 stabilized Zr02 is currently the best material choice for the con- 
ducting ceramic thrustors due to demonstrated high voltage-low current electrical 
properties at design, 
yet undeveloped) or  used in conjunction with an auxiliary metal starter heater 
designed to not exceed 1300'K and biowaste gas resistan$, The use of modified 
ZrB2 is still uncertain. 

compression if %lo4 hours life is desired. 
phere is feasible. 

Tho2 is second choice. They must be stabily "doped" (as 

4. The conducting ceramics cannot be used in tension but must be designed in 
4 design chamber pressure of 1 atmos- 

-. Substantial development of the metal-to-ceramic seal and electrode tech- 
' for ZrO, or Tho2 is required for long life. 
trated but %lo4 hours are required. 

Lives of %IO2 hours are now 
Such seal concepts are available but 

reliability must be demonstrated. 

'* 

t 

n 

6. The fabrication and joining technology must be developed further for long- 
lived thrustors. 
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APPENDIX A 
CORRECTIONS TO OPTICAL PYROMETER TEMPERATURE MEASUREMENTS OF 

AN INDIRECTLY HEATED CERAMIC TUBE WHERE REFLECTION AND 

TRANSMISSION TERMS MAY BE SIGNIFICANT 

By Russell J. Page 

S W R Y  

An analysis has been made of the pyrometer measurements problem for 
the advanced resistojet materials program. 
dimensional and a carefully considered two-dimensional model representing 
the sample heater system have shown that reflection and transmission 
terms in non-conductors heated by external heaters require careful pyro- 
meter interpretation. 
temperature measurements may be made on the sample when the propellant 
flow rates are kept small enough to keep temperature differences between 
heater and sample less than 6OoC. 
gives close approximation to the apparent temperature expected. 

Both an analysis of a one- 

An experiment reported confirms the fact that good 

The simplified illustrative method 

INTRODUCTION 

Normally, the chief problem in pyrometry is the lack of knowledge of 
the emissivity of the specimen being measured. 
only is the emissivity not precisely known, but the reflected power and 
transmitted power terms can cause significant temperature measurement 
errors when the surrounding surfaces are much hotter than the sample. 
This large temperature difference between sample and heater can be brought 
about by over-cooling the tube sample with the propellant gases. The 
question is what is the best flow rate of each propellant gas to be 
tested that: (1) will not seriously influence the pyrometry measurement, 
and (2) will simulate the chemistry influence on the ceramic samples. 
This analysis shall determine the temperature difference influence on 
pyrometry measurement to aid in answering the above important question. 

In the current task, not 

The scope of this bulletin is to analyze and experimentally confirm 
the influence of these reflected and transmitted terms on the materials 
program data of a NASA study contract to evaluate high temperature materials 
for advanced resistojet designs. Analytically the problem is considered as 
two-dimensional, radiant heat transfer between the three members with all 
reflections diffuse. All members are to be treated as uniform within them- 
selves in temperature. 
constants about the experimental temperature of interest. 
heater temperatures considered is from 1000 to 2200'K. A broad range of 
temperature differences between heater and tube sample are considered to 
study the reflective and transmissive influence. 

The emissivities of each surface are treated as 
The range of 

In the materials test 
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APPENDIX A 

Emissivity,  EA 

Part  Material a t  0 . 6 5 ~  

program i t s e l f ,  t h i s  temperature d i f f e r e n c e  range may be adjusted by 
varying t h e  propel lan t  rate. 

O . D .  I . D .  
mm mm 

The methQd of ana lys i s  i s  bel ieved new. The method i s  numerical. 
The power leaving each given surface,  i n  tu rn ,  i s  d i s t r i b u t e d  t o  a l l  
poss ib le  sur faces  where they are eventual ly  absorbed. The 
successive r e f l e c t i o n  process is continued t o  any degree of des i red  
accuracy. 
preserved s o  t h a t  i t s  power cont r ibu t ion  a t  t h e  wavelength of t h e  sensing 
o p t i c a l  pyrometer can be i n t e r p r e t e d  properly by Planck's law. The 
s i m p l i f i c a t i o n  of t h e  method comes about by t h e  bookkeeping system used. 
After each r e f l e c t i o n  ( t ransac t ion)  t he  power a r r i v i n g  by d i f f e r e n t  
paths  is summed up a t  each sur face  t o  be  d i s t r i b u t e d  again t o  a l l  
surfaces. 

The o r i g i n a l  temperature i d e n t i f i c a t i o n  of t h e  power is 

Shield 

Heater 

Experimentally the  approach consis ted of using an i d e n t i c a l  t es t  
sample i n  the  setup with a 0.76 mm hole  d r i l l e d  i n t o  t h e  sample wall next 
t o  t h e  normal viewing s i t e .  Thus a black body (E = 1) was r e a l i z e d  i n  
t h e  small opening, o r  hohlraum. 
compared aga ins t  t h e  hohlraum or  "true" temperature over a broad 
temperature range. 
expected between tube and h e a t e r  (no propel lan t  f low).  
pared with t h e  ana lys i s  only i n  t h e  case of low temperature d i f fe rences .  

Measurement of t h e  sample was thus 

This case represented minimum hea t  t r a n s f e r  t o  be  
I t  may be com- 

Tungsten 

Graphite 

PHYSICAL DESCRIPTION 

25.4 

10.52 

The physical  problem described by Figure A 1  and Table A I  is  self-  
The tube sample length var ied  from 15 t o  23 cm. explanatory.  

heated sec t ion .  
t o  typ ica l  temperatures encountered. 

The ac t ive  hea ter  
sec t ion  was 4.67 cm i n  length.  The pyrometer view s i t e  is  centered on the  9 

Emissivi t ies  given i n  Table A I  arenominal values corresponding 

23.4 

8.41 

TABLE A I .  - DIMENSIONS OF HEATER-SAMPLE SETUP 

0.43 

0.80 

I 6.35 I 4.83 I I Samples I Zirconia I 0.50 
I I I I I I 
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or 

a 

Pyrometer view site 

Firebrick insulation Tungsten Shield 

Graphite Heater 

Tube Sample 

a. Cross section 

Vacuum 

Note: See Table AI 
for dimensions. 
All dimensions 
in m. 

b .  Rolled-out view of heater at pitchline 

Figure Al. - Test heater-sample geometry. 
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THE MEASUREMENTS PROBLEM 

Pyrometers measure temperature by comparison of the intensity of 
emitted radiation with a known source. When properly designed and 
applied, they are very accurate instruments. See Eckert and Drake 
(reference A1)for a description of such instruments. 

Two classes of instruments are in existence. One class measures the 
total (integrated) radiation emitted from a surface calorimetrically. 
The second class (optical type) compares by observation with the eye the 
monochromatic radiation intensity of the object in the visible-wavelength 
range with a known monochromatic radiation intensity. 
must be calibrated by viewing with it objects with known emitted radia- 
tion intensity. 

Each pyrometer 

In the case of a "free" gray body, a body which is only emitting and 
not reflecting o r  transmitting power, either the emissivity of the sur- 
face has to be known or  it has to be increased artificially to the value 
1 when the true temperature is to be determined from a pyrometer reading. 
Otherwise, an apparent temperature is read. 

A number of apparent temperatures are used in pyrometry. 
optical pyrometry definitions for tlfree" bodies are discussed first for 
reference to our case of imposed reflective and transmissive terms. 

The 

The apparent monochromatic temperature, TA, is the temperature of a 
black body which,at a defined wavelength in the visible range (usually 
but not necessarily at 
the surface under consideration. The basis of the measurement is 
Planck's law. 

= 0.665p),has the same radiation intensity as 

According to this definition and Equation (1): 

At temperatures occurring in engineering applications, the first 
term in the denominator of the above equation is large compared with 1, 
and the 1 can be neglected without causing an error which would conflict 
with. the obtainable accuracy. This equation then can be transformed to 
the following relation: 
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a 

denotes t h e  monochromatic emiss iv i ty  of t h e  sur face .  This equation 
again i s  f o r  a free body which is  not  r e f l e c t i n g  o r  t ransmi t t ing  any 
addi t iona l  power. 

A ca lo r ime t r i c  pyrometer makes use of t h e  t o t a l  r ad ia t ion  tempera- 
t u r e  T t .  
t o t a l  r a d i a t i o n  i n t e n s i t y  as t h e  su r face  toward which t h e  pyrometer i s  
d i r ec t ed .  

This i s  t h e  temperature of  a black body when it emits t h e  same 

From t h i s  d e f i n i t i o n  and t h e  Stefan-Boltzmann equation: 

it follows t h a t  t h e  r e l a t i o n  between Tt  and t h e  t r u e  sur face  temperature 
T is 

5Tt4 = &0T4 (5) 

or 

T = Tt/% 

For t h e  experimental program, an o p t i c a l  pyrometer was used. The 
ana lys i s  of our problem of  included r e f l e c t i o n  and transmission w i l l  be 
presented f o r  t h i s  type of pyrometer, which is  t h e  more d i f f i c u l t  of t h e  
two types t o  analyze. 
type follows simply, and i s  not  presented here .  
presented, however, f o r  both types.  

The a n a l y t i c a l  development f o r  t h e  ca lor imet r ic  
Numerical r e s u l t s  a r e  

ILLUSTRATIVE EXAMPLE OF THE REFLECTION PROBLEM 

FigureA2(a) shows a one-dimensional vers ion of t h e  tube sample- 
temperature measurement problem. The hea te r  temperature T i s  g rea t e r  than 
t h a t  of t h e  sample T2. The o p t i c a l  pyrometer i s  viewed through an inconse- 
quen t i a l ly  small ho le  i n  t h e  hea te r  t o  focus on T 2 '  r a d i a t i n g  sur faces .  

1 

The problem has two 

FigureA2 (b) descr ibes  t h e  monochromatic r a d i a t i v e  power t r a n s f e r  
between two gray p a r a l l e l  sur faces  whose d is tance  apa r t  i s  small compared 
with t h e i r  s i z e ,  s o  t h a t  p r a c t i c a l l y  a l l  r ad ia t ion  emitted i n i t i a l l y  by 
one sur face ,  say 1, f a l l s  upon t h e  second, 2.  That not  absorbed 
i n i t i a l l y  by 2 on t h e  first pass is  r e f l ec t ed .  
t h i s  way back and f o r t h  i n  diminishing quant i ty  between t h e  sur faces  

This r ad ia t ion  t r a v e l s  i n  
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(Heater) 

T1 

t 
m 

m 

a. Geometry 

Figure A2. - Basis for the illustrative example of the 
reflection problem. 
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P 

b.  Radiant t r a n s f e r  from 
sur face  (1) 
where p h  = (1 - 
e t c . ,  and c y x  = 

1 

1 
4 

c. Radiant 
su r face  

t r a n s f e r  from 
(2) 

Figure A2.  - Concluded. 

107 



APPEND I X A 

u n t i l  it is f i n a l l y  absorbed. 
t h e  same wqy, Figure A 2 ( c ) .  The net heat  transfer is  t h e  summgtion of 
these  two processes .  

Likewise, t h a t  emitted by 2 is t r e a t e d  i n  

The power appearing t o  t h e  o p t i c a l  pyrometer t o  emanate from T2 i s  a 
composite of t h e  t o t a l  of two terms: 

, and a l l  i t s  
eX 2 

(1) That r a d i a t i v e l y  emit ted from t h e  sur face  a t  T 2 r  
subsequent r e f l e c t i o n s  o f f  t o  sur face  2 ,  namely: 

- - eX2 1 [1 + (1 - E2)(1 - E l )  + (1 - E 2 ) q l  - + .... 
n=O 

.... + (1  - E p ]  

when (1  - ~ 2 ) ( 1  - ~ 1 )  < 1 

1 = e4 - (1 -"E2)(1  - E l )  

1 

and 

(2) t h a t  mu l t ip l e  r e f l e c t i o n  o f f  of sur face  2 t h a t  was first 
emit ted from sur face  1 as eXl, namely: 

n = m  

+ .... + (1 - n - q l  - E 2 I n l  

which when (1 - ~ 2 ) ( 1  - €1) 1 

(9) 

The t o t a l  emissive power appearing t o  emanate from T2 then i s  t h e  
sum o f  equations (8) and ( l o ) ,  or 

F 1 

P 

4 
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noting:  

e  ET^ X h Xbn 

t h a t  is ,  monochromatic emissive power, eX,  i s  propor t iona l  t o  t h e  normal 
monochromatic r a d i a t i o n  i n t e n s i t y  iXbn and emiss iv i ty  E X .  Planck's l a w ,  
equation (1) becomes 

2Trc, 

~ 5 ( e  2/  A - 1) C AT 
e =  Ab (13) 

Defining t h e  apparent 

- - 1 
(e  C 2 . q  - 1) 

r 1 

monochromatic temperature,  T x ,  as before  

(1 - i r  1 1 

Again, as  before ,  t h e  minus 1 term may be ignored, bu t  t h e  equation can 
not be nea t ly  and e x p l i c i t l y  solved f o r  T2 analogously f o r  t h e  f r e e  gray 
body, as was done i n  equation (3) .  The so lu t ion  i s  shown i n  Figure A3 
numerically computed f o r  t h e  case of hea te r  temperature, T I ,  of  1941°K 
f o r  a range of sample temperatures,  T2, from 1940 t o  1500OK. 
t h e  g r e a t e r  t h e  d i f f e rence  between sample and h e a t e r ,  t h e  more in sens i -  
t i v e  t h e  ind ica ted  pyrometer measurement is  t o  t r u e  sample temperature. 
In  f a c t ,  a f t e r  a d i f f e rence  of approximately 200°K the  pyrometer appears 
t o  mirror  t h e  "heater" temperature more than anything e l s e .  

In  e f f e c t ,  

I t  i s  important t o  note  i n  FigureA3 t h a t  i f  T1  = T2, t h e  hea te r  and 
sample a r e  a t  t h e  same temperature, 1940°K here ,  and w e  have t h e  
important case ( fo r  t h e  geometry of FigureA2) of t h e  tthohlraumt', o r  black 
body cavi ty .  
black body temperature. 
ca l ib ra t ed  i n  terms of  black body r ad ia t ion . )  
cept  t h a t  is  used here  i n  a spec ia l  experiment t o  measure t r u e  tube sample 
temperature.  
hohlraum. 

Regardless of t h e  emis s iv i t i e s  t h e  observed equals t r u e  o r  
(Recall  t h a t  t h e  pyrometer temperature s c a l e  is  

I t  is t h i s  well-known con- 

The i n s i d e  of t h e  tube v i a  a small d r i l l e d  hole  i s  t h e  

This simple ana lys i s  prompted t h e  author t o  make a more ca re fu l ,  
soph i s t i ca t ed  ana lys i s  presented subsequently and t o  s tudy t h e  t r ans -  
mission problem. 
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TEMPERATURE EMISSIVITY E: MATERIAL 

HEATER l94l0K 0.80 GRAPHITE 
SAMPLE VARIABLE 0 . 5 0  ZI RCONI A 

2000 
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TRUE SAMPLE TEMPERATURE,OK 

Figure AS. - Pyrometer indicated temperature as a function of true 
(one-dimensional model) tQbe samp1.e temperature. 
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ILLUSTMTIVE EXAMPLE OF THE TRANSMISSION PROBLEM 

Zirconia  and t h o r i a  have both been found t o  t ransmit  r ad ian t  power 
i n  t h e  thicknesses  involved here  (see TableAI) .  ReferenceA2 n o t e s t h a t  t h e  
s p e c t r a l  normal t ransmit tance,  T , measured behind a heated specimen of ZrO 
1 mm and 2 mm th ickness ,  were 0.84 and 0.03, respec t ive ly .  
t o  passage through one or  two walls. of  t he  sample, r e spec t ive ly  

2 '  This  corresponds 

An i l l u s t r a t i v e  example shows that  t h e  inf luence  of t h i s  energy term 
upon t h e  pyrometer measurements problem i s  seen t o  be  r a t h e r  inconsequen- 
t i a l .  The effect  may b e  lumped i n t o  t h e  r e f l e c t i v e  cor rec t ion  problem. 

FigureA3shows t h e  one-dimensional vers ion of t h e  problem of a 
"tube" being heated by a surrounding hea ter .  
( r e f l e c t i o n  and transmission) i s  shown f o r  s impl i c i ty .  

The first i n t e r a c t i p n  only 

From t h e  l a w  of conservation of energy, 

P A + "  x + T  A = 1  

Assuming t h e  r e f l e c t e d  s p e c t r a l  energy remains surface-or iented 
independent of depth of specimen, then t h e  sum of  abso rp t iv i ty ,  

(15) 

and 
01 ,  and 

t ransmiss iv i ty ,  T, remains a constant .  
6 mm o r  more (referenceA2) , 

In t h e  case of a t h i ck  specimen, 

from Kirchhoff 's  law, and where a i  i s  t h e  "thick" abso rp t iv i ty .  
fo re ,  

There- 

From symmetry, t h e  energy term from sur face  (2) as viewed by t h e  
pyrometer is  seen t o  be, from FigureA4, 

wherever t h e r e  w a s  a (1  -  EX^) term i n  equation (14). 
terms s tand .  
both r e f l e c t i v i t y  and t ransmiss iv i ty  may be  ca lcu la ted  from 

The (1 - ~ 1 ~ )  
The r e s u l t a n t  apparent monochromatic temperature,T1 1 , f o r  
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I 
I 

Heater 

(1) 

Pyrometer- -. - - * 

r .  

Heater 

(4) 

1 a 

L 

Figure A4. - Basis for illustrative example of the transmitted power 
increment influence on pyrometer measurement. 
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The net effect of transmittance is that of increasing the effective 
reflectivity in this example from 0.5 to 0.54, which is rather inconse- 
quential. 

For the following analysis a net reflectivity of 0.5 was used. 

ANALYSIS OF THE ACTUAL SAMPLE HEATER PROBLEM 

The problem represented by the geometry of FigureAlrequires that the 
following additional factors be included over those of the illustrative 
examples : 

(1) Two-dimensionality instead of one 
(2) Three members instead of two 
( 3 )  The non-simple shape of the heater requiring shape factor 

evaluation instead of the assumption of F = 1 

Method 

A new method is developed which accounts for the above factors. 
This is referred to here as the "accounting method". Here the emission 
temperature character of the radiation is preserved in the analysis. 
This spectral identification of  power is essential for each energy term 
for optical pyrometry interpretation. 
face is in turn evaluated in terms of the surfaces of the system where 
they are ultimately absorbed. The emission energy (transaction 1) is 
first distributed to all possible surfaces (accounts) for each emitting 
surface. 
available to be reflected o r  transmitted noted. The first reflection 
from each surface (according to the shape factors of the receiving sur- 
faces) is then distributed to all possible surfaces according to the 
reflecting surfaces' shape factors, completing transaction 2.  The simplifi- 
cation of the method then comes in balancing the accounts and treating only 
one (the sum) emission energy term from each surface. These transactions 
are repeated until all surfaces are reflecting trivial terms. Two matrices 
are thus formed: 

The power radiating from each sur- 

The amount initially absorbed is accounted for and that 

the absorption and the reflection. 
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0 

0. 2301 

The absorpt ion matrix may be  t r e a t e d  as t h e  h e a t  t r a n s f e r  matrix i n  
t h e  Stefan-Boltzmann equation, Equation (4). 
Planck’s law t o  h e l p  determine, along with the  r e f l e c t i o n  matrix, t h e  
apparent monochromatic temperature fo r  o p t i c a l  pyrometry purposes. 

I t  a l s o  may be used with 

0 

0.  1873 

Shape Factors,  F 

0.1001 

0. 0512 

Unlike t h e  i l l u s t r a t e d  problem, t h e  d i f f e r e n t  sur faces  of FigureAl 
have been shape f a c t o r s  r e l a t i v e  t o  each o ther  d i f f e r i n g  from uni ty .  
have been evaluated from b a s i c  d e f i n i t i o n s  t o  the  use of conservation and 
r e c i p r o c i t y  r e l a t i o n s .  
evaluate  t h e  key h e z t e r  shape f ac to r s .  The r e s u l t s  of ana lys i s  have been 
summarized i n  Tab leMIwhich  lists t h e  shape f a c t o r s  F i d e n t i f i e d  by t h e i r  
s u b s c r i p t s  H ,  S and W f o r  hea te r ,  tube sample and tungsten sh ie ld ,  respec t ive ly .  

These 

Descr ipt ive geometry techniques were employed t o  

0 

0. 0582 

T A B L E A I I .  - SHAPE FACTORS MATRIX 

From/To 

Heaterinside, Hi 

Heateroutside’ Ho 

Heaterends, He 

Sample, S 

Shield,  W 

Hi 

0. 0984 

0 

0,198l 

0. 6643 

0.0011 

HO 

0 

0 

0 

0 

0. 3042 

=F 0.  14g2 0. 7482 

w 

0.0052 

1.004 

0.38S3 

0.  23S4 

0. 5864 

Notes : IFundamental d e f i n i t i o n ,  Reference A l ,  p ,  395, 
2Reciprocity.  
3~ymmetry. 
4~onse rva t ion .  

The areas of t he  sur faces  are given i n  Table A I 1 1  
h e a t e r  t o  one sur face  i s  based upon FigureAland TableAIII .  

Consolidating the  
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Shield,  W 

TABLEAIII. RADIATING SURFACE AREA 

20.271 
I 

The shape f a c t o r s  are shown i n  Table A I V .  

TABLEAIV. - CONSOLIDATED SHAPE FACTOR MATRIX 

Area 
cm2 

13.290 

5.026 

20.271 

0.236 

Here t h e  h e a t e r  is  t r e a t e d  as one s u r f a c e  and t h e  shape f a c t o r  i s  denoted 
by s u b s c r i p t  H t '  

A s  a r e su l t  of t h e  "accounting" method, t h e  TableAVmatrix i s  shown 
which r ep resen t s  t h e  energy absorbed by each s u r f a c e  which i s  i n  t u r n  
r ad ia t ed  t o  every o t h e r  surface.  
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Emitt ing 
Surface 

W 

TABLEAV. - ABSORPTION MATRIX. RADIANT HEAT 
TRANSFER BETWEEN SURFACES 

2.513 1.909 

8.717 4.514 

I I Tota l  Absorbed I 11*122 I Percentage Error* I I 0 . 4  

*Emitting-Absorbed 
Emitted 

ng SUI 
S 

1.914 

0.072 

0.521 

2.507 

0.7 

- - 
__c 

'ace(Cm; 
W 

4.488 

0.6284 

3.671 

8.7874 

0.8 

7 

The qoe f f i c i en t s ,  K ,  carrying t h e  dimensions of square cent imeters  
given i n  the  absorpt ion and r e f l e c t i o n  matr ix  are def ined according t o  

where I$ r epresents  t h e  f r a c t i o n  of: o r i g i n a l  emission H ,  S o r  W involved. 
The matrices are independent of temperature, except perhaps f o r  how 
emiss iv i ty  may vary with temperature. 
o r  r e f l e c t e d  is defined by 

The monochromatic power absorbed 

where ehb i s  def ined by equation (131 giving 

If t o t a l  hea t  t r a n s f e r  is involved, then t h e  K f a c t o r  from t h e  absorpt ion 
matrix may b e  used with t h e  Stefan-Boltzmann law as shown i n  
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H Or ig ina l  
Source of S 

W Power 

Q = KoT4 

0.896 

0.363 

0.860 

The l a t t e r  is  used f o r  t h e  ca lo r ime t r i c  pyrometer ca lcu la t ions .  

0.521 

The above matrices are used t o  c a l c u l a t e  t h e  monochromatic apparent 
temperature f o r  t h e  problem described by Figure A 1  as follows. 
o r i g i n a l  power emitted by S is  

The 

4.868 

The power r e f l e c t e d  by S from H ,  S and W summed i s :  

Tota l  Reflected 

The power seen by t h e  o p t i c a l  pyrometer is  t h e  summation of t h e  power 
emitted o r  r e f l e c t e d  by S as defined by t h e  sum of equations (24) and 
(25). This i s  equated t o  equation (22) t o  so lve  f o r  TX,  t h e  apparent 
monochromatic temperature. K i n  t h i s  case is  considered t o  have an 

= 1, a shape f a c t o r  o f  1, and t h e  area used i s  taken from TableAIII  
f o r  t h e  sample, 5.026 cm2. The o p t i c a l  and ca lo r ime t r i c  pyrometers 
respond t o  t h e  t r u e  sample temperature of t h e  geometry and p rope r t i e s  of 
F igureAlgiven  i n  a manner described i n  Figure 

2.119 

T A B L E A V I .  - REFLECTION MATRIX 

Ref 1( 
~ 

1.914 5.952 

0.072 I 0.681 

2.507 11.501 -I 
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x 

W 
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Figure A5 - Calculated pyrometer indicated temperature as a function 
of true sample temperature for geometry of Figure A I .  
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EXPERIMENTAL VERIFICATION 

The following experiment was performed i n  order  t o  v e r i f y  t h e  pre- 
ceding a n a l y s i s .  Referr ing t o  F igureAl ,  an i d e n t i c a l  z i rconia  tube 
sample was used i n  which a 0.76 mm hole  was d r i l l e d  through t h e  sample 
wall next t o  t h e  normal pyrometer viewing s i te .  
i l l u s t r a t e d  i n  the  example, and i s  a l s o  a well-known fact ,  a black body 
(E = 1) was r e a l i z e d  i n  t h e  small  opening, o r  hohlraum. 
wi th in  t h e  tube  and which a r e  small, were made i n s i g n i f i c a n t  by c los ing  
t h e  tube i n  t h e  heated zone with z i r con ia  wool i n s u l a t i o n .  The pyrometer 
measurement i n  t h e  hohlraum i s  t h e  t r u e  sample temperature. The temper- 
ature of t h e  g raph i t e  hea te r  needs only a small co r rec t ion  due t o  the  
r a d i a t i o n  r e f l e c t i o n  term from t h e  tungsten s h i e l d  and the  emiss iv i ty  of 
t h e  g raph i t e ;  hence, t h e  e s s e n t i a l l y  t r u e  temperature of t h e  g raph i t e  
hea te r  can be  determined v i a  equation (14). Comparative measurements 
were made over a range of  temperatures of t h e  tube sample ou te r  wall and 
hohlraum, g raph i t e  h e a t e r ,  and tungsten s h i e l d .  From F i g u r e A S i t  can be  
seen t h a t  t h e  apparent temperature i s  very c lose  t o  t he  t r u e .  
corresponding da ta  po in t  i s  p l o t t e d  on FigureA6, it i s  seen t o  agree  
reasonably wel l  with t h e  pred ic ted  o p t i c a l  pyrometer ind ica ted  temperature. 

A s  was a n a l y t i c a l l y  

End e f f e c t s ,  

When t h e  

The b e s t  approach f o r  p rec i se  measurements i n  the  ma te r i a l s  t e s t i n g  
of ceramics i n  t h e  conf igura t ion  of F i g u r e A l i s  t o  keep t h e  propel lan t  
flow t o  a low enough l e v e l  so as not  t o  exceed a 60°K ind ica ted  tempera- 
t u r e  d i f f e rence  between t h e  hea te r  and the  sample. 
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SYMBOLS 

‘5 

.p 

A 

c1 
c2 
e 
F 
i 
K 

A 

Q 
T 

a 

E 

A 

u 
P 

0 

T 

+ 

area, cm 
radiation constant, Planck’s law, 0,59525 x lom1‘ watt cm 
radiation constant, Planck’s law, 1.4387 cm K 

2 

-2 emissive power, watts cm 
radiation shape factor 
monochromatic radiation intensity, watts cm-3 
coefficient defined by equation (20) 
heat flow, watts 
temperature, O K  

absorptivity 
emissivity 
wavelength, cm 

-4 micron, cm 
reflectivity 
Stefan=Boltzmann constant, 5.67 x 10-l’ watts/cm K 
transmissivity 
fraction of initial emitted power involved in transaction 

2 4  

Subscripts : 
b 
e 
E 
H 
i 
n 
0 

R 
S 
t 

T 
W 
x 
1 
2 

black body 
end surface of heater leg 
emitted 
heater 
inside circumferential surface of heater 
normal 
outside circumferential surface of heater 
reflected 
tube sample 
total radiation over all wavelengths 
total surface of heater 
shield 
monochromatic 
surface 1 
surface 2 
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HOHLRAUM EXPERIMENT DATA ("C) 

Apparent Apparent Apparent 
Sample Graphite Tungsten Apparent 

Data Hohlraum Tube Wall Heater Shield Insu la t ion  
Point Temperature Temperature Temperature Temperature ._ Temperature 

02 820 840 878 -- -3 

-- -- 03 822 846 880 

04 821 850 878 

05 954 975 1005 -- T- 

06 1160 1172 1206 866 -- 

-- -- 

07 1398 1398 1431 -- -- 

08 1481 1474 1514 1170 865 

09 1620 1606 1642 1314 920 

10 1802 1776 1813 1490 979 

11 1394 1394 1426 1077 840 

1 2  1155 1165 1202 865 -- 

A l l  measurements were made with a Micro Optical  Pyrometer manufactured 
by the  Pyrometer Instrument Co., Inc., Bergenfield, N .  J . ,  Model #95, 
S e r i a l  No. M6305. 
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DEFINITIONS OF PERFORMANCE PARAMETERS 

S p e c i f i c  impulse, I sp’ set. 

where 
F = t h r u s t  t o  b e  measured by dynamometer, N 

= prope l l an t  mass flow, Kg - sec-’ 

Eff ic iency - e lec t r i c  power o v e r a l l ,  * 
‘ 0  

A A I  s p  2 g 2  F I S  g 
- - 

e P no* - 
*’e 

where 
P = electr ical  power inpu t ,  watts e 

Eff ic iency - t o t a l  power o v e r a l l ,  

I n i t i a l  power i n  gas ,  P i ,  watts 

= fi hi 4184 pi 

h = enthalpy of an i d e a l  gas above zero, kcal/kg ( r e f .  B1) 

Power i n  t h e  j e t ,  P watts 
j ’  

- p1 
P = Pe + Pi 

j 

P1 = hea t  l o s t  from t h e  t h r u s t o r  p r i o r  t o  exhaust j e t ,  watts 

‘H Heater e f f i c i e n c y ,  

P n- 
‘H Pe + Pi 
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Nozzle efficiency, QN 

or  

REFERENCES 

Bl. JANAF Thermochemical Tables, Second Edition, Natiopal Bureau of Standards, 
NBS 37, June 1971. 

c 

a 
c 

126 


