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This can suppress both the void 

3 . 6  

Quantitative analytical electron microscopy mploying 

Precipitate part ic les  of d i f f eren t  
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Austenit ic s tainless  s teel  Containing 4 VOl% 
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~ 1 1 0 ~ s  with 4 vol% and 

yt tria showed 

Stress  rupture tes t ing  a t  650°C as a function 
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Frank loops. 

been irradiated i n  
No voids or 

Both SA 31 6 
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with  generally the greater metl ing being observed a t  
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t o  be the most radiation res is tant .  Ti- 6242s and Ti-5621S 
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siderable m e l t i n g  w s  observed i n  T i 4 4  a t  55OOC. 
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worked conditions -re bombarded with 4-MeV nickel wns t o  
70 dpa a t  temperature8 from 570 t o  680OC. Both conditions 
retained order f o r  bombardment below the c r i t i ca l  ordering 
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i s  under way by a c m e r c i a l  eource. 
have been produced by two d i f f e ren t  melt practices.  
Chemical analyses indicate that  the compositions of the 
ingots are near the al loy  specif ications.  Specimens from 
the ingots were successfully cold rvtted a t  room tem- 
perature and hot rolled a t  l lOO°C. Further evaluation of 
a l loy  homogeneity and d i s t r ibu t ion  of second phases i s  i n  
progress. 

Three 18-kg ingots 
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Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  327 

The LRO-16, -20, and -37 alloys were irradiated 
i n  HFIR a t  300 t o  600OC t o  wminal ly  8.3 dpa and 
1000 a t .  ppm He. A l l  three remained ordered, and inter-  
s t i t i a l  t O O p 6 ,  dislocation segments, and cav i t i es  formed 
i n  the microstructure. 
{ l l l l  loops, and helium bubbles formed on grain boundaries 
a t  the higher temperatures. 
wa8 low; LRO-16 swelled more than annealed EA. 

cav i t i e s  grew preferent ial ly  on 

Swelling i n  LRO-20 and -37 
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7.1 Postirradiation Notch Ductility and Fracture Toughness 
Behavior of AOD Heat of Alloy HT-9 (Naval Research 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  336 

Alloy HT-9 i s  being euatuated for potential  applica- 
t i o n  a6 a f i r s t  mll material i n  magnetic fus ion  reactors. 
One objective of the current studies i s  the assessment of 
material notch d u c t i l i t y  and fracture  toughness i n  the pre- 
and postirradiation conditions. 

Charpy-V ( C U I  and fat igue precmcked Charpy-V fPCC,I 
specimens of a 1.7 an thick plate from the HT-9 reference 
melt ( R O D  process) were irradiated at  93O awl at  288OC t o  
-8 x 1 0 1 9  n/m2, E> 0.1 MeV, i n  a mter-cooled t e s t  reactor. 
The Cv t rans i t ion  temperature elevation produced by the 
93OC irradiat ion ms more than three times that  produced by 
the 288OC irradiat ion.  The 93OC irradiat ion data showed 
the  alloy t o  be unacceptable for 93OC service m l e s s  (on l y )  
e la s t i c  fracture  resistance is acceptable. Good agreement 
m s  observed between Cv and E C v  determinations of 
radiation-induced mbr i t t l ement .  

7.2 Impact Test Results f o r  Irradiated Ferritic Alloys 

To be reported i n  the next semiannual report. 
(Westinghouse Hanford Company) . . . . . . . . . . . . . .  342 

7.3 Microstructural Examination of HT-9 and 9Cr-1Mo Contained 
in the AD-2 Experiment (Westinghouse Hanford Company) . . .  3 4 3  

The microstructures of HT-9 and modified 9Cr-1Mo have 
been examined before and a f t e r  irradiat ion i n  B R - I I  i n  the 
AD-2 experiment t o  a f l u e m e  of 2.5 x 1022n/cm2 IE>O.l MeV) 
a t  temperatures from 400 t o  550OC. The precipitate struc- 
ture of unirradiated HT-9 consists  of M23Cg which forms a t  
martensite la th  and prior austenite p i n  boundaries. 
9Cr-1Mo shows much l e s s  M23Cgat p i n  boundaries, but 
contains finely-dispersed f Nb, V ,  C r )  C o i t h in  gmins .  
Irradiation of both at toys  a t  40OoC causes extensive 
additional precipitation,  formation of a dislocation 
substructure, and,  i n  9Cr-IMo, void formation. The 
irradiation-induced precipitate i n  HT-9 was iden t i f i ed  (16 

G-phase, a nickel  s i l i c i d e  with f c c  crystal  structure and 
l a t t i c e  parameter of 1.12 run. 
nickel  are required i n  f e r r z t i c s  t o  promote the formation 
o f  G-phase. 
Cr2C.  Above 45OoC, the HT-9 formed additional M23Cg, 
whereas the 9Cr-1Mo formed additional MC and a phosphide 
wi th  Fe, C r ,  and Mo. No voids were observed above 450°C i n  
the  9Cr-1Mo a l loy .  The formation of finely-dispersed G 
phase i n  HT-9 and Cr2C i n  9Cr-1Mo during irradiat ion be ta ,  
450OC i s  believed t o  contribute t o  observed irradiat ion 
hardening and increased DBTT. 

Only  very emall additions of 

9Cr-1Mo irradiated a t  4OO0C formed rod-shaped 
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7.4 The Procurement and Characterization of the Electroslag 
Remelted National Fusion Program Heat of 12Cr-1Mo Steel 
(General Atomic Company) . . . . . . . . . . . . . . . . .  363 

Previously it ms reported that a 30,000 l b  heat of a 
12C~lMo  s teel  netted t o  the speci f icat ion of  Sandvik HT-9 
was procured by General Atomic Company from Electralloy 
Corporation f o r  the Ferri t ic  Steel  Program. This heat of 
argon-oxygen decarburization f AOD) l2Cr-1Mo s teel  has, 
since, been electrostag Wrlelted f ESR) by Universal CyC10ps 
Corporation i n  Pittsburg, and converted t o  plate and bar 
stock.  This remelted heat fNo .9607R2)  ms within the 
chemical speci f icat ion requirement of HT-9. 
ingot ms homogenized a t  l l O 0 C  for 16 hrs prior to conver- 
sion t o  the product forms. 
bar stock, each form m6 given a s t ress  r e l i e f  a t  700C f o r  
6 hrs.  
0.625 i n  (1 .58 BIl) plate ha6 ShOWn that  it meet6 the 
strength and tens i le  elongation speci f icat ions .  
was 121 kSi ( 8 3 5  .Wd, the yield s t ress  m6 87.5  k s i  
f 604 m a ) .  and the elongation ms 2B . 
energy determined 011 standard Charpy impact specimens ms 
85 f t-16s I l l S J )  as compared to  the upper shelf  of the AOD 
heat of 66 f t - l b s  f 8 9 J )  . Microstructural examination 
showed a uniform tempered martensitic 6 t P U C t U r E  with a 
de l ta  f e r r i t e  content less than B .  

The remelted 

Af ter  conversion t o  plate rmd 

Subsequent mechanical property analysis on the 

The fls 

The upper shelf  

7.5 The Weldability of HT-9: Preheat and Position Effects 
(General Atomic Company) . . . . . . . . . . . . . . . . .  370 

To be reported i n  the next semknnual report. 

7.6 The Toughness of Simulated Heat-Affected Zone Microstruc- 
tures in a 12Cr-1Mo-0.3V Martensitic Stainless Steel 
(Sandia National Laboratories) . . . . . . . . . . . . . .  371 

t i f i e d  i n  HT9 GTA w e l d s  were simulated i n  the n e e b t e  i n  
order t o  produce bulk microstructural Charpy V-notch 
samp1es suitable f o r  evaluation of notch toughness. 
Samples both transverse and longitudinal t o  the rol l ing 
direct ion (R.D.) of AOD melt plate stock were evaluated. 
Pollotring the nEEblE thermal treatment the samples were 
given a postweld heat treatment f PWHT) for 1 hour a t  760OC. 
Charpy t e s t s  of the individual microstructures were per- 
formed over the temperature range from -60 t o  200OC. 

ro l l ing  direct ion Inotch aligned parallel t o  R.D.) f e l l  in 
a wide scatterband ntrich ac losed  the base metal toughness 
a t  low temperatures and m6 s l igh t l y  le66 than the base 
metat l A l t U E  on the upper she l f .  

The four dist inct  HAZ miCrO6truCture6 which Gere iden- 

The 
toughness lAllUe6 Of sample6 oriented f7YWl6VEP6E t o  the 

When samples oriented 
parallel  t o  the R.D. Inotch transverse t o  R.D.) were 
evaluated the toughness of three of the microstructural 
regions m6 again equivalent t o  that  of the base metal. 
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The fourth  region, which contained a f i n e  prior austenite 
grain s i z e  exhibited superior toughness properties with 
respect t o  both the duct i le- to- bri t t le  transi t ion tem- 
perature (DBTT) and the upper shelf  energy. 

7.7 The Effect of Postweld Heat Treatment on the Toughness of 
the Heat-Affected Zone in a 12Cr-1Mo-0.3V Steel (HT9) 
(Sandia National Laboratories) . . . . . . . . . . . . . .  388 

Samples both transverse and longitudinal t o  the 
rol l ing direct ion (R.D.) of the plate were subjected t o  
thermal cycles i n  the Gleeble which simulated four d i s t i nc t  
microstructures i n  the HAZ. Following the Gleeble heat 
treatment, the samples were tempered a t  e i ther  76OoC or 
60OoC for one hour and subsequently tested over a range of 
temperatures i n  the Charpy apparatus. Charpy t e s t  resu l t s  
revealed that the higher PWHT decreased the ductile-to- 
b r i t t l e  transi t ion temperature (DBTT) and increased the 
upper shel f  energy of three of the microstructures. 
four th  microstructure was re la t ive ly  m f f e c t e d  by the PWHT 
since the peak temperature experienced by t h i s  HAZ region 
i s  not su f f i c i en t  t o  reaustenit ize the structure during 
welding. 
s l i g h t l y  above the austeni t izat ion temperature during 
Uelding exhibi ts  the best toughness properties due t o  the 
refinement of the austenite grain s i ze .  

The Charpy results indicate that a 60OoC postweld heat 
treatment i s  not su f f i c i en t  t o  increase the toughness of 
the  w e l d  region t o  a level  which would guarantee the struc- 
tural i n t egr i t y  of a large component. 
that  the ambient temperature toughness should be s u f f i c i e n t  
t o  ensure extended l i f e  during cyc l ic  loading and periodic 
shutdown of the reactor. 

Interpretive Report on the Weldability of 12Cr-lMo-0.3V 
(HT9) Martensitic Stainless Steel, Part 2: Suitability for 
Fusion Reactor First Walls and Blanket Structures (Sandia 
National Laboratories) . . . . . . . . . . . . . . . . . .  399 

mercial experience and ADP-sponsored research concerned 
o i t h  the weldabil i ty of the HT9 candidate al loy .  
general conclusion of t h i s  report was that  HT9 exh ib i t s  
adequate weldabil i ty and i s  suitable from a fabrication 
standpoint; however, the question of in-service behavior 
and survivabi l i ty  i n  an operating reactor have not been 
addressed. T o  date, the data t o  m k e  such judgments are 
not available. Continuing research i n  the areas of irra-  
diat ion damage, fa t igue behavior, hydrogen embritttement, 
and the synergism among these issues  and others must be 
pursued before the s u i t a b i l i t y  of HT9 weld microstructures 
i n  fus ion  reactor environments can be property assessed. 

A 

The region of the microstructure heated j u s t  

I t  i s  imperative 

7.8 

A previous report s u m r i z e d  the resu l t s  of both com- 

The 
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7.9 Hydrogen Embrittlement of ESR Processed 12Cr-1Mo Steel 
(Sandia National Laboratories) . . . . . . . . . . . . . .  401 

of hydrogen on the d u c t i l i t y  of a quenched-and-tempered 
12Cr-1Mo a l loy  from the National Fusion Heat-ESR 
processed. specimens Were cathodicatl charged with 

150 minutes. In the uncharged condition, the ESR specimens 
f a i l e d  by intergranular rupture with prominent secondary 
cracking along prior austenite grain boundaries. 
l eas t  severe cathodic charge (0.003 A/cm2 - 15 minutes), 
the  t ens i l e  d u c t i l i t y  (RA)  decreased 33% and the degree 
o f  secondary cracking increased. A t  0.003 A/cm2 f o r  
150 minutes, the d u c t i l i t y  decreased fur ther  and the frac-  
ture  mde  changed t o  classical  intergranular fracture .  
These resul ts  generally mztched those f o r  the AOD processed 
120-1Mo a l loy  that had been tested previously. 

phosphorous and the carbide-forming elements Cr, Mo, W t o  
the  prior austenite grain boundaries. I n  the l i t era ture ,  
phosphorous has been shown t o  embrit t le these boundaries, 
especially i n  the presence of hydrogen. 

The combimtion of t ens i l e  data on hydrogen charged 
ESR mad AOD 12Cr-lMo s tee t  present several reasons f o r  con- 
cern regarding the suscep t ib i l i t y  of t h i s  a l loy  t o  hydrogen 
embrittlement. 
Sandvik HT-9 are addressed i n  terms of these mre recent 
f ind ings  . 

Tensile t e s t s  were performed t o  determine the e f f e c t  

hydrogen a t  0.003 A/cm2 and 0.006 A/cm Y f o r  15 t o  

For the 

Auger analysis indicates that there i s  segregation of 

Earlier resu l t s  of hydrogen charged 

7.10 Tensile Properties of Ferritic (Martensitic) Steels After 
Low-Temperature HFIR Irradiation (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  414 

I n  addition t o  the f e r r i t i c  s t ee l s  previously tes ted,  
experiment HFIR-CTR-33 also contained t ens i l e  specimens of 
ZO%-cold-worked type 316 s tainless  s tee l  f o r  i r m d i a t i o n  a t  
about 55oC. The t ens i l e  behavior of the type 316 s tainless  
s t ee l  WIS determined a t  room temperature and 3OO0C, and the 
resu l t s  showed the i rmdia ted  properties of the two classes 
o f  s t ee l s  t o  be qui te  similar. 

7.11 Helium Embrittlement Tests on Ferritic Steels (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . . .  424 

1 2  -1 MOW s tee l s  that  were i rmd ia t ed  a t  55OC i n  HFIR t o  
produce up t o  about 50 a t .  ppm He indicated that  there was no 
helium embritttement. These resu l t s  contrast with l i t era ture  
data showing that very small amounts of helium can cause a 
large decrease i n  d u c t i l i t y  f o r  nuny a l loys  when tes ted under 
equivalent conditions. 

Tensile t e s t s  a t  7OO0C a nickel-doped 9 Cr-1 MolrNb and 
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7.12 Reconstitution of the AD-2 Ferritics Experiment 
(Westinghouse Hanford Company) . . . . . . . . . . . . . .  431 

Six  uninstrumented B-7c capsules were removed from the 
EBR-II a f t e r  undergoing irradiation during Cycles 109-113. 
Several specimens were removed and distributed f o r  interim 
emmination, white the remaining specimens were re- 
encapsulated i n to  four new B-7c capsules. 
some irradiated specimens were included i n  the new 
capsules. 
end a f t e r  Cycle 123.  

In addition, 

Irradiation continued with Cycle 118 and will 

7.13 Fractographic Examination of Compact Tension Specimens of 
Unirradiated HT-9 and Modified 9Cr-1Mo Welds (Westinghouse 

Miniature compact tension specimens of HT-9 and 
Hanford Company) . . . . . . . . . . . . . . . . . . . . .  442 

modified 9Cr-1Mo w e l d  w t a l  and HT-9 HAZ mzterial have been 
tes ted and examined by scanning electron microscopy i n  
order t o  provide baseline data f o r  comparison with i r m -  
diated specimens, t o  provide understanding of the fracture 
process in these mzteriats, and t o  assess the usefulness of 
crack opening displacement masurements based on frac- 
tographic analysis. For specimens tested at  ZOSOC, crack 
propagation i s  found to  be due t o  microvoid coalescence. 

7.14 Postirradiation Notch Ductility of the Weld Heat Affected 
Zone ( H A Z )  of Alloy HT-9 Plate (AOD Heat) (Naval Research 
Laboratory and Sandia National Laboratories) . . . . . . .  460 
t i on  as a f i r s t  wztt mzterial i n  ntzgnetic fus ion  reactors. 
The s ize  and complexity of projected components m y  
necessitate the use of welding f o r  component fabrication; 
according1 y ,  s tudies of A l l o y  HT-9 mdia t ion  resistance 
capabi l i t ies  are including assessments of weld  deposits 
and weld HAZ mzterials. 
sents a jo in t  e f f o r t  by the Naval Research Laboratory 
( N R L )  and the Sandia National Laboratories at  Livermore 
( S N L L I .  

c h r p y - v  (C,) specimens simulating four  posit ions 
across a weld HAZ and specimens of the parent plate 
material were irradiated a t  288Oc t o  -8 x 1019 n/cm2, 
E> 0.1 MeV. The HAZ specimens were thermally cycled on 
a Gleeble apparatus; individual thermal cycles provided 
peak temperatures of 1380, 1152, 974 ur 828OC. Postirra- 
diat ion notch d u c t i l i t y  determinations revealed the HAZ t o  
have essen t ia l ly  uniform mdia t ion  embrittlement sen- 
s i t i v i t y  across i t s  width. In addition, the data showed 
the  mdia t ion  resistance level  of the HAZ t o  be comparable 
t o  that of the parent plate.  
tha t ,  f o r  the 288oC service condition, the fracture  
resistance of irradiated HT-9 weldments will not be 
governed primarily by the ueld HAZ. 

A l l o y  HT-9 i s  being evaluated f o r  potential  applica- 

The present investigation repre- 

The resu l t s  i n  turn suggest 
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8 .  STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . .  467 

National Laboratory) . . . . . . . . . . . . . . . . . . .  46% 
8 . 1  Irradiation Experiment Status and Schedule (Oak Ridge 

principal features of mny DIP irradiation experi- 
ments are tabulated. Bar charts show the schedule for 
recent, current, and planned experiments. Experiments are 
presently under m y  i n  the O a k  Aidge Research Reactor IORR) 
and the High F l u  Isotope Reator (HFIR), which are mixed 
spectrum reactors, and i n  the Experimental Breeder Reactor 
( E B R- I I ) ,  which is a f a s t  reactor. 

8.2  ETM Research Materials Inventory (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  476 

The o f f i c e  of E s i o n  Energy  has assigned program 
responsibi l i ty  t o  ORNL f o r  the establishment and operation 
of a central inventory of research m t e r i a l s  t o  be used i n  
the  Fusion Reactor MatEriah research and development 
programs. 
material f o r  the Fusion Reactor Materials Program. This 
will minimize unintended mz t e r iah  variables and provide 
for economy i n  procurement and for centralized record- 
keeping. 
related t o  first-wall and structural applications and 
related research, but various special purpose m t e r i a t s  m y  
be added i n  the future .  

The objective i s  t o  provide a c o m n  SUpp1y of 

I n i t i a l l y  t h i s  inventory will focus on m t e r i a t s  

9 .  MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . .  481 

9 .1  Corrosion of Austenitic, Ferritic, and Long-Range- 
Ordered Alloys in Flowing Lithium (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  482 

Result6 from l i th ium theml-convec t ion  loop (TCL) 
t e s t s  of type 316 s ta in less  s t ee l ,  Sandvik HT9, and a long- 
range-ordered (LEO) a l loy  composed of Fe-31.8 N622.5 V- 
0.4 T i  (ut %) are reported. Type 316 s tainless  s teel  and 
HT9 had similar steady-state dissolution rates  at  500OC. 
The Lm alloy was rapidly corroded in t y p e  316 s tainless  

l i th ium showed that  dissimilar-metal transfer  probably mde  
a very s igni f icant  contribution t o  the overall LIio a l loy  
corrosion rate measured i n  the above experiments. 

s tee l  TCLS. .YOueVer, ? ' E s U l t s  from i so therm1 tes t6  in 

9.2 Environmental Effects on Properties of Structural Alloys 
(Argonne National Laboratory) . . . . . . . . . . . . . . .  491 

Compdtibility tests were conducted with several can- 
didate structural m t e r i a t s  t o  study the corrosion behavior 
in flowing lithium, and fa t igue  t e s t s  were performed with 
HT-9 al loy  specimens that  were preexposed t o  lithium. 
resu l t s  indicate that  the corrosion rate of f e r r i t i c  s t ee l s  

The 
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is an order of mzgnitude lower than for the  austeni t ic  
s ta in less  s t ee l .  
Type 316 s ta in less  s teel  is a fac tor  of 3 greater than that 
for the annealed s t ee l .  Freeqosure (1000 h/ of the HT-9 
a l loy  t o  tow-nitrogen l i thium has no e f f e c t  a fat igue 
l i f e .  
V-15Cr-5Ti a l loys  are highly corrosion res is tant  i n  523 K 
f250OCJ deoxygenated nzter .  

The corrosion rate for cold-worked 

Preliminary scoping studies indicate that V-15Cr and 

9.3 Corrosion of Austenitic and Ferritic Steels in Static 
Pt-17 at. % Li (Oak Ridge National Laboratory) . . . . . , 500 

Specimens of type 316 s tainless  s teel  and Sandvik HT9 
were exposed to  s ta t i c ,  m l t e n  Pb-17 a t .  % A i .  Weight 
losses of these al loys  exposed t o  P b 1 7  a t .  % L i  were m c h  
greater than those measured i n  s ta t i c ,  pure lithium. 
Decreased weight losses at  longer exposure times m r e  
thought t o  be a resul t  of possible corrosion product for- 
mation a the specimen surfaces due t o  impurit ies in the 
melt.  

9.4 Compatibility Studies of Structural Alloys with Solid 
Breeder Materials (Argonne National Laboratory) . . . . . . 507 

The compatibility of solid L i 2 0 ,  L C A l O 2 ,  and L i 2 S i 0 3  
breeder rmterials with Type 326 s ta in less  s tee l  and ET-9 
a l loy  has been investigated a t  773 K (500OO.  The resu l t s  
show that  f o r  L i z O ,  the alloy-ceramic interactions at  773 K 
are similar t o  that observed a t  973 K (7OO0C).  Both s t ee l s  
show a uniform layer of i n t e r n 1  penetration and a thick  
outer scale that consis ts  of the ceramic rmteriat embedded 
with iron-rich corrosion products. Specimens exposed with 
L i A l 0 2  or L i 2 S i O 3  show no wasumbte  interact ion.  
p a t i b i l i t y  t e s t  d t h  L i 2 0  has been in i t i a t ed  at  823 K 
155OOCI in a f l o h n g  helium enoironment containing 
controlled mounts  of m i s t u r e  and hydrogen. 

A com- 




