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SUMMARY 

1. HTGR CHEMISTRY 

Peach Bottom Surveillance Program 

Work on this task was completed in FY 1978 with the disposal of 
fuel element remnants and publication of the last two fuel element 
examination reports. In all, six fuel element examination reports were 
published, including four end-of-life elements, a primary circuit 
analysis report, and a study of fuel-particle failure fractions. 

Fission Product Sorption/Desorption from Primary Circuit Materials 

An apparatus for the study of iodine sorption/desorption from 
primary circuit alloy materials has been assembled, and one series of 
test runs has been completed. These initial runs revealed both a 
problem with oxygen contamination and a design flaw in the iodine source 
generator, which are being corrected. 

An apparatus for the study of iodine sorption on graphite at 1-atm 
total pressure is being assembled. Modifications of this apparatus, 
which would allow sorption tests at 10 atm as well as depressurization 
tests from this pressure, are currently being designed. 

Graphite Strength Loss Caused by Corrosion 

Four corrosion runs have been completed (as of February 1979) on 
1/2- and 3/4-in. diam specimens of H-451 graphite. 
from 7 to 28 days; total burnoffs ranged from 5 to 10%. 

Run durations ranged 

Apparatuses to measure surface area, porosimetry, and apparent 
density in helium are either completed or in calibration runs. 
tometry profiling by x ray appears to be quite feasible and is being 
developed. Sonic attenuation has evolved as a means of estimating 
background flaw size. 

Densi- 

Graphite grades H-451 and S-2020 are on hand, and nondestructive 
testing of H-451 is complete. Similar tests on S-2020 are in progress. 

Tritium Distribution and Inventory in the Peach Bottom HTGR 

The final report of this work has been drafted and technically 
reviewed. Measured inventories of tritium in fuel and graphite com- 
ponents of the core are reported as well as an initial attempt at 
general descriptions of tritium movements in the core and of releases 
from the reactor. 

vii 
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Fission Product Transport in Graphite 

A write-up is currently in process of the research on cesium 
diffusion in various graphite, conducted by R. B. Evans 111 prior to 
his death. A study of silver diffusion in H-451 graphite has been 
initiated under subcontract with the Texas A. IS M. Research Foundation. 
Plutonium, uranium, and thorium concentration profiles are being obtained 
in previously acquired samples of Peach Bottom fuel elements. 

2. FUELED GRAPHITE DEVELOPMENT 

The Fueled Graphite Development Program at ORNL is part of a national 
HTGR fuel development program being conducted at ORNL and at the General 
Atomic Company (GA). A "unified" program plan has been written by GA 
and ORNL personnel, organized around three goals: (1) to develop and 
qualify low-enriched uranium (LEU)/medium-enriched uranium (MEU) fuel for 
use in proliferation-resistant fuel cycles in HTGRs; (2) to complete the 
fuel development work that is generic to LEU, MEU, and highly enriched 
uranium (HEU) fuel cycles; and (3)  to complete the development of HEU 
fuel to the point of proof testing. This program plan is unified 
because it deals with all possible fuel cycles for the HTGR, although 
current emphasis is on the MEU cycle. 

The ORNL program is organized around several subtasks. We discuss 
here the highlights of work done during this reporting period under each 
subtask. 

Irradiation Experiment Subtask 

HFIR Target Capsules: Final reports were completed on capsule 
experiments HT-17 through -19, HT-31, HT-32, and HT-33. Postirradiation 
examination (PIE) was completed on capsule HT-34. 
(HT) capsule experiments were initiated during the reporting period. The 
next HT capsule is scheduled to begin irradiation in March 1980, but this 
schedule is dependent on adequate funding for the work, which is very 
uncertain at present. 

No new HFIR target 

HFIR Removable Beryllium Capsules: Postirradiation examination was 
completed on capsule experiments HRB-11, -12, and -13 [except for 
irradiated microsphere gamma analyzer (IMGA) examination]. A final report 
was completed on the HRB-11 and -12 experiments. Two capsules (HRB-14 
and -15b) were assembled and irradiated during the reporting period. 
The next HFIR removable beryllium (HRB) capsule (HRB-15a) is scheduled 
to begin irradiation in March 1980 but is dependent on the uncertain 
funding pattern. 

ORR Capsules: A final report was completed on the OF-2 experiment. 
No additional Oak Ridge Reactor (ORR) capsules are scheduled until 
March 1982. 
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Peach Bottom Reactor  Experiments:  A f i n a l  r e p o r t  w a s  i s s u e d  on 
t h e  Peach Bottom Reactor  Recycle  Test Element (RTE) Program, which was 
suppor ted  by t h e  HTGR Recycle Program. 

F o r t  S t .  Vrain Reactor  Experiments:  T h i s  work w a s  a l s o  suppor ted  
by t h e  HTGR Recycle Program b u t  is  r e p o r t e d  h e r e  t o  p r o v i d e  a complete 
p i c t u r e  of t h e  i r r a d i a t i o n  program. The F o r t  S t .  Vrain Reac tor  (FSVR) 
tes t  elements  have been a t  t h e  r e a c t o r  s i t e  a w a i t i n g  i n s e r t i o n  w i t h  t h e  
f i r s t  r e l o a d  s i n c e  May 1978. Q u a l i t y  i n s p e c t i o n  showed higher- than-  
a c c e p t a b l e  f a i l u r e  rates i n  some weak-acid r e s i n  (WAR)- d e r i v e d  f u e l  
manufactured a t  OWL.  It w a s  n o t  known whether  t h e  h i g h  f a i l u r e  ra te  
w a s  a r e s u l t  of t h e  f a b r i c a t i o n  p r o c e s s  o r  w a s  caused by t h e  cure- in-  
p l a c e  o p e r a t i o n  and subsequent  removal of f u e l  r o d s  from t h e  test 
f i x t u r e s  f o r  a c t i v a t i o n  i n  t h e  T r i g a  Reac tor  a t  GA. A d d i t i o n a l  q u a l i t y  
i n s p e c t i o n  work w a s  performed d u r i n g  t h i s  r e p o r t i n g  p e r i o d  t o  de te rmine  
t h e  cause  of t h e  h i g h  f a i l u r e  rate. This  work w i l l  b e  completed d u r i n g  
t h e  f i r s t  h a l f  of 1979. Other  work on t h e  FSVR tes t  element  f u e l  
i n c l u d e s  i m p u r i t y  a s  w e l l  as heavy meta l  a s s a y  a n a l y s i s .  

Development Subtask 

P e r m e a b i l i t y  S t u d i e s :  During t h i s  r e p o r t i n g  p e r i o d  t h e  t e c h n i q u e s  
t h a t  have been developed t o  measure p e r m e a b i l i t y  i n  pyrocarbon (PyC) 
c o a t i n g s  w e r e  a p p l i e d  t o  a l a r g e  number of b a t c h e s .  C o r r e l a t i o n s  w e r e  
made between (1) PyC p e r m e a b i l i t y  t o  f i s s i o n  gas  and o t h e r  i n e r t  g a s e s  
and (2) c o a t i n g  p r o p e r t i e s  and d e p o s i t i o n  c o n d i t i o n s .  A c o n c l u s i o n  w a s  
reached t h a t  i t  i s  p o s s i b l e  t o  make g a s t i g h t  PyC c o a t i n g s  b u t  t h a t  i t  i s  
d i f f i c u l t  w i t h  c u r r e n t  c o a t i n g  technology and probably cannot  be done 
economical ly  on a p r o d u c t i o n  b a s i s  because t h e  r e j ec t  ra te  w i l l  b e  t o o  
h igh .  

Pyrocarbon Coat ing  Using Carbon Dioxide D i l u e n t  Gas: This  work 
w a s  i n i t i a t e d  because of t h e  o u t s t a n d i n g  i r r a d i a t i o n  performance of 
b a t c h  OR 2013 i n  s e v e r a l  HT c a p s u l e  i r r a d i a t i o n s .  This  b a t c h  w a s  fab-  
r i c a t e d  i n  t h e  l a b o r a t o r y - s c a l e  c o a t e r s .  The o b j e c t i v e  of t h e  work w a s  
t o  produce t h e  s a m e  q u a l i t y  of c o a t i n g s  i n  t h e  product ion-sca le  c o a t e r s .  
S e v e r a l  r u n s  have been made, b u t  none have reproduced the p r o p e r t i e s  of 
t h e  c o a t i n g s  i n  ba tch  OR 2013. 

S i n t e r i n g  and Conversion S t u d i e s  on Dense UCO Fuel :  Dense UCO f u e l  
appears  t o  o f f e r  s u p e r i o r  i r r a d i a t i o n  performance and h a s  none of t h e  
d isadvantages  of dense UC2 o r  U 0 2 .  The dense k e r n e l  a l s o  o f f e r s  b e t t e r  
f i s s i o n - g a s  r e t e n t i o n  t h a n  t h e  porous WAR UCO f u e l .  E f f o r t s  a r e  under 
way a t  ORNL t o  develop a dense p r o d u c t  t h a t  h a s  t h e  d e s i r e d  i n i t i a l  
chemis t ry .  

Improved S i l i c o n  Carb ide  (Sic) Coat ing Development: The f i s s i o n  
p r o d u c t  spectrum f o r  MEU f u e l  i s  such t h a t  much more s i lver  and 
pa l lad ium are produced t h a n  are produced w i t h  HEU f u e l .  
mobile and h a s  been observed t o  d i f f u s e  through S i c .  Pa l lad ium i s  cor ro-  
s i v e  and a t t a c k s  S i c .  S i l i c o n  c a r b i d e ,  which resists s i l v e r  d i f f u s i o n  

S i lve r  i s  very  
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and pa l lad ium c o r r o s i o n ,  i s  b e i n g  developed by c h a r a c t e r i z i n g  t h e  S i c  
m i c r o s t r u c t u r e  and subsequent ly  c o r r e l a t i n g  r e s i s t a n c e  t o  s i l ve r  d i f f u -  
s i o n  and pa l lad ium c o r r o s i o n  (measured i n  out -of - reac tor  thermal  g r a d i e n t  
h e a t i n g  t e s t s )  w i t h  m i c r o s t r u c t u r e .  
m i c r o s t r u c t u r e  h a s  been i d e n t i f i e d ,  t h e  f a b r i c a t i o n  c o n d i t i o n s  n e c e s s a r y  
t o  produce t h a t  m i c r o s t r u c t u r e  w i l l  b e  e s t a b l i s h e d .  
i n i t i a t e d  d u r i n g  t h e  last  h a l f  of t h e  r e p o r t i n g  p e r i o d .  

A f t e r  t h e  bes t -per forming  S i c  

T h i s  work w a s  

I r r a d i a t i o n  Support  Subtask  

Two areas of work are r e p o r t e d :  (1) t h e  n u c l e a r  and thermal  a n a l y s i s  
of c a p s u l e  HRB-15b and ( 2 )  ou t -of - reac tor  s t u d i e s  of f i s s i o n  product /S iC 
c o a t i n g  i n t e r a c t i o n .  

Capsule  HRB-15b w a s  des igned  somewhat d i f f e r e n t l y  from p r e v i o u s  HRB 
c a p s u l e s .  The f u e l ,  i n  t h e  form of i n d i v i d u a l  c o a t e d  p a r t i c l e s ,  w a s  
loaded i n t o  t r a y s  t h a t  resembled f l a t  g r a p h i t e  washers  w i t h  h o l e s  
d r i l l e d  i n t o  one f a c e .  The t r a y s  were s t a c k e d  i n  a l t e r n a t e  f i s s i l e /  
f e r t i l e  a r r a y s .  No g r a p h i t e  s l e e v e  w a s  inc luded  i n  t h e  c a p s u l e .  The 
o b j e c t i v e  w a s  t o  p r o v i d e  p a r t i c l e s  i r r a d i a t e d  a t  low t e m p e r a t u r e s  f o r  
subsequent  t h e r m a l - g r a d i e n t ,  ou t -of - reac tor  t e s t i n g .  

The f i s s i o n  product /SiC i n t e r a c t i o n  s t u d i e s  d u r i n g  t h i s  r e p o r t i n g  
p e r i o d  focused  on p a r t i c l e s  w i t h  " f i s s i o n  product"  c o n c e n t r a t i o n s  
r e p r e s e n t a t i v e  of MEU f u e l  o p e r a t e d  t o  burnups of about  25% FIMA. The 
s i m u l a t e d  f i s s i o n  p r o d u c t s  of a p p r o p r i a t e  c o n c e n t r a t i o n  were added t o  
UO2 o r  U C 2  k e r n e l s  and t h e n  T r i s o  c o a t e d  and h e a t e d  i n  a thermal  
g r a d i e n t .  The f i s s i o n  p r o d u c t s  s t u d i e d  i n c l u d e  Mo, Ru, Rh, Pd, Ag, and 
Cd. I n  Tr i so-coa ted  U 0 2  t h e  f i s s i o n  p r o d u c t s  Ru, Rh, Pd, and A g  can 
i n t e r a c t  w i t h  t h e  S i c  a t  tempera tures  several hundreds of d e g r e e s  
C e l s i u s  above t h e  r e a c t o r  o p e r a t i n g  tempera ture .  I n  Tr i so-coa ted  U C 2  
t h e  f i s s i o n  p r o d u c t s  ruthenium, rhodium, and pa l lad ium promote t h e  
i n t e r a c t i o n  o f  a uranium-containing second phase th roughou t  the Sic layer 
a t  more normal r e a c t o r  o p e r a t i n g  tempera tures .  

P r o j e c t  Work Sta tement  Subtask  

Four p r o j e c t  work s t a t e m e n t  s u b t a s k s  (PWSs) are  i n c l u d e d  under  t h e  
Fueled G r a p h i t e  Development Program: 

1. Work on PWS FD-1 ( C r i t i c a l  E v a l u a t i o n  of LEU F u e l  Performance Data) 
w a s  completed d u r i n g  t h e  r e p o r t i n g  p e r i o d ,  and a j o i n t  ORNL-KFA-GA 
r e p o r t  w a s  p u b l i s h e d .  

2.  Work on PWS FD-12 ( Q u a n t i f i c a t i o n  of I r r a d i a t i o n - I n d u c e d  P e r m e a b i l i t y  
i n  Pyrocarbon Coat ings)  w a s  de layed  from t h e  s c h e d u l e  i n i t i a l l y  
planned because  of d e l a y s  encountered i n  t h e  shipment of f u e l  from 
Germany t o  t h e  Uni ted  States .  T h i s  PWS involved  c h a r a c t e r i z a t i o n  
of i r r a d i a t e d  c o a t e d  p a r t i c l e s  w i t h  t e c h n i q u e s  developed i n  t h e  
United States  f o r  measurement o f  p e r m e a b i l i t y .  Data on i r r a d i a t e d  
Ge-rman f u e l  i s  t o  be compared w i t h  d a t a  from HT-34 and HRB-14 f u e l  
i r r a d i a t e d  i n  t h e  United S ta tes .  Measurements are complete  on a r c h i v e  
f u e l  from a l l  experiments  t o  b e  c o n s i d e r e d  under t h i s  PWS. 
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3. Work on PWS FD-13 [comparison of IMGA and Postirradiation Annealing 
and Autoradiography (PIAA)] has proceeded approximately on the 
original schedule, although some shipping delays have been 
encountered. Descriptions of both IMGA and PIAA are completed, and 
the IMGA analysis of the U.S. fuel is complete. 

4. Work on PWS FD-18 (Fuel Chemical Performance Modeling) was initiated 
at the end of the reporting period, and there is little to report. 

Equipment Development and Support Subtask 

The IMGA system was operational for most of the year. A few prob- 
lems were encountered with the particle-handling system, and work was 
initiated on the design of a second particle-handling system which will 
have improved in-cell reliability. Coated particles from OF-2, HT-34, 
and HRB-11 through -13 were examined with IMGA during the reporting period. 

Equipment (time-of-flight mass spectrometer, PDP-8 minicomputer) 
for the postirradiation gas analyzer (PGA) system was procured during 
the reporting period. 
constructed. 
problems were encountered that were not solved by the end of the 
reporting period. 

The particle-breaking system was designed and 
The system was assembled, but during checkout a number of 

Service Work for General Atomic Company 

In addition to work on the above five subtasks, considerable work 
was done for GA in areas in which ORNL has unique capabilities. 
this reporting period the following work was accomplished: 

During 

1. 

2. 

3. 

4 .  

5. 

Permeability studies were conducted on 24  batches of Biso-coated 
fertile particles fabricated in production-scale coating equipment. 
An additional ten Biso-coated batches were characterized for com- 
parison with irradiation results on these particles. The purpose 
of these studies was to correlate coating permeability with 
coating properties and deposition conditions. 

Nondestructive assay measurements of fertile and fissile content were 
accomplished on FSVR test-element fuel that was fabricated by GA. 
Delayed neutron and prompt neutron techniques were employed. Destruc- 
tive assay, using wet chemistry techniques, was also used on these 
rods, and results from the various techniques used were compared. 

Hot gaseous chlorine leach (1000°C) of eight fuel rods irradiated 
in the Peach Bottom Reactor (FTE-16) was accomplished and the 
resulting data forwarded to GA during the reporting period. 

Metallographic examination of eight GA fuel rods irradiated in 
Capsule HRB-12 was accomplished and the data forwarded to GA. 

Microprobe examination of one cross section from a GA fuel rod irradi- 
ated in Experiment P13Q was accomplished and the data forwarded to GA. 



xii 

3 .  PRESTRESSED CONCRETE PRESSURE VESSEL DEVELOPMENT 

A plan for the development of an optimized prestressed concrete 
pressure vessel (PCRV) has been prepared. Although the plan was 
originally based on optimization of the PCRV for the 900-MW(e) steam- 
cycle HTGR Reference Plant, it is equally applicable to PCRVs proposed 
for use with advanced HTGR systems. 

Under the analytical methods task area, improved PCRV nonlinear 
analysis methods and analytical procedures for efficiently modeling 
steel reinforcing bar layouts in finite-element analyses are being 
developed. Of the two nonlinear constitutive models that have been 
evaluated, the endochronic model predicts nonlinear behavior and ulti- 
mate load much more accurately than does the concrete model employed in 
the ADINA finite-element computer code. A procedure is being developed 
to permi.t arbitrarily oriented reinforcing bars in isoparametric con- 
tinuum elements. The development of such a satisfactory procedure will 
greatly improve capability for modeling rebars because current procedures 
restrict: the location of rebars to the edges of continuum elements. 

The best available concrete constitutive models are severely 
restricted by the lack of complete concrete multiaxial test data. Con- 
sequently, work has been initiated on development of a concrete multi- 
axial testing capability at ORNL. Current activities consist of 
preparing a compilation of published multiaxial test data and of per- 
forming an evaluation of existing facilities in which multiaxial tests 
have been conducted. Based on our conclusion that there is need for a 
facility in which to conduct a full spectrum of multiaxial tests for a 
fairly wide range of temperatures, we have initiated the design of an 
enclosure for a multiaxial test facility at ORNL. 

The experimental evaluation study of a representative sampling of 
commercially available concrete embedment strain instrumentation has 
been completed. It was concluded that calibration factors supplied by 
the manufacturers require verification, that improved sealing and 
corrosion protection is required, and that improved types of embedment 
instrumentation should be developed by using different measurement 
techniques. 

The results of studies that were conducted to assess the desirability 
of using acoustic emission (AE) to monitor PCRV structural performance 
indicate that the technique has considerable potential. Recent evalua- 
tions have included monitoring of plain concrete cylinders, prestressed 
concrete beams, and thick-walled steel pressure vessels. Results show 
that, using AE, we can identify, locate, and indicate the severity of 
flaw propagation in prestressed concrete structures as well as detect 
the onset of failure. 

A PCRV Model Program Definition was prepared under subcontract by 
GA in support of the 900-MW(e) HTGR Steam Cycle Plant development. This 
document outlines the objective, scope, modeling philosophy requirements, 
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review responsibility, and schedule of the required testing program. 
We anticipate that model tests of PCRVs designed for advanced HTGR 
systems will have similar model requirements. 

Under the ongoing fracture testing program for typical PCRV plates, 
forgings, and weldments, recent Charpy impact and fracture toughness 
test results are described. A distinct difference has been found between 
bulk-weld metal and root-weld toughness; however, we plan further testing 
to provide confirmation and understanding of this effect. 

4 .  STRUCTURAL MATERIALS 

The principal objective of the Structural Materials Program is to 
provide the required data for design and licensing of safe and economic 
high-temperature components for the HTGR. Mechanical properties of 
selected materials are being determined in prototypical helium environ- 
ments. In addition, structural stability, weldability, and steam ccrro- 
sion are being studied to characterize more fully material behavior. A 
new task was added to the program during this reporting period: studies 
on structural ceramics. This task started at the beginning of FY 1979, 
and work was in progress for only the last three months of the reporting 
period; consequently, there are no results to report. 

Highlights of the work done during the past year are: 

Helium Effects Subtask 

Creep tests on Hastelloy X up to 20,000 h in duration have shown 
that the creep behavior of this alloy in helium is not detectably 
different from that in air, although carburization occurs in helium. 
The kinetics of carburization become rapid above 850°C. 

The creep strength of 2-1/4 Cr-1 Mo steel is lower in helium than 
in air because of carburization. Reduction in creep strength is greater 
at higher temperatures because the kinetics of carburization become 
quite rapid above 600°C. 

Inconel 617 is considerably stronger than Hastelloy X in both 
helium and air. 
testing in helium for over 1000 h at 871°C. 

Modified Hastelloy N was not carburized during creep 

Creep tests on weldments of Hastelloy X joined to itself with 
Hastelloy X and Hastelloy S filler metals showed that test specimens 
prepared using the gas-tungsten-arc (GTA) welding procedure had longer 
rupture lives than specimens prepared using the shielded-metal-arc welding 
(SMAW) procedure. Minimum fracture strains of 3% were noted for the 
SMAW welds tested at 649"C, whereas minimum values for Hastelloy X filler 
metal deposited by the GTA process were 6.5%, and those for Hastelloy S 
deposited by the GTA process were 10%. 
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Weld failures consistently occurred in the Incoloy 800H base metal 
or in the heat-affected zone (HAZ) of the Incoloy 800H end of the weld 
during creep testing of specimens prepared by joining Hastelloy X and 
Incoloy 800H and by using either the Inco 82 filler metal and the GTA 
welding procedure or the Inco Weld A filler metal and the SMAW procedure. 

Conclusions drawn from fatigue testing of 2-1/4 Cr-1 Mo steel in 
air are: (1) use of hold periods reduces cyclic life compared with 
testing with no-hold period, (2) compressive holds are more damaging 
than tensile holds, and (3) combined tensile and compression holds of 
equal duration are more damaging than either tensile or compressive 
holds. Testing in helium showed that compressive holds were less 
damaging than tensile holds, which indicates that environment influences 
the conclusion about the most damaging type of hold period. 
tinuous cycling tests (zero hold time) at 538"C, the cyclic life of 
2-1/4 Cr-1 Mo steel tested in impure helium either exceeds or is equiv- 
alent to that tested in air. 

For con- 

Fatigue crack-growth rates (CGR) are higher in air and steam than 
in HTGR helium and vacuum environments for 2-1/4 Cr-1 Mo steel. The 
exclusion of oxygen from the crack tip in the vacuum and helium environ- 
ments is thought to be the reason for this behavior. In the HA2 of 
2-1/4 Cr-1 Mo steel/ERNiCR-3 welds, the fatigue CGR is between that of 
2-1/4 Cr-1 Mo steel base metal and ERNiCr-3 weld metal. 
in Hastelloy X weld metal were lower than in base metal at 538 and 649OC. 

Fatigue CGRs 

The carburization rate of Hastelloy X does not increase uniformly 
from 750 to 950°C; the activation energy for carburization appears to 
change abruptly from 44 kcal/mol below 854°C to 10 kcal/mol above 854°C. 

Welding Development Subtask 

We examined the effect of weld dilution on short-term creep 
properties and on fusion line aging characteristics for three nickel- 
based weld metals used in transition joints involving a ferritic steel. 
It was found that, for ERNiCr-3 and ENiCrFe-3 tested at 649°C in air, 
weld dilution reduces the creep-rupture life compared with a pure 
undiluted sample. No significant differences were apparent in the 
fusion line aging characteristics of the three weld metals. 

Steam Corrosion Subtask 

The long-term exposure of a variety of alloys to superheated steam 
at 482 and 538°C continued throughout the year. 
tion of oxide was noted only on 2-1/4 Cr-1 Mo and about nine chromium 
steel specimens tested at 538OC; all other materials gained weight at 
a slow, constant rate. In another test, it was demonstrated that 
Incoloy alloy 800H, stressed to 90% of its ASME design yield stress, 
is not subject to stress corrosion cracking in superheated steam con- 
taining 20 to 30 ppb sodium (as NaOH) at 538°C. 

After 18,000 h, exfolia- 



XV 

5.  HTGR GRAPHITE STUDIES 

Creep c a p s u l e  OC-2 completed i t s  planned 110-d i r r a d i a t i o n  i n  the 
ORR du r ing  t h i s  r e p o r t i n g  pe r iod .  Design improvements were i n c o r p o r a t e d  
i n t o  t h i s  c a p s u l e  t o  overcome t h e  problems a s s o c i a t e d  w i t h  t h e  O C - 1  
capsu le ,  which was ope ra t ed  a t  600°C. Work on t h e  OC-3 c a p s u l e  w a s  
completed f o r  a January  1979 i n s e r t i o n ,  which w i l l  o p e r a t e  f o r  two ORR 
c y c l e s  (about  110 d)  a t  900°C. Samples are r e c y c l e d  from t h e  OC-1  
c a p s u l e  t o  OC-3 s o  t h a t  t h e  planned peak f l u e n c e  ( t o t a l )  f o r  t h e s e  
specimens a t  t h e  end of OC-3 o p e r a t i o n  w i l l  be  3 x 
Bench t e s t i n g  of  t h e  1250°C capsu le  w a s  completed d u r i n g  t h e  p a s t  y e a r .  
Capsule  OC-6 w i l l  be  t h e  f i r s t  1250°C c a p s u l e  and i s  scheduled  t o  b e g i n  
i r r a d i a t i o n  i n  A p r i l  1981. 

n e u t r o n s  cm-2. 

Capsule  HTK-1 completed i r r a d i a t i o n  i n  t h e  HFIR d u r i n g  t h i s  r e p o r t i n g  
p e r i o d .  This  capsu le ,  c o n t a i n i n g  a number of g rades  of  German g r a p h i t e ,  
w a s  i r r a d i a t e d  f o r  f i v e  c y c l e s .  The HTK capsu le s  o p e r a t e  as s c r e e n i n g  
t e s t s  t o  i n v e s t i g a t e  t h e  d imens iona l  s t a b i l i t y  of German g r a p h i t e s  a t  
h igh  n e u t r o n  exposures .  

This  work i s  p a r t  of t h e  Uni ted  S t a t e s I F e d e r a l  Republ ic  of  Germany 
(FRG) coope ra t ion  i n  f u e l  and g r a p h i t e  development. The second c a p s u l e  
i n  t h i s  series, HTK-2, began i r r a d i a t i o n  du r ing  t h e  r e p o r t i n g  p e r i o d  
and i s  scheduled  t o  complete i r r a d i a t i o n  e a r l y  i n  1979. A d d i t i o n a l  
work d u r i n g  t h e  r e p o r t i n g  p e r i o d  inc luded  t h e  p r e i r r a d i a t i o n  c h a r a c t e r i -  
z a t i o n  of t h e  German g r a p h i t e s  and examinat ion  of specimens i r r a d i a t e d  
i n  c a p s u l e  HTK-1. 

6 .  EVALUATION OF PEBBLE-BED HTR 

The d e s i g n  and mode of o p e r a t i o n  of  t h e  h igh- tempera ture ,  gas- 
cooled ,  graphi te-moderated,  pebble-bed r e a c t o r  are under  s t u d y  t o  p r o j e c t  
i t s  performance.  C a l c u l a t i o n s  are be ing  done w i t h  enhanced l o c a l  
a n a l y s i s  methods t o  p r e d i c t  o r e  use  and f u e l  c o s t  i n  v a r i o u s  modes of 
o p e r a t i o n  under  des ign  c o n s t r a i n t s .  Aspects  of importance and key r e s u l t s  
are p resen ted .  The concept  shows p o t e n t i a l  f o r  e l ec t r i ca l  energy and 
p r o c e s s  h e a t  a p p l i c a t i o n s .  This  work i s  under  a t e c h n i c a l  i n fo rma t ion  
exchange umbre l la  agreement w i t h  t h e  Fede ra l  Republ ic  of Germany. 





1. HTGR CHEMISTRY 

R. P. Wichner 

1.1 PEACH BOTTOM SURVEILLANCE PROGRAM - F. F. Dyer, L. L. Fairchild, 
and R. P. Wichner 

Activities this year included completion of the final two postir- 

radiation examination (PIE) reports on Peach Bottom fuel elements as 

well as disposal of the remains of the fuel elements into retrievable 

storage in the ORNL burial ground. These activities conclude the Peach 

Bottom Surveillance Program, which has been active since about 1972. 

The main purpose of this task was to provide data for design code 

verification efforts conducted at General Atomic Company (GA) within the 

larger effort termed the Peach Bottom End-of-Life Program. Fission 

product diffusion (FIPER) and plateout (PAD) codes were compared with 

fission product distribution data, provided in a series of examination 

reports on six fuel and the primary ~ircuit.~ We assisted 

in the verification of thermal codes by providing the necessary dimen- 

sional change information for the fuel element examination reports. We 

also conducted a fuel-particle failure fraction estimate8 by a modified 

chlorine leach procedure, which was initially in sharp disagreement with 

the results obtained by GA by measuring noble gas release. We concluded 

that the chlorine leach results were correct (which indicated failure 

rates of less than 1%) and that the GA fuel samples were probably 
humidity-damaged in storage or in transit. 

In addition to completing these specific task objectives, we 

obtained much potentially valuable data in the examination reports on 

the behavior of fission products (3H, 9 0 S r ,  95Zr, Io3Ru, lo6Ru, llomAg, 

125Sb, 134Cs,  137Cs, 144Ce, and 154Eu) and activation products ( 3 H ,  I 4 C ,  

54Mn, and 6 o C o )  in the HTGR primary system, which has not yet been fully 

used. 

1 
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1 . 2  FISSION PRODUCT SORPTION AND DESORPTION FROM PRIMARY C I R C U I T  MATERIALS 

1 . 2 . 1  - Lodine S o r p t i o n  and Desorp t ion  from Alloy T-22 - M .  F. Osborne 

and R.  B.  Briggs* 

The o b j e c t i v e s  of t h i s  e x p e r i m e n t a l  task are (1) t o  de te rmine  t h e  

amount of i o d i n e  t h a t  may b e  d e p o s i t e d  on metal s u r f a c e s  i n  t h e  c o o l a n t  

c i r c u i t  under  normal o p e r a t i n g  c o n d i t i o n s  and (2) t o  e s t a b l i s h  rates of 

i o d i n e  d e s o r p t i o n  from t h e s e  s u r f a c e s  under c o n d i t i o n s  t h a t  may b e  

r e l a t e d  t o  a c c i d e n t  s i t u a t i o n s .  Such d a t a  are needed t o  e v a l u a t e  t h e  

p o t e n t i a l  r a d i o l o g i c a l  h a z a r d s  a s s o c i a t e d  w i t h  t h e  e q u i l i b r i u m  p l a t e o u t  

of f i s s i o n  p r o d u c t  i o d i n e  i n  t h e  c o o l a n t  c i r c u i t .  

The materials of pr imary in te res t  are t h e  a l l o y s  T-22 (2-1/4 Cr-1 Mo 

s t e e l )  and Al loy  800 ( 2 1  Cr-32 Ni-45 F e ) ,  which comprise a l a r g e  f r a c t i o n  

of t h e  c o o l a n t  c i r c u i t .  The 200-1000°C range of tes t  tempera tures  

spans  t h e  range of metal t e m p e r a t u r e s  t h a t  cor responds  t o  normal oper- 

a t i n g  c o n d i t i o n s  and e x t e n d s  p a r t l y  i n t o  tempera tures  t h a t  may b e  

e x p e r i e n c e d  under  a c c i d e n t  c o n d i t i o n s .  A l l  tests are l i m i t e d  t o  he l ium 

p r e s s u r e s  of about  1 atm. Because t h e  p a r t i a l  p r e s s u r e  of i o d i n e  

expec ted  t o  e x i s t  i n  t h e  r e a c t o r  

e x p e r i m e n t a l l y ,  t h e s e  tests are b e i n g  conducted i n  t h e  range P = 

t o  lo-&'  a t m .  The e f f e c t s  of low-level  i m p u r i t i e s ,  such  as H2, 02, CO,  

C02, arid H 2 0 ,  t h a t  i n f l u e n c e  t h e  c o n d i t i o n s  of t h e  metal s u r f a c e s  w i l l  

b e  i n v e s t i g a t e d ;  t h e  c o n c r e t e  d e g r a d a t i o n  g a s e s ,  l a r g e l y  C 0 2  and H 2 0 ,  are 

of p a r t i c u l a r  i n t e r e s t .  Most of  t h e  ear l ie r  i n v e s t i g a t i o n s  of i o d i n e  

s o r p t i o n  on m e t a l  o x i d e s  and g r a p h i t e  i n  vacuuml0 ' l1  and on v a r i o u s  

metal s u r f a c e s  i n  helium12-14 w e r e  conducted a t  h i g h e r  p a r t i a l  p r e s s u r e s  

of i o d i n e ,  some under p o o r l y  d e f i n e d  a tmospher ic  c o n d i t i o n s  t h a t  would 

r e s u l t  i n  unknown s u r f a c e  c h a r a c t e r i s t i c s .  

'L 
atm) are d i f f i c u l t  t o  a t t a i n  

I 

The t r a n s p i r a t i o n ,  o r  f low,  method i s  b e i n g  used i n  t h e s e  tes ts ;  

t h e  main components of t h e  a p p a r a t u s  are shown i n  Fig.  1.1. The metal 

a d s o r b e r  specimens are composed of a series of t h i n  p l a t e s  mounted i n  

r e c t a n g u l a r  h o l d e r s  i n  a q u a r t z  f u r n a c e  tube .  A he l ium stream i s  passed  

* 
Consul tan t .  
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F i g .  1.1. Experimental  Apparatus  f o r  I o d i n e  Adsorp t ionlDesorp t ion  
S t u d i e s .  

-over a 1311-traced 12 s o u r c e  t h a t  i s  maintained a t  low tempera ture  

( t y p i c a l l y  -75 t o  90°C) t o  p r o v i d e  t h e  d e s i r e d  P I .  This  s t r e a m  may b e  

d i l u t e d  w i t h  a p a r a l l e l  hel ium stream and subsequent ly  passed  o v e r  t h e  

a d s o r p t i o n  specimens.  

a d s o r b e r s  i s  monitored by mobile NaI d e t e c t o r s .  

g a t e d  i n  s i t u  by s t o p p i n g  t h e  f l o w  of I,, fol lowed by a change i n  t e s t  

c o n d i t i o n s  such as tempera ture  i n c r e a s e  o r  sweep gas  v a r i a t i o n .  

The amount and d i s t r i b u t i o n  of i o d i n e  on t h e  

Desorp t ion  i s  i n v e s t i -  

Two experiments  have been conducted, i n  which t h e  e x p e r i m e n t a l  

p rocedures  were developed and some u s e f u l  d a t a  were o b t a i n e d .  

t r a t i o n  p r o f i l e s  of i o d i n e  d e p o s i t e d  on T-22 specimens a t  400 and 200°C 

a t  about  l-d i n t e r v a l s  are shown i n  F ig .  1 . 2 .  

cor responds  t o  about  3.3 x atoms I / c m 2  (7 .0  ug I /cm2) .  This  l o a d i n g  

could n o t  b e  r e l a t e d  t o  a s p e c i f i c  p a r t i a l  p r e s s u r e  of  i o d i n e  because a 

b r i e f  l o s s  of c o n t r o l  a t  t h e  s t a r t  of t h e  t es t  al lowed a r e l a t i v e l y  

l a r g e ,  unmeasured q u a n t i t y  of i o d i n e  t o  escape  from t h e  s o u r c e .  A s  

i n d i c a t e d ,  t h e  l e a d i n g  edge of  t h e  specimen reached an e q u i l i b r i u m  l o a d i n g  

r e l a t i v e l y  q u i c k l y ,  and d e p o s i t i o n  on t h e  downstream p a r t  of t h e  specimen 

i n c r e a s e d  w i t h  t i m e .  Very l i t t l e  l 3 I I  reached t h e  second,  lower tempera- 

t u r e  specimen u n t i l  t h e  t h i r d  day. 

c e n t r a t i o n  on t h e  second specimen approached t h a t  on t h e  f i r s t  specimen. 

Concen- 

The maximum c o n c e n t r a t i o n  

A f t e r  about  1 0  d,  t h e  i o d i n e  con- 

Desorpt ion from t h e  f i r s t  specimen i s  i l l u s t r a t e d  i n  F ig .  1.3.  

Reduction of P t o  about  2 x I a t m  r e s u l t e d  i n  no d e s o r p t i o n ,  b u t  a 
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20 HR AFTER START OF EXPERIMENT 
A 42 HR A F T E R  START OF EXPERIMENT 
m 70 HR AFTER START OF EXPERIMENT 

COUNTING POSITION (In ) 

F i g .  l . 2 .  I o d i n e  D e p o s i t i o n  P r o f i l e s  on T-22 Adsorp t ion  Specimens. 

t empera ture  i n c r e a s e  of 600°C caused a d e s o r p t i o n  ra te  of about  

3 . 2  x 

a s m a l l  i n c r e a s e  i n  t h e  d e s o r p t i o n  rate, t o  about  4 . 2  x 

d e s o r p t i o n  b e h a v i o r  i s  much s lower  t h a n  would b e  expec ted  f o r  i o d i n e  

( o r  FeI2)  d e p o s i t e d  on a c l e a n  steel  s u r f a c e .  

been passed  through a h o t  z i rconium t r a p ,  which should  remove e s s e n t i a l l y  

a l l  i m p u r i t i e s ,  t h e  format ion  of an oxide  f i l m  c o n c u r r e n t  w i t h  t h e  i o d i n e  

s o r p t i o n  w a s  s u s p e c t e d .  ( P o s t t e s t  examinat ion v e r i f i e d  t h e  e x i s t e n c e  

of an  oxide  f i l m . )  Thus t h e  stream of p u r i f i e d  he l ium w a s  r e p l a c e d  by 

a m i x t u r e  of H e  + 1 . 1 2 %  H2 a t  t h e  same f low rate  and t e m p e r a t u r e ;  as a 

r e s u l t ,  t h e  d e s o r p t i o n  ra te  i n c r e a s e d  q u i c k l y  t o  about  1 . 4  x loe5  s-l. 

This  b e h a v i o r  i m p l i e s  t h a t  t h e  d e s o r p t i o n  of i o d i n e  d e p o s i t e d  on t h e  

T-22 s u r f a c e  w a s  s t i m u l a t e d  by a chemical  r e a c t i o n  such as 

s-l. A subsequent  i n c r e a s e  i n  he l ium f low rate  r e s u l t e d  i n  

s-'. This  

Although t h e  he l ium had 

H2 + 12 -+ 2 H I  
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F i g .  1 . 3 .  Desorpt ion  of I o d i n e  from T-22 under D i f f e r e n t  T e s t  Condi t ions .  

o r  

Fe304 + 4H2 -+ 3Fe + 4H20 . 

I n  a d d i t i o n  t o  t h e  e x p e r i m e n t a l  s t u d i e s ,  methods are b e i n g  i n v e s t i -  

ga ted  f o r  c a l c u l a t i n g  t h e  ra te  of i o d i n e  d e p o s i t i o n  f r o m  t h e  gas  s t ream 

o n t o  t h e  specimen and t h e  d i s t r i b u t i o n  a l o n g  t h e  l e n g t h  of t h e  specimen. 

P r e l i m i n a r y  c a l c u l a t i o n s  g i v e  h i g h  v a l u e s  f o r  t h e  c o e f f i c i e n t  f o r  t r a n s f e r  

of i o d i n e  from t h e  gas  t o  t h e  s u r f a c e .  I f  t h e  ra te  of d e p o s i t i o n  i s  con- 

t r o l l e d  by t h e  low r e s i s t a n c e  t o  t r a n s f e r  through t h e  g a s ,  one would 

e x p e c t  an  a d s o r p t i o n  f r o n t  w i t h  a s t e e p  g r a d i e n t  i n  i o d i n e  c o n c e n t r a t i o n  

t o  p r o g r e s s  a l o n g  an i n i t i a l l y  clean specimen. T h i s  p i c t u r e  i s  n o t  

e n t i r e l y  c o n s i s t e n t  w i t h  our  f i r s t  o b s e r v a t i o n s ,  b u t  a d d i t i o n a l  c a l i b r a -  

t i o n  of t h e  count ing  a p p a r a t u s  and c a l c u l a t i o n s  are r e q u i r e d  t o  compart 

b e t t e r  t h e  observed w i t h  t h e  a n t i c i p a t e d  a d s o r p t i o n  b e h a v i o r .  
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1 . 2 . 2  - I o d i n e  S o r p t i o n  and Desorp t ion  from Core G r a p h i t e  - F.  F .  Dyer and 

S .  K .  Whatley 

The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop knowledge t h a t  w i l l  a i d  i n  

u n d e r s t a n d i n g  t h e  uptake  and release of i o d i n e  on H-451 g r a p h i t e  under  

normal o p e r a t i o n  and d e p r e s s u r i z a t i o n  c o n d i t i o n s  i n  a n  HTGR. Although 

several i . n v e s t i g a t o r s l l  ,15,  l6 have s t u d i e d  t h e  s o r p t i o n  of i o d i n e  on 

g r a p h i t e  and i t s  subsequent  d e s o r p t i o n ,  many gaps i n  knowledge of t h e  

s u b j e c t  s t i l l  e x i s t .  I n  a s t u d y  of t h e  s o r p t i o n  of i o d i n e  on s e v e r a l  

r e a c t o r  materials, Osborne, Compere, and de Nordwalll  found t h a t  t h e  

l o a d i n g  c a p a c i t y  of g r a p h i t e  (atoms of i o d i n e  sorbed  p e r  u n i t  s u r f a c e  

a r e a )  i s  about  100 t i m e s  less than  t h a t  of o x i d i z e d  s teel  s u r f a c e s .  

Simple a n a l y s i s  shows t h a t ,  because  t h e  s p e c i f i c  s u r f a c e  area of t h e  

i n t e r n a l  porous s t r u c t u r e  of H-451 i s  about  5 m2/g ( r e f .  1 7 )  and t h e  mass 

of g r a p h i t e  t o  b e  used i n  a l a r g e  HTGR would b e  about  l o 9  g,  t h e  r e s u l t -  

i n g  s u r f a c e  area of  t h e  g r a p h i t e  would b e  about  l o 5  t i m e s  l a r g e r  t h a n  

t h e  area of  t h e  metal s u r f a c e s  i n  t h e  pr imary system. It  t h e r e f o r e  seems 

clear t h a t  t h i s  l a r g e  s u r f a c e  area i s  p o t e n t i a l l y  one of t h e  l a r g e s t  

s i n k s  f o r  i o d i n e  t h a t  i s  r e l e a s e d  from t h e  f u e l .  The e x t e n t  t o  which 

t h e  absorbed i o d i n e  would b e  r e l e a s e d  i n  a d e p r e s s u r i z a t i o n  a c c i d e n t  

cannot  c u r r e n t l y  b e  a d e q u a t e l y  e s t i m a t e d .  

Experiments  are i n  p r o g r e s s  i n  which t h e  a b s o r p t i o n  of  i o d i n e  on 

H-451 g r a p h i t e  under  a broad  range  of t e m p e r a t u r e s ,  i o d i n e  p a r t i a l  

p r e s s u r e s ,  and he l ium p r e s s u r e  c o n d i t i o n s  w i l l  b e  s t u d i e d .  I n i t i a l  

exper iments  w i l l  c o n s i s t  of t h e  d e t e r m i n a t i o n  of i o d i n e  a b s o r p t i o n  

i so therms i n  he l ium w i t h  p r e s s u r e s  of he l ium of about  1 a t m .  An a p p a r a t u s  

i n  which t h e s e  s t u d i e s  w i l l  b e  made i s  shown i n  F ig .  1 . 4 .  The a p p a r a t u s  

c o n s i s t s  of a q u a r t z  f u r n a c e  t u b e  w i t h  an  i n n e r  removable q u a r t z  sample 

h o l d e r  i n  which t h e  g r a p h i t e  sample w i l l  b e  p l a c e d .  The t u b e  i s  h e a t e d  

w i t h  a w e l l - i n s u l a t e d  f u r n a c e ,  whose tempera ture  can b e  p r e s e t  and 

a c c u r a t e l y  c o n t r o l l e d .  High-puri ty  he l ium i s  al lowed t o  f low i n t o  and 

around t h e  g r a p h i t e  sample from b o t h  a d i r e c t  p a t h  i n d i c a t e d  by f l o w  

element  1 (FE-1) and an  i n d i r e c t  p a t h  i n d i c a t e d  by FE-2. A d d i t i o n a l  

p u r i f i c a t i o n  of t h e  hel ium i s  provided  by r o u t i n g  t h e  f low through a 

h e a t e d  t u b e  c o n t a i n i n g  z i rconium c h i p s  as shown i n  F ig .  1 . 4  n e a r  t h e  
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Fig.  1.4. Apparatus  f o r  Absorp t ion  and Desorp t ion  of I o d i n e  on 

Core Graphi te .  

he l ium t a n k .  The i n d i r e c t  f low of he l ium i s  passed  through a bed of 

g l a s s  beads onto  which h i g h - p u r i t y  e l e m e n t a l  i o d i n e  c o n t a i n i n g  

tracer h a s  been d e p o s i t e d  a t  low tempera ture .  P r i o r  t o  d e p o s i t i o n  on 

t h e  beads ,  t h e  i o d i n e  i s  c o n t a i n e d  i n  a supply  r e s e r v o i r  provided w i t h  a 

break  seal  t h a t  can b e  opened w i t h  a magnet. By c o n t r o l l i n g  t h e  tempera- 

t u r e  of t h e  low-temperature b a t h  i n  which t h e  i o d i n e  s o u r c e  i s  immersed 

and t h e  r e l a t i v e  f low rates of hel ium through t h e  two p a t h s ,  t h e  p a r t i a l  

p r e s s u r e  of i o d i n e  t o  which t h e  g r a p h i t e  i s  exposed can b e  a c c u r a t e l y  

r e g u l a t e d .  Charcoal  and s i l v e r  z e o l i t e  f i l t e r s  are provided  downstream 

of t h e  f u r n a c e  t u b e  t o  c a p t u r e  i o d i n e  n o t  sorbed  on t h e  g r a p h i t e .  The 

q u a n t i t y  of i o d i n e  d e p o s i t e d  on t h e  g r a p h i t e  w i l l  b e  monitored by a 

s h i e l d e d  NaI gamma-ray d e t e c t o r  as shown i n  F i g .  1 . 4 .  

311 

I n  a d d i t i o n  t o  t h e  s t u d i e s  o u t l i n e d  above, exper iments  are planned 

i n  which i o d i n e  w i l l  be  sorbed  on g r a p h i t e  from he l ium a t  10 a t m  

p r e s s u r e .  I n  t h e s e  exper iments ,  p r o v i s i o n  w i l l  be  made t o  lower r a p i d l y  
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t h e  hel ium p r e s s u r e  t o  1 a t m  and t o  measure t h e  q u a n t i t y  of i o d i n e  

r e l e a s e d  by t h e  d e p r e s s u r i z a t i o n .  Using t h i s  t e c h n i q u e ,  w e  e x p e c t  t o  

g a i n  knowledge t h a t  may b e  e x t r a p o l a t e d  t o  t h e  i o d i n e  d e s o r p t i o n  e f f e c t s  

of HTGR d e p r e s s u r i z a t i o n  a c c i d e n t s .  

P r e l i m i n a r y  d e s i g n  s t u d i e s  of t h e  10-atm p r e s s u r e  system, which 

are c u r r e n t l y  i n  p r o g r e s s ,  i n d i c a t e  t h a t  t h e  b a s i c  a p p a r a t u s  w i l l  b e  

v e r y  srmilar t o  t h e  1 - a t m  p r e s s u r e  system, i n c l u d i n g  t h e  added f e a t u r e  

of a p r e s s u r e  vessel t h a t  w i l l  e n c l o s e  t h e  f u r n a c e  t u b e ,  i t s  f u r n a c e ,  

and t h e  i o d i n e  supply .  The f u r n a c e  t u b e  w i l l  b e  c o n s t r u c t e d  of q u a r t z ,  

and s m a l l  p i n h o l e s  w i l l  b e  provided  t o  e q u a l i z e  t h e  p r e s s u r e  w i t h i n  

t h e  t u b e  and r e g i o n s  o u t s i d e  t h e  t u b e  b u t  i n s i d e  t h e  p r e s s u r e  vessel. 

C o n s t r u c t i o n  of t h e  p r e s s u r e  vessel f o r  t h i s  a p p a r a t u s  i s  expec ted  t o  

b e  completed i n  FY 1979.  

1 .3  GRAPHITE STRENGTH LOSS CAUSED BY CORROSION - R.  P.  Wichner and 

W, ,  P. E a t h e r l y  

The p r i n c i p a l  o b j e c t i v e  of t h i s  t a s k  i s  t o  de te rmine  e x p e r i m e n t a l l y  

t h e  l o s s  of g r a p h i t e  s t r e n g t h  as a f u n c t i o n  of degree  of c o r r o s i o n ,  t h e  

c o r r o s i o n  p r o f i l e ,  t h e  g r a p h i t e  t y p e ,  and t h e  specimen s i z e .  Two 

g r a p h i t e s  are c u r r e n t l y  i n c l u d e d  i n  t h e  t es t  series: H-451, t h e  c o r e  

g r a p h i t e ,  which i s  an e x t r u d e d ,  p u r e ,  i s o t r o p i c  g r a p h i t e ,  and S t a c k p o l e  

2020, t h e  s e l e c t e d  c o r e  p o s t  material ,  which i s  an i s o s t a t i c a l l y  molded 

a n i s o t r o p i c  g r a p h i t e .  

A c t i v i t i e s  i n  t h i s  t a s k  i n c l u d e  t h e  f o l l o w i n g :  

1. P r e c o r r o s i o n  c h a r a c t e r i z a t i o n .  Prepared  g r a p h i t e  specimens are 

e x t e n s i v e l y  examined t o  de te rmine  s t a t i s t i c a l l y  s i g n i f i c a n t  b a s e l i n e  

i n f o r m a t i o n .  Dens i ty ,  o r i e n t a t i o n ,  compressive and t e n s i l e  s t r e n g t h  

v e r s u s  d e n s i t y ,  BET s u r f a c e  area, and p o r e - s i z e  d i s t r i b u t i o n  are 

de termined .  

Specimens are corroded under a c c e l e r a t e d  c o n d i t i o n s  i n  a c i r c u l a t i n g  

f low a p p a r a t u s .  

2 .  

3. P o s t c o r r o s i o n  c h a r a c t e r i z a t i o n .  Changes i n  compressive and t e n s i l e  

s t r e n g t h  are determined.  

p r o f i l i n g .  On s e l e c t e d  specimens changes i n  t h e  m i c r o s t r u c t u r e ,  

BET area, and p o r e - s i z e  d i s t r i b u t i o n  are observed.  

The burnoff  p r o f i l e  i s  determined by x-ray 
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Two types of specimens are being fabricated: cylindrical specimens 
from about 1/2 t o  l-in. diam and ring-type specimens of about l - in .  diam 

and 1/4-in.-square cross section. 

geometrically simple and direct measure o f  compressive and tensile 

strength loss; however, the number of specimens that can be tested is 

severely limited because of size. The brittle-ring specimens, for 

which the interpretation of load versus deflection data is less direct, 

provide a means for testing large numbers of specimens, principally 

because of their smaller mass, 

The cylindrical specimens provide a 

1.3.1 Graphite Corrosion Tests - R. P. Wichner, L. L. Fairchild, 
and J. D. Kintigh 

A schematic of the corrosion apparatus is illustrated in Fig. 1.5, 

Purified helium from a cylinder, which is humidified in a thermo- 

statically controlled vessel, enters the circulating flow system 

indicated by the bold line. Operation of the saturator has been 

tested in the flow rate range of 0 to 50 cm3/min and from 9 to 2 O o C .  

Under these conditions, the tests indicate that the helium flow through 

the saturator is fully equilibrated with the water. 

The circulating system consists of 1/2-in. nickel tubing for the 

low-temperature section and quartz for the section passing through the 

furnace. Flows of up to 1.6 scfm may be induced by the metal bellows 
pump. A temperature gradient exists around the circuit because the 

bellows temperature cannot exceed 200"C, whereas specimen temperatures 

range from 800 to 1000°C. It has been determined that flow rates in 

the range of about 1 cfm will cause the specimen, occupying an approxi- 
mate 1-1/2-ft region in the furnace, to he uniformly corroded in the 

axial direction. 

A flow from the circulating system is drawn to the vent or through 

a gas chromotograph at a rate equal to the inflow rate. Thus far, the 

gas analysis system is not functioning properly, and the corroding 

atmosphere composition may only be estimated. 

The corrosion runs that have been completed or are currently in 

process (February 1979) are listed in Table 1.1. 
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ORNL-DWG 78-5203 

Fig. 1.5. Graphite Oxidation Schematic. 

1.3.2 Graphite Preparation and Characterization - W. P. Eatherly, 
C. R. Kennedy, and J. D. Kintigh 

The early part of this reporting period was spent on planning the 

experiment, determining the number and geometry of the samples, and 
defining the measurements to be made. Three graphites were considered 

as potential types to be studied: H-451 (fuel elements), 2020 (core 

support posts), and PGX (floor blocks). The first two graphites are 

relatively pure, and catalyzed oxidation is minor or nonexistent. The 
last, PGX, has high iron concentrations and is dominantly a catalyzed 

oxidation. We decided to proceed with the first two graphites and defer 

a decision on the PGX until requirements for future reactor materials 

are better defined. 

Accordingly, two half billets of H-451 were obtained from GAY and 

five parliial billets of 2020 were purchased from Stackpole Graphite in 

conjunction with GA. The nondestructive evaluation of H-451 graphite is 

complete, and the graphite is being sampled accordingly. Similar work 

on the 2020 material has just been initiated. 
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The H-451 b i l l e t s  were s l a b b e d  i n t o  2-1/2- in . - thick s e c t i o n s  f o r  

t h e  n o n d e s t r u c t i v e  t e s t i n g .  Each s l a b  w a s  g r idded  i n t o  1- in .  s q u a r e s  

and mapped a c c o r d i n g l y .  Eddy c u r r e n t  tests ( e l e c t r i c a l  r e s i s t i v i t y ) ,  

x-ray d e n s i t o m e t r y ,  and s o n i c  v e l o c i t i e s  (Young's modulus) mappings 

w e r e  made, and contour  maps were c o n s t r u c t e d .  A r e p r e s e n t a t i v e  

10-in.-long c y l i n d e r  of t h e  2020 g r a p h i t e  w a s  s i m i l a r l y  mapped t o  pro- 

v i d e  p r e l i m i n a r y  samples.  The d e n s i t y  s c a n s  on H-451 i n d i c a t e  a 

g e n e r a l l y  h i g h e r  d e n s i t y  s k i n  (about  1 .75  g/cm3 a t  t h e  s u r f a c e ) ,  

d e c r e a s i n g  t o  about  1 . 7 0  g/cm3 about  1 t o  2 i n .  i n t o  t h e  i n t e r i o r  of 

t h e  c y l i n d r i c a l  b i l l e t .  

w e r e  found on t h e  c e n t e r l i n e .  Dens i ty  v a r i a t i o n s  i n  t h e  molded 2020 

w e r e  much less: 

Some low-densi ty  r e g i o n s  ( a s  low as 1 . 6 7  g/cm3) 

1 .79  g/cm3 average  w i t h  a s t a n d a r d  d e v i a t i o n  of 0.007. 

Eddy c u r r e n t  response  p a r a l l e l e d  t h e  d e n s i t y  measurements, t h e  

H-451 i n d i c a t i n g  a much lower average  r e s i s t i v i t y .  

Sonic  v e l o c i t y  measurements proved t o  b e  q u i t e  i n f o r m a t i v e .  For  

t h e  l o n g i t u d i n a l  wave, r a d i a l  v e l o c i t y  w a s  a lmost  c o n s t a n t  from c e n t e r  

t o  edge, b u t  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  i n c r e a s e d  s i g n i f i c a n t l y .  The 

s a m e  w a s  t r u e  f o r  t h e  s h e a r  wave, conf i rming  i n c r e a s e d  p r e f e r e n t i a l  

o r i e n t a t i o n  toward t h e  s u r f a c e  of t h e  c y l i n d e r ;  b u t  one b i l l e t ,  con- 

t a i n i n g ,  a l a r g e  open f l a w ,  a l s o  i n d i c a t e d  r e g i o n s  of u p s e t  geometry 

t h a t  was confirmed by rad iography.  Apparent ly  t h i s  b i l l e t  w a s  h e l d  i n  

t h e  d i e  d u r i n g  r e c h a r g i n g  of t h e  e x t r u s i o n  p r e s s  chamber, a l l o w i n g  

t h e  m i x  t o  coo l  and p r e v e n t i n g  t h e  complete k n i t t i n g  of t h e  m a t e r i a l .  

This  b i l l e t  w i l l  b e  l a r g e l y  r e j e c t e d  f o r  sampling because  i t  i s  

a t y p i c a l .  

A b r i e f  s t u d y  w a s  performed t o  e s t a b l i s h  sample c l e a n i n g  and 

s t o r a g e  t e c h n i q u e s .  Dedust ing a f t e r  machining can b e  f u l l y  accomplished 

by t h r e e  1-min s o n i c  c l e a n i n g  o p e r a t i o n s ,  t h e  f i r s t  two i n  a c e t o n e  and 

t h e  t h i r d  i n  e t h e r .  Degassing can b e  accomplished t o  "cons tan t"  weight  

by h e a t - t r e a t i n g  t o  750°C f o r  30 min. Degassed samples r a p i d l y  p icked  

up w a t e r  i n  a s a t u r a t e d  environment  b u t  showed n e g l i g i b l e  weight  g a i n s  

when exposed t o  70% humidi ty  f o r  up t o  several days.  Samples s t o r e d  i n  

s e a l e d  b o t t l e s  b u t  exposed about  1 h p e r  day f o r  several weeks showed 

a n e g l i g i b l e  w a t e r  p ickup.  Hence, s t o r a g e  i n  s e a l e d  c o n t a i n e r s  w i t h  

normal o c c a s i o n a l  h a n d l i n g  appears  s u f f i c i e n t  t o  p r o t e c t  t h e  samples .  
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Appara tuses  t o  measure a number of p r o p e r t i e s  of d i r e c t  i n t e r e s t  

t o  q u a n t i f y i n g  t h e  o x i d a t i o n  behav io r  have been o r  are b e i n g  p u t  i n t o  

o p e r a t i o n .  These inc lude :  

1. Helium d e n s i t y .  The a p p a r a t u s  had t o  b e  r edes igned  and r e c a l i -  

b r a t e d  t o  accep t  t h e  sample geometr ies  r e q u i r e d .  The a p p a r a t u s  

i s  now o p e r a b l e ,  and he l ium d e n s i t i e s  of abou t  0 .2% p r e c i s i o n  

can be  ob ta ined .  

2 .  BET s u r f a c e  area. A new a p p a r a t u s  has  been c o n s t r u c t e d  t o  cover  

t h e  range  of 1 t o  100 m2/g f o r  bo th  powder and s o l i d  samples  of 

t h e  r e q u i r e d  geometry. The system u s e s  an MKS Bara t ron  s o l i d -  

s t a t e  e l e c t r o n i c  manometer and i s  f u l l y  automated f o r  b o t h  c o n t r o l  

and d a t a  a c q u i s i t i o n  around a H e w l e t t  Packard 98258 c a l c u l a t o r .  

The s y s t e m  h a s  been assembled and programmed and i s  undergoing 

shakedown tests. 

3 .  Mercury po ros ime t ry .  The e x i s t i n g  a p p a r a t u s  i s  u n s a t i s f a c t o r y  

because  of t h e  poor  accuracy  of t h e  e x i s t i n g  p r e s s u r e  gauges.  New 

p r e c i s i o n  Heise gauges have been ob ta ined  b u t  are n o t  y e t  i n s t a l l e d .  

However, some p r e l i m i n a r y ,  more q u a l i t a t i v e  measurements have been 

made t o  e s t a b l i s h  t h e  maximum p r e s s u r e  t h a t  H-451 g r a p h i t e  w i l l  

t o l e r a t e  b e f o r e  s t r u c t u r a l  damage occur s .  For  H-451, t h i s  i s  

2000 p s i a ,  e q u i v a l e n t  t o  a h y d r a u l i c  "diameter"  of 0 . 1  pm. That  

t h e  mercury can he  vapor i zed  o u t  of t h e  specimen t o  a few ppm by 

h e a t i n g  t o  900°C i n  f lowing  argon h a s  a l s o  been e s t a b l i s h e d ,  which 

p e r m i t s  t h e  use  of po ros ime t ry  as a n o n d e s t r u c t i v e  measurement. 

4 .  X-ray dens i tome t ry .  X-ray equipment e x i s t s  a t  OWL f o r  b o t h  r ad io -  

g r a p h i c  and coun t ing  t echn iques  t o  de te rmine  the d e n s i t y  of g r a p h i t e .  

S t e p  wedges of a nominal 0.250-in. t h i c k n e s s  b u t  w i t h  0.001- and 

0.0005-mil s t e p s  have been machined from a h i g h l y  uniform aero-  

s p a c e  g r a p h i t e ;  t h e  s t e p s  were e a s i l y  p icked  up by t h e  coun te r  and 

were v i s i b l e  on t h e  pho tograph ic  p l a t e .  The coun te r  system i s  of 

c u r r e n t l y  l i m i t e d  a v a i l a b i l i t y ,  however, because  of o t h e r  programs. 

I n  t h e  immediate f u t u r e  t h e  r a d i o g r a p h i c  t echn ique  seems t o  b e  

f e a s i b l e ,  b u t  proof awaits r e b u i l d i n g  of a p r e c i s i o n  o p t i c a l  

dens i tome te r .  R e s u l t s  shou ld  b e  a v a i l a b l e  i n  March 1979.  
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5 .  Flexural and ring strengths. A number of graphites, including 

H-451, have been sampled and tested to establish Weibull statistical 

parameters. 

as a function of sample geometry. 

belong to the class of extruded graphites with a Weibull exponent 

of seven, As data on the unoxidized samples accumulate, this 

exponent will become better defined, and comparisons will be 

made for the oxidized materials. 

These parameters are required to establish strengths 

The H-451 graphite appears to 

* 1.3.3 Fraetography - D. G. Swanson 

A contract was initiated in June 1978 with the Aerospace Corpora- 
tion to study crack initiation and propagation for oxidized graphite. 
This study required modification of their equipment to handle brittle- 
ring specimens and to measure deflection as well as load. At this 
time both unoxidized H-451 and 2020 graphites have been examined. 

both cases fracture is intergranular and through voids. No difficulty 
has been encountered in following fracture propagation in the relatively 

coarse-grained H-451. Conversely the 2020 graphites resist fracture 

initiation but fail completely once fracture initiates, which has been 

circumvented by employing brittle rings with a trapezoidal cross 

section. 

machining is performed after oxidation. 

In 

This solution can be used on oxidized materials only if 

1.4 TRITIUM DISTRIBUTION AND INVENTORY IN THE PEACH BOTTOM HTGR - 
R. P. Wichner and F. F. Dyer 

The first phase of a two-phase effort to understand and to describe 

tritium production and movement in an operating HTGR system has been 

completed.18 The principal objective of this first phase of the effort 

is to report the findings about tritium concentrations in the core com- 

ponents that were acquired in the course of the Peach Bottom Surveillance 

Program, which dealt with fission product migration in general and sub- 

sequently with tritium specifically. Administrative procedures are 

* 
Aerospace Corporation, Los  Angeles, Calif. 
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currently in process for the second phase of the work to be performed in 

the Federal Republic of Germany (FRG) under the auspices of the inter- 

national umbrella agreement on gas-cooled reactor (GCR) development. In  

the FRG effort, computer model predictions of tritium transport in the 

reactor system will be compared with the observed concentration levels. 

The types of tritium concentration data in the acquired core 
components were: (1) radial distribution of tritium in the graphite 
parts of six fuel elements, ( 2 )  axial concentration profiles in five 

fuel elements, ( 3 )  concentration levels in the fuel, ( 4 )  concentration 

profiles in the fission product traps of four fuel elements, and 

( 5 )  concentration measurements in a graphite reflector element. A s  

reported8 fuel particle failure fractions, graphite BET surface areas, 
and lithium impurity level determinations in graphite are needed to 

assist data interpretation. To augment the data from our measurements, 
we have summarized pertinent information from the operations reports 

of the Philadelphia Electric Company (which describe the onsite tritium 

measurements on the coolant and effluent streams) and from the results 

of a special tritium survey conducted by GA in 1971. 
We have gone beyond the principal objective of describing the con- 

centration level observations in an attempt to obtain a preliminary 

understanding of the sources and ultimate fate of tritium born in the 

Peach Bottom core. We estimate that the approximately 2200 Ci born 

during core-2 operation resulted from: ternary fission, 55%; neutron 
reactions with lithium impurity in the graphite, 3.3%; neutron reactions 

with 3He in the coolant, 1.9%; and l 0 B ,  40% (an unexpectedly large 

share), primarily in the control rods and, to a lesser extent, in the 
burnable poison elements. 

Concentration profile data indicate that the tritium caused by 'OB 
in the poisoned fuel elements remained in place; we therefore feel 

(with no direct evidence) that tritium born in the control rods was also 

immobile. However, tritium from the other sources migrated to a 

significant degree. About 60% of the tritium resulting from fission 

migrated from the fuel to deposit in nearby graphite o r  to pass with the 

fuel element purge f l o w  to the fission product trapping system. Although 
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t h e r e  i s  i n s u f f i c i e n t  d a t a  t o  f i x  f i r m l y  t h e  f a t e  of t h e  t r i t i u m  c a r r i e d  

w i t h  t h e  purge  f low,  t h e  major  p o r t i o n  (2.90%) probably passed  f r e e l y  

through t.he t r a p p i n g  system t o  r e j o i n  t h e  pr imary c o o l a n t .  

Our estimate f o r  t h e  amount of t r i t i u m  t h a t  permeated through t h e  

s t e a m  g e n e r a t o r  t u b i n g  (1.1 Ci)  i s  about  a f a c t o r  of 4 less t h a n  a 

p r e v i o u s  estimate by GA. Discharges  v ia  t h e  l i q u i d - w a s t e  and o f f - g a s  

systems were e s t i m a t e d  from c o n c e n t r a t i o n s  g iven  i n  t h e  o p e r a t i o n s  

r e p o r t s .  It is  s l i g h t l y  s u r p r i s i n g  t h a t  t r i t i u m  d i s c h a r g e  as s o l i d  

waste ( t r i t i a t e d  water adsorbed on c l a y )  exceeded l i q u i d  and gaseous 

d i s c h a r g e s .  The amount of  t r i t i u m  i n  t h e  s o l i d  wastes w a s  determined 

from t h e  e s t i m a t e d  t r a n s p o r t  t o  t h e  chemical  p u r i f i c a t i o n  system v ia  

t h e  steam g e n e r a t o r  purge  flow. Leakage estimates through t h e  c o n t a i n -  

ment vessel were found t o  be i n s i g n i f i c a n t  compared w i t h  gaseous 

d i s c h a r g e  through t h e  s t a c k .  

I n  g e n e r a l ,  a f a i r l y  good t r i t i u m  m a s s  b a l a n c e  w a s  ach ieved .  Of 

t h e  p o r t i o n  of t h e  t r i t i u m  b e l i e v e d  t o  have been mobile  (1325 C i ) ,  about  

83% i s  accounted f o r  as measured i n v e n t o r y  i n  c o r e  components and es t i -  

mated d i s c h a r g e  f lows.  The remainder  probably  r e s i d e d  as unmeasured 

i n v e n t o r y  i n  unsampled r e a c t o r  components, p r i n c i p a l l y  i n  t h e  permanent 

r a d i a l  r e f l e c t o r  and ex-core f i s s i o n  p r o d u c t  t r a p s .  

1.5 FISSION PRODUCT TRANSPORT IN GRAPHITE 

1 . 5 . 1  D i f f u s i o n  of Cesium i n  G r a p h i t e  - W .  Davis ,  Jr. - 

P r i o r  t o  h i s  d e a t h  i n  January  1977, R. B .  Evans, 111, w a s  w r i t i n g  

a r e p o r t  on s t u d i e s  performed on t h e  t r a n s p o r t  of cesium through several 

t y p e s  of g r a p h i t e s .  The exper iments  involved  p l a c i n g  37Cs-traced C s N 0 3  

s o l u t i o n  on a f l a t  end of a g r a p h i t e  c y l i n d e r ,  t y p i c a l l y  1 / 2  i n .  l o n g  

by 1 / 2  i n .  diam, b u t t i n g  t h i s  t r e a t e d  end a g a i n s t  t h e  end of a second 

c y l i n d e r  of t h e  same dimensions,  p l a c i n g  t h i s  p a i r  of c y l i n d e r s  i n  a 

t i g h t l y  f i t t i n g  q u a r t z  t u b e  i n  a f u r n a c e ,  and r a p i d l y  h e a t i n g  t h e  system 

t o  a s p e c i f i e d  tempera ture .  A f t e r  h e a t i n g  t o  t h i s  tempera ture ,  t h e  

system w a s  r a p i d l y  cooled .  Subsequent ly ,  t h e  two c y l i n d e r s  were 

ana lyzed  f o r  

s u r f a c e s .  

3 7 C s  a c t i v i t y  remaining on t h e  i n i t i a l l y  c o n t a c t i n g  

The degree  of p e n e t r a t i o n  of cesium was determined by 
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successively removing small (QO.Ol-mm) layers of graphite and counting 

the remaining 137Cs activity. 

Evans and Sutton presented a few of the early cesium transport data 

and the development of a theoretical treatment. l 9  

involved the coupling of diffusional transport and the trapping of part 

of the cesium by an irreversible first-order chemical reaction with 

graphite. The differential equation describing this model was integrated 

and shown to be compatible with experimental data for Hawker-Siddeley 

graphite at 800OC and for Great Lakes graphite H-327 at 609°C. 

Their treatment 

A large number of cesium-transport experiments performed during 

1975 and 1976 were to be included in the report Evans was writing. Much 

data from these experiments are in notebooks and have not been analyzed. 

We are now recovering these data and typing them on computer cards for 

use in testing mathematical models of cesium transport and for making 

the data available to others. To date we have recovered the following: 

(1) seven experiments involving cesium transport in ATJ graphite at 
temperatures of 500 to 830OC; (2) nine experiments with H-327 graphite 

at 500 to 720°C; and (3) two experiments with H-451 graphite at 638°C. 
At least another dozen experiments are yet to be documented, including 

some with Hawker-Siddeley graphite and some with sleeve graphite such 

as that used in the Peach Bottom Reactor. 
While recovering the experimental data, we have written computer 

programs to plot and to analyze the data according to Evans's model. 

The few plots drawn and the few data analyzed suggest that Evans's model 
may be too simplistic to be compatible with all of this experimental data. 

* 1.5.2 Diffusion of Silver in Core Graphite - R. Causey 

This task will determine silver diffusion rates in core graphite 

and will attempt to interpret the observed rates in terms of a physical 

model. Data taken in the course of the Peach Bottom Surveillance work 

has indicated that silver has the highest mobility in ,graphite of all 

the fission products. This fact together with the higher yields that 

* 
Consultant, Texas A. & M. Research Foundation, College Station, Tex. 



18 

go w i t h  medium-enriched uranium (MEU) f u e l  and t h e  n e a r  o p t i m a l  

h a l f - l i f e  of l lomAg (from t h e  s t a n d p o i n t  of r a d i a t i o n  hazard)  makes 

s i lver  and cesium t h e  two most c r i t i c a l  f i s s i o n  p r o d u c t s  i n  t h e  es t i -  

mation of h a z a r d s  a s s o c i a t e d  w i t h  equipment maintenance. T h i s  e x p e r i -  

ment i s  c u r r e n t l y  i n  t h e  e a r l y  s t a g e s  of d e s i g n  and equipment 

p r o  curenien t . 

1 . 5 . 3  - D i f f u s i o n  of Plutonium, Uranium, and Thorium i n  G r a p h i t e  - 
R. P.  Wichner 

Measurements are c u r r e n t l y  i n  p r o c e s s  i n  t h e  Radiochemistry Group 

of t h e  A n a l y t i c a l  Chemistry D i v i s i o n  f o r  de te rmining  c o n c e n t r a t i o n  

l e v e l s  of plutonium, uranium, and thorium i n  samples of c o r e  g r a p h i t e  

a c q u i r e d  i n  t h e  c o u r s e  of t h e  Peach Bottom S u r v e i l l a n c e  Program. The 

graphi te .  specimens were s e l e c t e d  from t h e  r a d i a l l y  s e c t i o n e d  p o r t i o n s  of 

t h e  g r a p h i t e  s l e e v e  and s p i n e  of t h e  f u e l  element. S u c c e s s f u l  concen- 

t r a t i o n  d e t e r m i n a t i o n s  would a l l o w  f o r m u l a t i o n  of r a d i a l  c o n c e n t r a t i o n  

p r o f i l e s  and e s t i m a t i o n  of  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e s e  heavy metals 

i n  g r a p h i t e .  The p r i n c i p a l  m o t i v a t i o n  f o r  t h e s e  measurements i s  the 

es t imat i -on  of plutonium l e a k a g e  rates from MEU t o  t h e  c o o l a n t .  
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2. FUELED GRAPHITE DEVELOPMENT 

F. J. Homan 

2.1 INTRODUCTION 

In the introduction to the Fueled Graphite Development chapter in 

last year’s annual report,’ the period of time covered was described as 

a transition period. 

highly enriched uranium (HEU) to lower enrichments. But the transition 

also included dovetailing of the fresh-fuel and recycle-fuel development 

efforts and of the General Atomic Company (GA) and ORNL fuel development 

programs. During the current reporting period, work was continued 

according to the trends detailed in the introduction to the fuels chapter 

in last year’s annual. The first two irradiation capsules, containing 

medium-enriched uranium (MEU) fuel, were built and irradiated. New 

emphasis was given to examination of driver fuel from previous High Flux 

Isotope Reactor (HFIR) target (HT) capsules because this fuel contained 
low-enriched uranium (LEU) kernels. Emphasis has continued on develop- 

ment of sophisticated procedures for postirradiation examination (PIE), 
analysis, and assessment of fuel performance. The irradiated micro- 

sphere gamma analyzer ( IMGA) system was used extensively during the 

reporting period, and a new postirradiation gas analyzer (PGA) system 

was developed. We describe the work on both of these systems in this 

chapter. 

The main transition was from a fuel cycle based on 

Work on coating development and MEU fuel fabrication yielded 

important results this year. Extensive studies on pyrocarbon (PyC) 

permeability resulted in characterization techniques that can be used 
with confidence. The major conclusion from the permeability studies is 

that, although impermeable PyC coatings can be produced, the range of 

acceptable coating properties that must be achieved is quite small and 

will be difficult to achieve economically on a production scale. 

The transition mentioned last year has continued. A new direction 

was identified for the HTGR Program, away from the steam-cycle HTGR toward 

advanced applications, in particular toward the direct-cycle HTGR. This 

new direction will place even more severe requirements on the fuel. 

21 
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Opera t ing  t e m p e r a t u r e s  w i l l  u l t i m a t e l y  b e  h i g h e r  t h a n  f o r  t h e  s team-cycle  

HTGR, and t h e  requi rements  f o r  l o w - f a i l u r e  f r a c t i o n  w i l l  b e  even more 

severe t h a n  b e f o r e .  

t i o n  f-or l a r g e  q u a n t i t i e s  of c o a t e d  p a r t i c l e s  under i r r a d i a t i o n  w i l l  b e  

a b s o l u t e l y  e s s e n t i a l  f o r  f u e l  q u a l i f i c a t i o n .  

from steam c y c l e  t o  d i r e c t  c y c l e  b r i n g s  t h e  U.S. f u e l  development program 

i n t o  b e t t e r  a l ignment  w i t h  t h e  German program, which h a s  c o n s i s t e n t l y  

emphasized advanced c o n c e p t s .  

Germany (FRG) umbre l la  agreement p r o g r e s s e d  w e l l  d u r i n g  t h i s  p a s t  y e a r ,  

and t h e  s i z e  and scope  of t h i s  c o o p e r a t i v e  e f f o r t  are  expected t o  grow 

i n  1979 .  

The a b i l i t y  t o  measure a c c u r a t e l y  t h e  f a i l u r e  f r a c -  

The s w i t c h  i n  emphasis 

Work under t h e  U.S.-Federal Republ ic  of 

2 .2  IRRADIATION EXPERIMENTS - F. J. Homan 

I r r a d i a t i o n  t e s t i n g  d u r i n g  t h i s  r e p o r t i n g  p e r i o d  h a s  been conf ined  

t o  t h e  HFIR. Only two c a p s u l e s  w e r e  i r r a d i a t e d  (HRB-14 and HRB-15b). 

P o s t i r r a d i a t i o n  examinat ion cont inued  on f u e l  from a number of o t h e r  

c a p s u l e s ,  i n c l u d i n g  some t h a t  were i r r a d i a t e d  s e v e r a l  y e a r s  ago. Addi- 

t i o n a l  PIE w a s  conducted on f u e l  from t h e s e  o l d  c a p s u l e s  because  of 

t h e  i n t e r e s t  i n  u s i n g  new P I E  procedures  t o  supplement t h e  d a t a  g a t h e r e d  

from p r e v i o u s  examinat ions  and because of t h e  r e c e n t  emphasis on f u e l s  

of lower enrichment .  

The most r e c e n t  HT c a p s u l e  w a s  HT-34. P o s t i r r a d i a t i o n  examinat ion  

of t h i s ;  c a p s u l e  w a s  completed d u r i n g  t h e  r e p o r t i n g  p e r i o d .  No a d d i t i o n a l  

HT c a p s u l e s  are  planned i n  t h e  immediate f u t u r e .  The most r e c e n t  HFIR 

removable b e r y l l i u m  (HRB) c a p s u l e  w a s  HRB-15b. T h i s  c a p s u l e  w a s  s t i l l  

i n  t h e  r e a c t o r  a t  t h e  end of t h e  r e p o r t i n g  p e r i o d  b u t  w a s  removed from 

t h e  r e a c t o r  i n  e a r l y  January  1979.  The n e x t  HRB c a p s u l e  (HRB-15a) i s  

scheduled t o  b e g i n  i r r a d i a t i o n  i n  t h e  second o r  t h i r d  q u a r t e r  of FY 1980. 

The most r e c e n t  Oak Ridge Reac tor  (ORR) c a p s u l e  was OF-2; a f i n a l  r e p o r t  

on that: experiment  w a s  completed d u r i n g  t h e  r e p o r t i n g  p e r i o d .  A f i n a l  

r e p o r t  w a s  a l s o  i s s u e d  d u r i n g  t h e  r e p o r t i n g  p e r i o d  on t h e  Peach Bottom 

Reactor  r e c y c l e  test e lements .  A s m a l l  amount of q u a l i t y  a s s u r a n c e  

work w a s  done d u r i n g  t h i s  y e a r  on t h e  F o r t  S t .  V r a i n  Reac tor  (FSVR) 

tes t  e:Lements. These e lements  are w a i t i n g  a t  t h e  FSVR s i t e  f o r  i n s e r t i o n  

w i t h  t h e  f i r s t  r e l o a d  of t h a t  r e a c t o r .  
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2 .2 .1  HFIR Targe t  Capsules  - F. J .  Homan 

P o s t i r r a d i a t i o n  examinat ion was completed d u r i n g  t h e  p a s t  y e a r  on 

t h e  HT-34 capsule .  F i n a l  r e p o r t s  were completed on c a p s u l e  exper iments  

HT-17 through -19, HT-31, HT-33, and HT-32, which w i l l  be  p u b l i s h e d  i n  

1979.  Reports  completed d u r i n g  t h e  las t  r e p o r t i n g  p e r i o d ,  f o r  which 

a b s t r a c t s  were inc luded  i n  l a s t  y e a r ' s  annual  (HT-20 through -23 and 

HT-28 through -30) were p u b l i s h e d  t h i s  y e a r .  Repor t ing  i s  now up t o  

d a t e  on a l l  HT c a p s u l e s .  P o s t i r r a d i a t i o n  examinat ion r e s u l t s  f o r  

c a p s u l e s  HT-31 through -34 are i n c l u d e d  h e r e .  

2 .2 .1 .1  Capsules  HT-17 Through -19 - E .  L .  Long, Jr .  

The r e s u l t s  of t h e  P I E  of c a p s u l e s  HT-17 through -19 have been 

d i s c u s s e d  p r e v i o u ~ l y . ~  3 

w a s  completed d u r i n g  t h i s  r e p o r t i n g  p e r i o d ,  t h e  a b s t r a c t  of which 

f o l l o w s  : 

A f i n a l  t o p i c a l  r e p o r t 4  on t h i s  experiment  

A series of Biso-coated f e r t i l e  p a r t i c l e s  w a s  i r r a d i a t e d  
i n  t h e  t a r g e t  f a c i l i t y  o f  t h e  HFIR. The pr imary o b j e c t i v e s  of 
t h i s  experiment  were t o  relate t h e  f a s t - n e u t r o n  s t a b i l i t y  of 
dense propylene-derived PyCs t o  p r e f e r r e d  o r i e n t a t i o n  and t o  
relate i r r a d i a t i o n  performance t o  p r e i r r a d i a t i o n  c h a r a c t e r i z a -  
t i o n  v a l u e s .  
a n i s o t r o p y  f a c t o r  (BAF), o p t i c a l  a n i s o t r o p y ,  gaseous permea- 
b i l i t y ,  small-angle  x-ray s c a t t e r i n g ,  and t h i c k n e s s  and d e n s i t y  
d e t e r m i n a t i o n s .  Other o b j e c t i v e s  were t o  tes t  Biso-coated 
la rge-d iameter  Tho2 k e r n e l s  and c o a t i n g s  d e r i v e d  from propylene  
d i l u t e d  w i t h  CO2 r a t h e r  than  argon. 

V i s u a l  examinat ion of t h e  i r r a d i a t e d  p a r t i c l e s  showed t h a t  
t h e  m a j o r i t y  had f a i l e d  as a r e s u l t  of f a s t - n e u t r o n  damage. 
Some c o r r e l a t i o n  could b e  made of p a r t i c l e  f a i l u r e s  w i t h  pre-  
i r r a d i a t i o n  o p t i c a l  a n i s o t r o p y  v a l u e s ,  b u t  t h e  most c o n s i s t e n t  
c o r r e l a t i o n  w a s  w i t h  small-angle  x-ray s c a t t e r i n g  d a t a .  The 
performance of t h e  c o a t i n g  prepared  from C02-diluted propylene 
w a s  o u t s t a n d i n g ;  no f a i l u r e s  were observed a f t e r  t h e  HTGR-design 
fas t  f l u e n c e  w a s  exceeded by 75% a t  a maximum p a r t i c l e  s u r f a c e  
tempera ture  of 1575°C. 

Coat ing c h a r a c t e r i z a t i o n  i n c l u d e d  x-ray Bacon 

2.2.1.2 Capsule HT-31- T .  N .  T iegs  

A f i n a l  r e p o r t 5  w a s  completed d u r i n g  t h i s  r e p o r t i n g  p e r i o d ,  which 

documented t h e  r e s u l t s  from HFIR c a p s u l e  HT-31. The a b s t r a c t  of t h e  

r e p o r t  f o l l o w s :  
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I r r a d i a t i o n  c a p s u l e  HT-31 w a s  a c o o p e r a t i v e  e f f o r t  between 
GA, Los Alamos S c i e n t i f i c  Labora tory  (LASL), and ORNL. T h i s  
r e p o r t  d e s c r i b e s  t h e  ORNL p o r t i o n  of t h e  experiment  o n l y .  

p a r t i c l e  tempera tures  up t o  16OO0C, f a s t  n e u t r o n  f l u e n c e s  
(E >0.18 MeV) up t o  9 x 
8.91% FIMA f o r  Tho2 p a r t i c l e s .  

c a l c u l a t e d ,  p o s s i b l y  because  of t h e  s o l i d  s o l u t i o n  of S rO 
and rare e a r t h  o x i d e s  i n  U 0 2 .  

d e c r e a s e s  w i t h  i n c r e a s i n g  f a s t  n e u t r o n  f l u e n c e .  

n a t u r a l  uranium behaved s i m i l a r l y  t o  t h o s e  i n  p a r t i c l e s  con- 
t a i n i n g  HEU. Thus, much of t h e  d a t a  b a s e  c o l l e c t e d  on HEU 
f u e l  can b e  a p p l i e d  t o  low-enriched f u e l .  F i s s i o n  product  
pa l lad ium p e n e t r a t e d  i n t o  t h e  s i l i c o n  c a r b i d e  ( S i c )  on Tr i so-  
c o a t e d  p a r t i c l e s .  The S i c  c o a t i n g  a l s o  provided  some r e t e n -  
t i o n  of IlornAg. 

about  1200°C w i t h o u t  an  o u t e r  PyC c o a t i n g  were degraded.  

The c a p s u l e  w a s  i r r a d i a t e d  i n  t h e  HFIR a t  ORNL t o  peak 

neutrons/m2,  and burnups up t o  

The oxygen release from plutonium f i s s i o n s  w a s  less t h a n  

T e n t a t i v e  r e s u l t s  show t h a t  pyrocarbon p e r m e a b i l i t y  

F i s s i o n  p r o d u c t s  i n  s o l - g e l  U 0 2  p a r t i c l e s  c o n t a i n i n g  

The S i c  c o a t i n g s  on Tr i so-coa ted  p a r t i c l e s  i r r a d i a t e d  above 

2.2.1.3 Capsule HT-32 - E. L .  Long, Jr .  

The d e s i g n ,  o b j e c t i v e s ,  o p e r a t i n g  h i s t o r y ,  and p o s t i r r a d i a t i o n  

r e s u l t s  of c a p s u l e  HT-32 have been r e p ~ r t e d . ~ , ~  

been performed d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  

A d d i t i o n a l  PIES have 

V i s u a l  examinat ion of t h e  f u e l  r o d s  from t h e  high-  and low- 

tempera ture  magazines showed t h a t  t h e y  were i n  good c o n d i t i o n ,  as shown 

i n  F ig .  2 . 1 .  F u e l  r o d s  from t h e  low-temperature magazine w e r e  e l e c t r o -  

l y t i c a l l y  d e c o n s o l i d a t e d  t o  r e c o v e r  t h e  f u e l  p a r t i c l e s  f o r  meta l lography,  

e l e c t r o n  microprobe a n a l y s i s ,  and gamma spec t romet ry .  

The m e t a l l o g r a p h i c  r e s u l t s  f o r  t h e  p a r t i c l e s  from t h e  f u e l  r o d s  

were i d e n t i c a l  t o  t h e  l o o s e  p a r t i c l e s  from t h e  low-temperature magazine. 

The p a r t i c l e s  w i t h  HOBEG c o a t i n g s  had dense,  a n i s o t r o p i c  b u f f e r  c o a t i n g s ,  

which r e s u l t e d  i n  r a d i a l  c r a c k s  through c o a t i n g  l a y e r s .  T y p i c a l  f a i l e d  

and i n t a c t  p a r t i c l e s  from rod  42  t h a t  had been h e a t  t r e a t e d  a t  1500°C 

are shown i n  F ig .  2.2;  t h e  t ime-averaged s u r f a c e  and c e n t e r l i n e  tempera- 

t u r e s  of t h i s  rod w e r e  1155 and 1190"C, r e s p e c t i v e l y .  F a i l e d  and i n t a c t  

p a r t i c l e s  from rod 40 t h a t  had been h e a t  t r e a t e d  a t  1800°C are shown i n  

F ig .  2 .3 .  The t ime-averaged s u r f a c e  and c e n t e r l i n e  tempera tures  of t h i s  

rod were 1115 and 1150"C, r e s p e c t i v e l y ,  and t h e  f a s t - f l u e n c e  exposure  





Fig. 2.2. Failed and Intact Particles from Fuel Rod 42, Coated by 
HOBEG, Heat Treated at 1500°C. 
temperatures of this rod were 1155 and 1190°C, respectively; the fast- 
fluence (E  >0.18 MeV) exposure was 7.3 x 

The time-averaged surface and centerline 

neutrons/m2 (125 x) . 



Fig. 2.3. Failed and Int 
HOBEG, Heat Treated at 18OOOC. 

t Particles from Fuel Rod 40, Coated by 
The time-averaged surface and centerline 

temperatures of this rod were 1115 and 115OoC, respectively; fast-fluence 
(E  >0.18 MeV) exposure was 7.7 x neutrons/m2 (125 x) . 
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l e v e l  w a s  7 . 7  x l o z 5  neutronslm'. 

o x i d e  phase  escaped from t h e  k e r n e l  when c o a t i n g  f a i l u r e  o c c u r r e d ,  as 

can b e  s e e n  by comparing t h e  k e r n e l s  of f a i l e d  v e r s u s  i n t a c t  p a r t i c l e s  

i n  F i g .  2.3.  

Apparent ly  t h e  b u l k  of t h e  S i -AI  

No f a i l u r e s  were noted  i n  t h e  examinat ion of p a r t i c l e s  w i t h  ORNL 

c o a t i n g s  i n c o r p o r a t e d  i n  f u e l  r o d s  from t h e  low-temperature magazine. 

T y p i c a l  p a r t i c l e s  from r o d s  43  and 45 are shown i n  F i g .  2.4.  

i n  rod  43 w e r e  h e a t  treated a t  1800°C p r i o r  t o  i r r a d i a t i o n ,  and t h o s e  i n  

rod  45 a t  15OO0C. The t ime-averaged s u r f a c e  and c e n t e r l i n e  tempera tures  

f o r  rod  43 w e r e  1155 and 1190°C, r e s p e c t i v e l y ;  f o r  rod 45, 1140 and 

1170°C. The f a s t - f l u e n c e  (E >0.18 MeV) exposure levels  w e r e  7 . 1  x 

neutrons/m2 f o r  rod 43 and 6 .6  x 

of t h e  ORNL r e f e r e n c e  Biso-coated Tho2 p a r t i c l e s  i n  rod 46 r e v e a l e d  no 

f a i l u r e s  (F ig .  2 . 5 ) .  The time-averaged s u r f a c e  and c e n t e r l i n e  tempera tures  

were 1130 and 1160"C, r e s p e c t i v e l y ,  and t h e  f a s t - f l u e n c e  exposure leve l  

w a s  6 . 3  x neutrons/m2 ( E  > O .  1 8  MeV). 

The p a r t i c l e s  

neutrons/m2 f o r  r o d  45. Examination 

Pa r t i c l e s  have been s e l e c t e d  f o r  e l e c t r o n  microprobe a n a l y s i s ,  and 

t h e  remainder  w i l l  b e  p r o c e s s e d  through t h e  IMGA f o r  f i s s i o n  product  

i n v e n t o r i e s .  A f i n a l  r e p o r t  on t h i s  experiment  i s  i n  p r e p a r a t i o n .  

2 .2 .1 .4  Capsule  HT-33 - T. N .  T iegs  

A f i n a l  r e p o r t 8  w a s  completed d u r i n g  t h i s  r e p o r t i n g  p e r i o d ,  which 

documented t h e  r e s u l t s  from HFIR c a p s u l e  HT-33. The a b s t r a c t  of t h e  

r e p o r t  f o l l o w s .  

I r r a d i a t i o n  c a p s u l e  HT-33 was a c o o p e r a t i v e  e f f o r t  between 
GA and ORNL. T e s t e d  were Tho2 p a r t i c l e s  ( f a b r i c a t e d  by GA), 
LEU p a r t i c l e s ,  i n e r t  carbon p a r t i c l e s ,  and v a r i o u s  f u e l  rod 
matrices ( f a b r i c a t e d  a t  ORNL) under a c c e l e r a t e d  i r r a d i a t i o n  con- 
d i t i o n s  i n  t h e  HFIR. T h i s  r e p o r t  c o v e r s  o n l y  t h e  ORNL p o r t i o n  
of  t h e  experiment .  

The vfswal  PIE showed good i r r a d i a t i o n  b e h a v i o r  f o r  f u e l  
r o d s  having s l u g - i n j e c t e d  matrices ( u s i n g  a p i t c h  b i n d e r )  and 
w a r m  molded matrices ( u s i n g  a t h e r m o s e t t i n g  r e s i n  b i n d e r ) .  
Some improvement i n  rod debonding w a s  observed  w i t h  f u e l  r o d s  
u s i n g  Great Lakes Carbon Company (GLCC) H-451 ground-graphi te  
shim p a r t i c l e s  r a t h e r  t h a n  Speer  f l u i d  coke shim p a r t i c l e s .  

Measurements of  p e r m e a b i l i t y  (by i n e r t  g a s  i n t r u s i o n )  of 
t h e  pyrocarbon c o a t i n g s  on t h e  i n e r t  k e r n e l  showed t h a t  t h e  
d i s o r d e r  c r e a t e d  by t h e  n e u t r o n  f l u x  d i d  n o t  cause  t h e  i n e r t  
gas  p e r m e a b i l i t y  t o  i n c r e a s e .  
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Fig. 2.4. Particles Coated by ORNL and Irradiated in Rods (a) 43 
and (b)  45. 
at 1500OC. 
rod 43 were 1155 and 1190°C, respectively; for rod 45, 1140 and 117OOC. 
Fast-fluence (E  >0.18 MeV) for rod 43 was 7.1 x 
6 . 6  x 

Particles in rod 43 heat treated at 1800°C and in rod 45 
Time-averaged rod surface and centerline temperatures for 

neutrons/m2 and 
neutrons/m2 for rod 45 (125 x) . 
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Fi? ience Biso-Coated Tho2 Particle Irradiated in 
Rod 46. 1 surface and centerline temperatures were 
1130 and rely. Fast-fluence ( E  >0.18 MeV) was 
6.3 x 1G-- neuLrunslm- ( s L 5  X)  . 

Metallographic examination of Triso-coated particles 
irradiated with and without an outer PyC coating revealed that 
the outer PyC coating is necessary ti 
at temperatures above about 1375 "C. 

The fission product behavior, a 
tron microprobe, was similar in LEU ~ L I U  nfiu ~ ~ L L L L L ~ ~  I I ~ U C  L L u L I l  

weak-acid resins (WARS). Fission product palladium caused 
severe Sic corrosion at time-averaged temperatures above 1400°C. 
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2.2.1.5 Capsule  HT-34 - E .  L. Long, Jr. 

The o b j e c t i v e s ,  c a p s u l e  d e s i g n ,  and o p e r a t i n g  h i s t o r y  of c a p s u l e  

HT-34 were d e s c r i b e d  p r e v i o u s l y . 9  

removed from t h e  r e a c t o r ,  b u t  t h e  PIE had n o t  begun. 

A t  t h a t  t i m e  t h e  c a p s u l e  had been 

2.2.1.5.1 Thermal A n a l y s i s  - A. M. Howard* and M.  J.  Kania. T i m e -  

t empera ture  r e l a t i o n s h i p s  f o r  t h e  ORNL specimens i r r a d i a t e d  i n  c a p s u l e  

HT-34 were c a l c u l a t e d  w i t h  t h e  thermal  modeling code HTCAPl (modif ied 

v e r s i o n  of HTCAP) . l o  

p a r t i c l e s  i n  s p e c i a l  h o l d e r s  and bonded f u e l  rods .  F i g u r e s  2.6 and 

2.7 are r e p r e s e n t a t i v e  of t h e  tempera tures  c a l c u l a t e d  f o r  each  specimen 

t y p e  i r r a d i a t e d  i n  t h e  high-temperature  r e g i o n .  Peak i r r a d i a t i o n  t e m -  

p e r a t u r e s  were n e a r  15OO0C, w i t h  a v e r a g e - l i f e  tempera tures  n e a r  135OOC. 

The ORNL specimens w e r e  i n  t h e  form of l o o s e  

* 
Co-op s t u d e n t ,  Purdue U n i v e r s i t y ,  L a f a y e t t e ,  Ind. 

TIM FiWi BEGINNING OF IAFIAOIFITION (OATS1 

Fig.  2.6. HT-34 P a r t i c l e  Holder 43, Batch A-785, 816.5-um P a r t i c l e  
Diameter. 
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TIME FROM BEGINNING tlF IRRCIDIRTICIN (DRYS) 

Fig .  2.7.  HT-34 F u e l  Rod 44, Batch A835 + OR-2576H, 743.1-pm 
Average P a r t i c l e  D i a m e t e r .  

The peak tempera ture  f o r  t h e  r o d s  o c c u r r e d  a t  beginning  of l i f e  because  

of t h e  f i s s i l e  2 3 5 U  p r e s e n t  i n  t h e  r o d ,  whereas f o r  t h e  l o o s e  p a r t i c l e s ,  

t h e  peak tempera tures  occurred  a t  end of l i f e .  F i g u r e s  2 . 8  and 2.9 are 

r e p r e s e n t a t i v e  of tempera tures  c a l c u l a t e d  f o r  specimens i r r a d i a t e d  i n  

t h e  low--temperature r e g i o n  of HT-34. Peak tempera tures  w e r e  n e a r  1250°C 

f o r  t h e  l o o s e  p a r t i c l e s  and n e a r  1100°C f o r  t h e  rods .  Average- l i fe  

t e m p e r a t u r e s  were n e a r  1175°C f o r  t h e  l o o s e  p a r t i c l e s  and 1050°C f o r  

t h e  r o d s .  Temperatures p r e s e n t e d  f o r  t h e  f u e l  r o d s  r e p r e s e n t  peak 

and average  c e n t e r l i n e  t e m p e r a t u r e s ,  n o t  p a r t i c l e - s u r f a c e  t e m p e r a t u r e s  

as i s  t h e  case f o r  l o o s e  p a r t i c l e s .  

The tempera tures  quoted above are 100-200°C h i g h e r  t h a n  d e s i g n  

tempera tures  of  1250 and 900°C f o r  t h e  two tempera ture  r e g i o n s .  Calcu- 

l a t i o n s  w e r e  a l s o  made on t h e  ORNL s e c t i o n  w i t h  t h e  f i s s i l e  and f e r t i l e  

m e t a l  removed. I n  t h e s e  cases, t h e  o n l y  s o u r c e  of h e a t  g e n e r a t i o n  w a s  

t h a t  caused by gamma h e a t i n g  [peak v a l u e  of about  35 W/g a t  t h e  
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1 M O  

TIME FRI!IH BEGINNING OF IMIFIOIRTION UIFIYSI 

Fig .  2.8. HT-34 P a r t i c l e  Holder 30, Batch A-785, 816.5-um P a r t i c l e  
D i a m e t e r  . 

h o r i z o n t a l  midplane of t h e  r e a c t o r  (HMP)]. For t h e  high-temperature  

r e g i o n ,  t h e  peak tempera ture  w a s  about  1025°C; f o r  t h e  low-temperature 

r e g i o n ,  i t  w a s  about  825°C ( t h e s e  v a l u e s  are  f o r  t h e  p a r t i c l e  h o l d e r s ;  

f u e l  rod tempera tures  w e r e  about  25°C h i g h e r ) .  

appear  t o  b e  t h e  minimum tempera tures  f o r  t a r g e t  c a p s u l e s  w i t h o u t  

f i s s i l e  o r  f e r t i l e  f u e l .  

These tempera tures  

For  t h e  high-temperature  r e g i o n ,  a t h i r d  case w a s  r u n  wherein o n l y  

t h e  uranium d r i v e r  f u e l  w a s  cons idered .  Here t h e  peak h o l d e r  tempera- 

t u r e s  i n c r e a s e d  t o  about  1270°C at: t h e  HMP and decreased  t o  about  1130°C 

a t  about  1 3  c m  from t h e  HMF'. These tempera tures  o c c u r r e d  a t  beginning  

of l i f e  on ly ;  tempera tures  a t  end of l i f e  had reduced t o  1140°C a t  t h e  

HMF' and 1075°C a t  1 3  c m  from HMP. S i m i l a r  t empera ture  changes would 

also occur  i n  t h e  low-temperature r e g i o n  of t h e  c a p s u l e .  I n  each  of t h e  

above c a s e s ,  end of l i f e  was a f t e r  f i v e  f u l l  HFIR c y c l e s .  
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TIME FFIm BEGINNING OF IRAFIOIATION ~DFIYSI 

Fig. 2.9. HT-34 Fuel Rod 31, Batch A835 + OR-2576H, 743.1-pm 
Average Particle Diameter. 

2.:2.1.5.2 Postirradiation Examination of Capsule HT-34 - T. N. Tiegs, 
E. L. Long, Jr., and E. L. Ryan. Capsule HT-34 was received at the 

High-Radiation-Level Examination Laboratory (HRLEL) in mid-December 1 9 7 7  

for PIE. Prior t o  disassembly, gross-gamma scans of the capsule were 

recorded, and a sample of the internal gas was analyzed. The gamma 

scans showed no unusual effects, and the results from the gas sample 

showed that the cladding remained gastight throughout the irradiation 

test. 
After containment removal, visual and dimensional inspections of 

the four graphite magazines were made. The exterior of the magazines 

appeared to be in good condition, but an excessive amount of soot was 

present in the capsule. 

the disassembly, retrieval, and visual examination of the upper magazines 

from the capsule. 

A representative from GA was present to oversee 

The two low-temperature magazines were unloaded without difficulty. 

However, the end plugs in the high-temperature magazines were stuck, and 
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i n  t h e i r  removal, t h e  ends of t h e  magazines were broken. 

h o l d e r s  and f u e l  rods  could  n o t  b e  removed u n t i l  t h e  magazines w e r e  s l i t  

and s p l i t  open. 

g raph- fo i l  p lugs  were s t i l l  i n  p l a c e .  

P a r t i c l e  

No p a r t i c l e s  were l o s t  from t h e  end p lugs  because t h e  

The appearance of  t h e  bonded f u e l  rods  from bo th  t h e  low- and 

high-temperature  r e g i o n s  w a s  good, w i t h  no debonding noted .  

t h e  l o o s e  p a r t i c l e  h o l d e r s  i n  t h e  high-temperature  r e g i o n s  were broken 

du r ing  removal; most of t h e  p a r t i c l e s  i n  t h o s e  h o l d e r s  were recovered.  

Some d i f f i c u l t y  w a s  encountered  i n  r e t r i e v i n g  t h e  l o o s e  p a r t i c l e s  from 

t h e  low-temperature h o l d e r s .  Scanning e l e c t r o n  microscopy examinat ion 

i n d i c a t e d  a bu i ldup  of an u n i d e n t i f i e d  g r a n u l a r  material i n  t h e  annulus ,  

where p a r t i c l e s  are h e l d ,  as t h e  cause  of t h e  problem (Fig .  2.10).  

Attempts t o  i d e n t i f y  t h i s  material through e l e c t r o n  microprobe a n a l y s i s  

w e r e  unsuccess fu l .  

F ive  of 

The l o o s e  coa ted  p a r t i c l e s  from t h e  ORNL p o r t i o n  of t h e  experiment  

were v i s u a l l y  examined, and t h e  r e s u l t s  are g iven  i n  Table  2.1. As shown, 

numerous p r e s s u r e - v e s s e l  f a i l u r e s  were observed,  w i t h  most o c c u r r i n g  i n  

t h e  low-temperature reg ion .  It i s  b e l i e v e d  t h a t  t h e  f a i l u r e s  are a 

Fig.  2.10. Scanning E l e c t r o n  Micrograph of Loose -Pa r t i c l e  Holder 51 
from Capsule HT-34 (15 X) . 



T a b l e  2.1. Summary of  R e s u l t s  from V i s u a l  Examinat ion of ORNL Biso-Coated 
F e r t i l e  P a r t i c l e s  i n  HT-34 

Number o f  c o a t e d  p a r t i c l e s  

Recovered 
C a p s u l e  Unaccounted F a i l u r e  Fa i led '  

p o s i t  i o n  Batch  Loaded In tac t  F a i l e d a  f o r a  modeb (X) 
High- tempera ture  magazine 

27 
29 
30 
32 
33 
35 
36 
38 
39-1 
39-2 

A-765 
A-780 
A-785 
A-806 
A-762 
A-782 
A-786 
A- 78 7 
OR-1975-T 
OR- 2 01 3 -T 

42 
41 
42 
43 
42 
41 
43 
42 
21 
21 

31 
39 
37 
41 
34 
41 
43 
42 
16 
21 

6 
1 
1 
2 
4 
0 
0 
0 
3 
0 

5 
1 
4 
0 
4 
0 
0 
0 
2 
0 

PV 
PV 
PV 
PV 
PV 
None 
None 
None 
FND 
None 

14-26 
2-5 
2-12 
5 
10-1 9 
0 
0 
0 

0 
14-24 

Low-temperature magazine 

40 A-765 35 25 10 0 PV 29 
42 A-780 35 28 7 0 PV 20 
43 A-785 37 29 6 0 PV 16 
45 A-806 37 34 3 0 PV 8 

49 A-786 37 35 1 1 PV 3-5 

46 A-762 36 23 10 3 PV 28-36 
48 A-782 36 31 5 0 PV 14 

d 
37 19 1 18 PV 3-(38)' 

51 A-787 37 22 0 15 0-(30) 
52 OR-1 97 5-T 

a E s t i m a t e d  from c o a t i n g  f r a g m e n t s .  

bPV, p r e s s u r e  vessel; FND, f a s t  n e u t r o n  damage. 
C F i r s t  numbers a re  based on c o a t i n g  f r a g m e n t s ;  second numbers are  b a s e d  on  f r a g m e n t s  + unaccounted-  

'Thi r ty- three  i n t a c t  p a r t i c l e s  found i n  common c o n t a i n e r  used  t o  s t o r e  h o l d e r s  f rom low- tempera ture  

f o r  p a r t i c l e s .  

magazines .  

w m 
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r e s u l t  of t h e  p a r t i c l e s  n o t  b e i n g  annea led  p r i o r  t o  i r r a d i a t i o n .  ( I n  

t h e  p a s t  a l l  l o o s e  p a r t i c l e s  were annea led  a t  1800°C f o r  a minimum of 

1 0  min.) E v i d e n t l y  t h e  a n n e a l i n g  i s  n e c e s s a r y  t o  re l ieve stresses i n  

t h e  PyC c o a t i n g s  t h a t  are i n t r o d u c e d  d u r i n g  t h e  c o a t i n g  p r o c e s s ,  which 

would a l s o  e x p l a i n  why t h e  p a r t i c l e s  i n  high-temperature  r e g i o n s  had 

h i g h e r  s u r v i v a l  ra tes  ( i . e . ,  t h e  PyC c o a t i n g  stresses were p a r t i a l l y  

r e l i e v e d  i n  t h e  r e a c t o r ) .  

i n  good c o n d i t i o n .  

The p a r t i c l e s  t h a t  d i d  s u r v i v e  appeared t o  b e  

The i s s u e  of whether  o r  n o t  p a r t i c l e s  need t o  be annea led  a f t e r  

c o a t i n g  h a s  been a c t i v e l y  d i s c u s s e d  w i t h  GA on numerous o c c a s i o n s .  

Experience a t  ORNL h a s  shown t h a t  p a r t i c l e s  coa ted  by u s i n g  a c o n i c a l  g a s  

d i s t r i b u t o r  i n  t h e  c o a t i n g  f u r n a c e  f r e q u e n t l y  e x p e r i e n c e  l a r g e  numbers 

of broken o r  c racked  p a r t i c l e s  d u r i n g  p o s t f a b r i c a t i o n  c h a r a c t e r i z a t i o n  

( c h l o r i n e  l e a c h ,  e t c . )  u n l e s s  t h e  p a r t i c l e s  are annealed a t  1800°C 

p r i o r  t o  c o o l i n g  t h e  c o a t i n g  f u r n a c e . l l  

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

done on a l l  b a t c h e s  f a b r i c a t e d ,  a s  i n d i c a t e d  ea r l i e r .  S t u d i e s  a t  ORNL 

have shown t h a t  a n n e a l i n g  t h e  c o a t e d  p a r t i c l e s  t h a t  were d e p o s i t e d  

u s i n g  a c o n i c a l  d i s t r i b u t o r  i n c r e a s e s  t h e  c r u s h i n g  s t r e n g t h .  However, 

ORNL has s i n c e  switched t o  t h e  f r i t t e d  gas  d i s t r i b u t o r .  The HT-34 

p a r t i c l e s  were coa ted  u s i n g  t h e  f r i t .  S t u d i e s  on coa ted  p a r t i c l e s  

prepared  by u s i n g  f r i t  d i s t r i b u t o r s  showed e s s e n t i a l l y  no d i f f e r e n c e  i n  

p a r t i c l e  breakage o r  c r u s h i n g  s t r e n g t h  f o r  annealed v e r s u s  unannealed 

p a r t i c l e s .  Because t h e  p a r t i c l e s  are e f f e c t i v e l y  annealed d u r i n g  

f u e l  rod f a b r i c a t i o n ,  i t  w a s  decided t h a t  a n n e a l i n g  a f t e r  p a r t i c l e  

c o a t i n g  w a s  no l o n g e r  n e c e s s a r y .  The HT-34 e x p e r i e n c e  h a s  caused US t o  

q u e s t i o n  t h e  v a l i d i t y  of t h i s  assumption. 

cause  of t h e  p r e s s u r e  v e s s e l  f a i l u r e s  i n  t h e  HT-34 specimens i s  t h e  l a c k  

of an  a n n e a l i n g  s t e p .  

experiment  would be r e q u i r e d  t o  make a d e f i n i t i v e  s t a t e m e n t  about  t h e  
need f o r  t h e  a n n e a l i n g  of l o o s e  p a r t i c l e s  p r i o r  t o  i r r a d i a t i o n .  That 

experiment  would b e  t o  i r r a d i a t e  annealed and unannealed p a r t i c l e s  from 

t h e  same b a t c h  under  i d e n t i c a l  i r r a d i a t i o n  c o n d i t i o n s .  However, because 

of funding  l i m i t a t i o n s ,  i t  i s  u n l i k e l y  t h a t  such an experiment  w i l l  b e  

conducted i n  t h e  n e a r  f u t u r e .  

It w a s  t h e r e f o r e  ORNL's pos i -  

W e  have s p e c u l a t e d  t h a t  t h e  

F u r t h e r  P I E  may show a n o t h e r  cause.  Another 
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The samples of p a r t i c l e s  from t h e  two OR b a t c h e s ,  which were annea led  

a f t e r  c o a t i n g ,  were t e s t e d  i n  an  ea r l i e r  HT series12 and showed r e s u l t s  

similar t.o t h o s e  from HT-34. Coat ings  f o r  Batch OR-2013-T w e r e  d e p o s i t e d  

by u s i n g  propylene  and CO2 as a d i l u e n t  r a t h e r  t h a n  100% argon,  as f o r  

OR-1975-'11. The d e p o s i t i o n  ra tes ,  t e m p e r a t u r e s ,  gas  c o n c e n t r a t i o n s ,  and 

gas  f l u x e s  were e q u i v a l e n t .  

i r r a d i a t e d  i n  low-temperature magazine p o s i t i o n s  5 1  and 52 i s  b e l i e v e d  t o  

b e  t o o  h i g h ;  37 p a r t i c l e s  were unaccounted f o r  i n  t h i s  magazine,  b u t  

3 3  were found i n  t h e  s t o r a g e  c o n t a i n e r  used f o r  t h e  "empty" p a r t i c l e  

h o l d e r s .  

The range i n  f a i l u r e  ra te  shown f o r  p a r t i c l e s  

A l l  of  t h e  i n t a c t  p a r t i c l e s  are scheduled  f o r  IMGA c l a s s i f i c a t i o n ,  

and an  i n v e n t o r y  of t h e  f i s s i o n - g a s  c o n t e n t  w i l l  b e  determined w i t h  t h e  

a i d  of t h e  PGA system. The IMGA w i l l  p r o v i d e  s o l i d  f i s s i o n  p r o d u c t  

i n v e n t o r i e s  of  t h e  p a r t i c l e s ,  and t h e  PGA w i l l  de te rmine  which, i f  any, 

of t h e  Bise c o a t i n g s  became permeable because of f a s t - n e u t r o n  damage. 

2 .2 .2  - H:RB Capsules  - F. J .  Homan 

P o s t i r r a d i a t i o n  examinat ion w a s  completed on f u e l  from c a p s u l e s  

HRB-11 tlhrough -13. The IMGA a n a l y s i s  of t h e s e  c a p s u l e s  h a s  n o t  been 

completed because  of t h e  l a r g e  backlog  of f u e l  p a r t i c l e s  w a t i n g  f o r  IMGA 

c l a s s i f i c a t i o n .  T h i s  p o r t i o n  of t h e  PIE w i l l  b e  completed i n  1979. A 

t o p i c a l  r e p o r t  on HRB-11 and -12 w a s  completed d u r i n g  t h e  r e p o r t i n g  

p e r i o d ,  c o v e r i n g  a l l  d e t a i l s  of t h e  experiment  e x c e p t  IMGA a n a l y s i s  of 

t h e  f u e l ,  which w i l l  b e  r e p o r t e d  s e p a r a t e l y .  Capsules  HRB-14 and -15b 

were assembled and i r r a d i a t e d ;  b o t h  c a p s u l e s  w e r e  removed from t h e  

r e a c t o r  i n  January and w i l l  b e  examined d u r i n g  1979. 

2 .2 .2 .1  Capsules  HRB-11 and -12 - F. J .  Homan 

A t o p i c a l  r e p o r t  on t h i s  i r r a d i a t i o n  experiment  w a s  completed 

d u r i n g  t h e  r e p o r t i n g  p e r i o d ;  t h e  a b s t r a c t  i s  g iven  below. 

The HRB-11 and -12 experiment  had seven  o b j e c t i v e s ,  e a c h  of 
whi.ch w a s  accomplished. The f i r s t  o b j e c t i v e  w a s  t o  supplement 
t h e  d a t a  from p r e v i o u s  exper iments  r e g a r d i n g  t h e  i n f l u e n c e  of 
i n i . t i a 1  oxygen-to-uranium r a t i o  (0:U) on t h e  i r r a d i a t i o n  per -  
formance of WAR-derived f i s s i l e  f u e l  p a r t i c l e s .  The HRB-11 and 
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-12 r e s u l t s  confirmed t h e  c o n c l u s i o n s  reached i n  t h e  ear l ier  
exper iments ;  t h a t  i s ,  f u e l  p a r t i c l e s  w i t h  i n i t i a l  0 : U  v a l u e s  
between 1 .0  and 1 . 7  g i v e  a c c e p t a b l e  performance t o  f u l l  burnup 
f o r  HEU f u e l .  F u e l s  w i t h  i n i t i a l  0:U below 1 .0  show excessive 
chemical  i n t e r a c t i o n  between r a r e - e a r t h  f i s s i o n  p r o d u c t s  and t h e  
S i c  l a y e r  i n  t h e  T r i s o  f i s s i l e  p a r t i c l e  des ign .  

second r e s i n  material. A l l  e x p e r i e n c e  p r i o r  t o  HRB-11 and -12 
w a s  w i t h  Amberl i te  IRC-72 r e s i n .  D u o l i t e  C-464 r e s i n  w a s  t e s t e d  
i n  HRB-11 and -12,  and performance w a s  a c c e p t a b l e .  Use of  t h e  
D u o l i t e  r e s i n  r e s u l t e d  i n  b o t h  a lower i n i t i a l  k e r n e l  d e n s i t y  
and a g r e a t e r  k e r n e l  s h r i n k a g e  under i r r a d i a t i o n  t h a n  o c c u r s  
w i t h  t h e  Amberl i te  r e s i n ,  b u t  t h e r e  w a s  no ev idence  of a 
d e l e t e r i o u s  e f f e c t  on i r r a d i a t i o n  performance. However, t h e  
h i g h e r  i n i t i a l  d e n s i t y  p o s s i b l e  w i t h  t h e  Amber l i te  r e s i n  caused i t  
t o  b e  favored .  

The t h i r d  o b j e c t i v e  w a s  t o  de te rmine  t h e  minimum b u f f e r -  
l a y e r  t h i c k n e s s  n e c e s s a r y  w i t h  WAR-derived f i s s i l e  f u e l s .  
Because of t h e  l a r g e  amount of p o r o s i t y  a v a i l a b l e  i n  t h e  k e r n e l ,  
e s p e c i a l l y  t h e  D u o l i t e  r e s i n ,  t h e  b u f f e r  l a y e r  is  needed only  
t o  p r o t e c t  t h e  i n n e r  low-temperature i s o t r o p i c  (ILTI) c o a t i n g  
from f i s s i o n - r e c o i l  damage. E u f f e r s  of f u l l  nominal t h i c k n e s s  
( ~ ~ 4 0  pm), h a l f  t h i c k n e s s  ( ‘ ~ 2 5  urn), and zero  t h i c k n e s s  were 
t e s t e d .  A l l  performed w e l l ,  a l though t h e r e  appeared t o  b e  a 
s l i g h t  t h i n n i n g  of t h e  I L T I  l a y e r  i n  t h e  p a r t i c l e s  w i t h  no 
b u f f e r  . 
d e p o s i t i o n  ra te  on f i s s i o n  product  r e t e n t i o n  c a p a b i l i t i e s  i n  
Triso-coated f i s s i l e  p a r t i c l e s .  P a r t i c l e s  were t e s t e d  w i t h  S i c  
l a y e r s  d e p o s i t e d  a t  rates between 0 . 2  and 0.9 pm/min .  
r e s u l t s  of t h i s  experiment showed g r e a t e r  f i s s i o n  p r o d u c t  a t t a c k  
of t h e  S i c  w i t h  i n c r e a s i n g  c o a t i n g  ra te .  These r e s u l t s  are 
n o t  c o n c l u s i v e ,  however, because o t h e r  exper iments  have shown 
s i g n i f i c a n t  a t t a c k  on t h e  S i c  c o a t i n g s  of p a r t i c l e s  wherever 
t h e  c o a t i n g  ra te  w a s  as low as t h e  lowest  ra te  used i n  t h e  
HRB-11 and -12 experiment .  
study . 
c o a t i n g s  d e p o s i t e d  i n  t h e  13-cm c o a t i n g  f u r n a c e  t h a t  u s e s  a 
f r i t t e d - p l a t e  g a s  d i s t r i b u t i o n  system w i t h  c o a t i n g s  d e p o s i t e d  
i n  t h e  same f u r n a c e  t h a t  u s e s  a c o n i c a l  gas  d i s t r i b u t i o n  system. 
T h i s  comparison w i l l  supplement d a t a  from o t h e r  exper iments  i n  
which t h e s e  same b a t c h e s  of p a r t i c l e s  have been tes ted.  The 
HRB-11 and -12  p o r t i o n  of t h i s  comparison i s  o n l y  p a r t i a l l y  
completed; t h e  real comparison w i l l  b e  made on t h e  b a s i s  of 
a n a l y s i s  u s i n g  t h e  IMGA system. The HRB-11 and -12 f u e l  i s  
y e t  t o  b e  examined w i t h  IMGA. 

t h e r m o s e t t i n g  matrices. The GA r o d s  were i r r a d i a t e d  and 
sh ipped  t o  San Diego f o r  examinat ion,  and t h e  r e s u l t s  of 
t h i s  p o r t i o n  of t h e  experiment  w i l l  b e  r e p o r t e d  s e p a r a t e l y  
by GA. 

The second o b j e c t i v e  w a s  t o  o b t a i n  performance d a t a  on a 

The f o u r t h  o b j e c t i v e  w a s  t o  tes t  t h e  i n f l u e n c e  of S i c  l a y e r -  

The 

T h i s  problem w i l l  r e q u i r e  a d d i t i o n a l  

The f i f t h  o b j e c t i v e  w a s  t o  compare t h e  performance of 

The s i x t h  o b j e c t i v e  w a s  t o  test  GA f u e l ,  f a b r i c a t e d  w i t h  
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The f i n a l  o b j e c t i v e  of t h e  experiment  w a s  t o  tes t  f u e l  
f a b r i c a t e d  a t  L A S L  u s i n g  Z r C  c o a t i n g s  and graded ZrC-PyC 
c o a t i n g s  i n  p l a c e  of Sic i n  t h e  T r i s o  f i s s i l e  d e s i g n .  The 
r e s u l t s  of gamma scanning ,  m e t a l l o g r a p h i c  a n a l y s i s ,  and micro- 
probe  a n a l y s i s  i n d i c a t e  t h a t  t h e  f u e l  w i t h  Z r C  c o a t i n g s  d i d  n o t  
per form w e l l .  F u r t h e r  a n a l y s i s  u s i n g  t h e  IMGA system i s  
p lanned .  

2 .2 .2 .2  Capsule  HRB-13  - T .  N .  T i e g s  

The o b j e c t i v e s ,  d e s i g n ,  and f a b r i c a t i o n  d e t a i l s  of HRB-13 have 

been r e p o r t e d . 1 3  A summary of t h e  c a p s u l e  o p e r a t i o n  w a s  a l s o  r e p o r t e d . 1 4  

The c a p s u l e  w a s  d i sassembled  and t h e  f u e l  r o d s  removed w i t h o u t  

d i f f i c u l t y .  P o s t i r r a d i a t i o n  d imens iona l  measurements of t h e  f u e l  r o d s  

and g r a p h i t e  sleeve w e r e  made and compared t o  p r e i r r a d i a t i o n  measure- 

ments. The d imens iona l  changes as a f u n c t i o n  of f a s t  n e u t r o n  f l u e n c e  

(E >0.18 MeV) are summarized i n  F i g s .  2 . 1 1  and 2.12. 

V i s u a l  examinat ion  of t h e  f u e l  rod  s u r f a c e s  r e v e a l e d  numerous 

c o a t e d  p a r t i c l e  f a i l u r e s .  The v i s u a l  r e s u l t s  are summarized i n  Table  2.2 

f o r  a l l  ORNL r o d s .  P a r t i c l e  t y p e s  1 and 5 ,  which w e r e  t h e  r e f e r e n c e  

p a r t i c l e  d e s i g n s  w i t h  r e g a r d  t o  shape ,  had s u r f a c e  f a i l u r e s  a t  t h e  

peak HRB-13 f l u e n c e s .  A l l  o t h e r  p a r t i c l e  t y p e s  e x h i b i t e d  s u r f a c e  

ORNL-DWG 78-49646 
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Fig .  2.11. HRB-13 F u e l  Rods Diameter Change % Versus F luence .  

25) 
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ORNL-DWG 78- 4 9647 

FLUENCE n/m2 (E > 0.48 MOV) HTGR 

Fig.  2.12. HRB-13 Sleeve D i a m e t e r  Change % Versus Fluence.  

f a i l u r e s ,  w i t h  t y p e  4-C h a v i n g  t h e  most ( t o t a l  of 70 f o r  f o u r  r o d s ) .  

No e x p l a n a t i o n  of t h e  f a i l u r e  mechanism h a s  been e s t a b l i s h e d .  

S e l e c t e d  f u e l  r o d s  have been e l e c t r o l y t i c a l l y  d e c o n s o l i d a t e d l  and 

w i l l  b e  ana lyzed  by t h e  IMGA system i n  e a r l y  1979. R e s u l t s  from t h o s e  

a n a l y s e s  and subsequent  meta l lography w i l l  g i v e  a b e t t e r  unders tanding  

of t h e  i n f l u e n c e  of p a r t i c l e  shape  on f u e l  performance. 

2 .2 .2 .3  Capsule  HRB-14 - K.  R. Thorns 

The o b j e c t i v e s  and d e s c r i p t i o n  of c a p s u l e  HRB-14 have been r e p o r t e d .  

Capsule HRB-14 w a s  i n s e r t e d  i n  t h e  removable b e r y l l i u m  (RB) f a c i l i t y  of 

H F I R  and brought  t o  f u l l  power of 100 MW a t  3 :11  AM on May 20, 1978. 

The c a p s u l e  w a s  swept w i t h  100% hel ium d u r i n g  t h e  f i r s t  c y c l e  t o  lower 

f u e l  tempera tures  w h i l e  a p o r t i o n  of t h e  235LJ burned o u t .  

remaining n i n e  i r r a d i a t i o n  c y c l e s ,  t h e  f u e l  tempera ture  w a s  a d j u s t e d  by 

v a r y i n g  t h e  N e / H e  sweep-gas mixture .  

computer code w a s  used t o  de te rmine  f u e l  c e n t e r l i n e  tempera tures ,  and i t  

w a s  d i scovered  t h a t  t h e  c a p s u l e  had been o p e r a t i n g  about  200°C below 

d e s i g n  c o n d i t i o n s .  T h i s  w a s  c o r r e c t e d ,  and t h e  c a p s u l e  w a s  c o n t r o l l e d  

For t h e  

During t h e  t h i r d  c y c l e  t h e  ENCTRKI7 
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Table  2.2. R e s u l t s  of V i s u a l  Examination of F u e l  Rod 
S u r f a c e s  from HRB-13 

Number of F a s t  f l u e n c e  
Type/ P o s i t i o n  s u r f  ace T o t a l  (neutrons/m2 E >0.18 MeV) 

o b j e c t i v e  f a i l u r e s  f a i l u r e s  HTGR 

la 15 
16 

2-A 1 
2 

11 
12 

1 9  
20b 

3- B 

4-c 

5a 

6-D 

7-E 

8- F 

5 
6 

9 
10 

7 
8 

1 7  
18 

25 
26 

3 
4 

13 
14 

21  
22 

31 
32 

35 
36 

23 
24 

33 
34 

2 
3 
0 
2 

7 
3 

2 
3 

3 
3 

8 
5 

16 
26 

11 
17 

0 
2 

4 
4 
6 
4 

6 
4 

0 
1 

2 
1 

14 
4 

6 
3 

Ambe r 1 i t  e 

5 

2 

10 

5 

6 

13 

42 

28 

Duo 1 i te  

2 

8 

10 

10 

1 

3 

18 

9 

8 .2  x 1025 

4.9 

7.6 

8.5 

6 . 1  

7.0 

6.6 

8 . 3  

8 . 2  

5.5 

7.9 

8 . 5  

7.0 

6.6 

8 . 3  

6 . 1  

a 

bPeak f l u e n c e  ( h o r i z o n t a l  midplane of t h e  r e a c t o r ) .  

Q u a l i t y  a s s u r a n c e  document MET-CER-EP-24. 
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i n  a n  e f f o r t  t o  o p e r a t e  w i t h  t h e  maximum f u e l  c e n t e r l i n e  tempera ture  a t  

125OOC. 

of t h e  i r r a d i a t i o n  tes t  p e r i o d .  

t h e  f i s s i o n  p r o d u c t  b i r t h  rates, which w a s  r e q u i r e d  t o  de te rmine  the 

r e l e a s e - t o - b i r t h  (RIB) d a t a  f o r  HRB-14. A summary of t h e  f i s s i o n - g a s  

R / B  d a t a  c o l l e c t e d  as of November 7,  1978, is  p r e s e n t e d  i n  Table  2 .3;  a 

s i g n i f i c a n t  i n c r e a s e  i n  R / B  w a s  n o t e d  d u r i n g  t h e  s i x t h  c y c l e  of i r r a d i a -  

t i o n .  The tempera ture  h i s t o r y  of f u e l  specimens l o c a t e d  a t  t h e  same 

e l e v a t i o n  as t h e  thermocouples i s  shown i n  F i g s .  2.13, 2.14, and 2.15. 

Capsule  HRB-14 i s  scheduled t o  complete i t s  t e n t h  and f i n a l  i r r a d i a t i o n  

c y c l e  i n  e a r l y  January 1979. 

One f i s s i o n - g a s  sample w a s  t aken  each  week from t h e  beginning  

The CACA-2 code18 w a s  used t o  c a l c u l a t e  

Table  2 .3 .  Capsule  HRB-14 Release- to-Bir th  Data 

Accumulated F i s s i o n  g a s  r e l e a s e - t o - b i r t h  (x 
Sample i r r a d i a t i o n  
number Date t i m e  (h) 85mKr  8 7 K r  8 8 ~ ~  1 3 5 ~ ~  1 3 3 ~ ~  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

1 2  

13  

1 4  

1 5  

1 6  

1 7  

18 

19  

5/26/78 

6 /2 /78  

6 /8 /78  

6 /15/78  

6 /23/78  

61301 78 

7/13/78 

7 /21/78  

8 /4 /78  

8/15/78 

9 /12/78  

9120178 

9/26/78 

1014178 

101 111 78 

10/17/78  

10 126 I78  

11/1 /78  

111 7 178 

154 

320 

467 

598 

7 85 

955 

1225 

1416 

1668 

19  32 

2583 

2715 

2860 

3048 

3195 

3337 

3550 

36 76 

3820 

0.22 

0.35 

0.50 

0.69 

1.04 

1.25 

1 . 4 1  

2.49 

2.84 

2.48 

4.04 

58 .1  

77.8 

90.4 

53.8 

57.7 

72.4 

70.2 

78.5 

0.13 

0.19 

0.27 

0.39 

0.49 

0.76 

0.74 

1.14 

1.31 

1.13 

2.85 

72 .1  

114.  

172. 

47.7 

47.0 

72.0 

64 .1  

74.9 

0.13 

0.16 

0.28 

0.38 

0 .56  

0.84 

0.79 

1.38 

1 .60  

1 .69  

2.75 

63.0 

111. 

133. 

67.8 

65.6 

77.8 

66 .1  

78.7 

0.05 

0.09 

0 .13  

0.25 

0.37 

0.38 

0.49 

0 .91  

1.60 

1.24 

2.09 

0.50 

59.8 

34.8 

36.2 

46.8 

40.4 

43.6 

0.18 

0 .43  

0.68 

0.89 

1 . 4 1  

1 .54  

1 .69  

3.29 

6.56 

5.94 

18.4 

261. 

278. 

335. 

222. 

209. 

313. 

257. 

234. 
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ORNL-DWG 79-1i254 

ORNL-DWG 7 9 - i i 2 5 2  

1 

I 
J 3 180 200 

TIME FROM BEGINNING OF IRRRDIRTIBN IDRYSI 

Fig .  2.13. T i m e  Temperature H i s t o r i e s  f o r  ORNL P l a n c h e t s :  ( a )  
P l a n c h e t  2-14G and ( b )  P l a n c h e t  6-14D i n  HRB-14. Top, middle ,  and bottom 
l i n e s  r e p r e s e n t  maximum f u e l ,  minimum f u e l ,  and midwall  g r a p h i t e  sleeve 
t e m p e r a t u r e s ,  r e s p e c t i v e l y .  
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600 

500 

I . . , , , . . . .  . . , , , . , . , , . , , , , , , , ,  , 
0 20 110 60 80 -0 160 1- TIME FROM BEGINNING OF IRRROIRTIBN (DRYS1 

0 

Fig .  2.14. T ime  Temperature H i s t o r i e s  f o r  ( a )  ORNL P lanche t  9-5D 
and ( b )  GA Fue l  Rod 2 i n  HRB-14. 
maximum f u e l ,  minimum f u e l ,  and midwall  g r a p h i t e  sleeve t empera tu res ,  
r e s p e c t i v e l y .  

Top, middle ,  and bot tom l i n e s  r e p r e s e n t  
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ORNL-DWG 79-4 4 255 

P i g .  2 .15.  T i m e  Temperature H i s t o r i e s  f o r  GA F u e l  Rods i n  HRB-14 
f o r  ( a )  Rod 10 and ( b )  Rod 1 7 .  
maximum f u e l ,  minimum f u e l ,  and midwall  g r a p h i t e  sleeve t e m p e r a t u r e s ,  
r e s p e c t i v e l y .  

Top, middle ,  and bot tom l i n e s  r e p r e s e n t  
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2.2.2.4 Capsule HRB-15b - W. E .  Thomas, Jr. 

The d e s c r i p t i o n  and o b j e c t i v e s  of c a p s u l e  HRB-15b have been r e p o r t e d .  l 9  

Capsule  HRB-15b w a s  i n s t a l l e d  i n  HFIR on J u l y  5, 1978. 

t o  power on J u l y  6 ,  and t h e  i n i t i a l  tempera ture  d a t a  agreed  w i t h  t h e  

thermal  a n a l y s i s  w i t h i n  1 0 ° C  a t  t h e  hor izonta l -midplane  p o s i t i o n  of t h e  

c a p s u l e .  

which r e s u l t e d  i n  a maximum p a r t i c l e - s u r f a c e  tempera ture  of  about  8 5 O o C .  

Neon w a s  added t o  t h e  sweep g a s  d u r i n g  t h e  second c y c l e  t o  b r i n g  t h e  

maximum p a r t i c l e - s u r f a c e  tempera ture  t o  no more t h a n  1000°C. 

t h i r d  c y c l e  of o p e r a t i o n  i t :  became apparent  from t h e  thermocouple d a t a  

t h a t  t h e  midlength of t h e  f u e l  column w a s  s l i g h t l y  above t h e  HFIR 

h o r i z o n t a l  midplane.  A t  t h e  end of t h e  t h i r d  c y c l e  t h e  c a p s u l e  w a s  lowered 

0.02 m. 

w a s  evidenced by a symmetr ical  t empera ture  p r o f i l e  about  t h e  h o r i z o n t a l  

midplane.  

seven c y c l e s  of i r r a d i a t i o n  and i s  scheduled t o  end i t s  e i g h t h  and f i n a l  

c y c l e  i n  e a r l y  January  1979. 

e v a l u a t i o n  and thermal  a n a l y s i s  of c a p s u l e  HRB-15bY see Sect.  2 .4 .1  of  

t h i s  r e p o r t .  

The r e a c t o r  went 

For  t h e  f i r s t  c y c l e  t h e  c a p s u l e  w a s  swept w i t h  100% hel ium, 

During t h e  

This  s l i g h t  ad jus tment  of  t h e  c a p s u l e  c o r r e c t e d  t h e  problem, as 

The c a p s u l e  cont inued  t o  o p e r a t e  w i t h o u t  i n c i d e n c e  through 

For more d e t a i l s  concern ing  t h e  n u c l e a r  

2 .2 .3  ORR Capsules  - T .  N .  T i e g s  

A t  t h e  end of t h e  r e p o r t i n g  p e r i o d ,  no OF-type c a p s u l e s  were i n  

t h e  ORR, and none are planned f o r  1979. A t o p i c a l  r e p o r t  cover ing  t h e  

o p e r a t i o n  and PIE of c a p s u l e  OF-2 h a s  been publ i shed .20  

of t h e  p a r t i c l e s  from OF-2 are r e p o r t e d  i n  S e c t .  2 . 6 . 1  of t h i s  r e p o r t .  

Gamma a n a l y s i s  

2.2.4 F o r t  S t .  Vra in  T e s t  Element Program - P. A n g e l i n i  

During t h i s  r e p o r t  p e r i o d ,  work h a s  been c o n c e n t r a t e d  i n  t h r e e  

areas. F i r s t ,  i m p u r i t y  a n a l y s e s  were o b t a i n e d  on t h e  ORNL Triso-coated 

f i s s i l e  p a r t i c l e s  used i n  t h i s  experiment .  R e s u l t s  showed t h a t  t h e  

p a r t i c l e s  m e t  i m p u r i t y  and boron e q u i v a l e n t  product  s p e c i f i c a t i o n s .  

Second, ORNL and GA have been c o o p e r a t i n g  i n  a "round robin" t o  d e t e r -  

mine t h e  agreement between heavy m e t a l  a s s a y  d e t e r m i n a t i o n s  u s i n g  GA- 

produced d r i v e r  f u e l  rods  f o r  t h e  F o r t  S t .  Vrain T e s t  Element Program 



( s e e  Sec t .  2 . 7 . 2 ) .  R e s u l t s  have shown e x c e l l e n t  agreement between 

i n t r a -  and i n t e r - l a b o r a t o r y  a s s a y  d e t e r m i n a t i o n s .  And t h i r d ,  GA 

TRIGA R / B  d a t a  f o r  85mKr d e t e r m i n a t i o n s  of f a i l e d - p a r t i c l e  f r a c t i o n s  i n  

t h e  u n i r r a d i a t e d  r o d s  t h a t  had been f a b r i c a t e d  a t  ORNL and subsequent ly  

carbonized  in-block a t  GA were h i g h e r  t h a n  al lowed by e i t h e r  FSVR o r  

Large High-Temperature Gas-Cooled Reac tor  product  s p e c i f i c a t i o n s .  This  

r e s u l t  i n d i c a t e s  t h a t  damage t o  t h e  p a r t i c l e s  may have o c c u r r e d  i n  f u e l  

rod manufacture ,  i n  shipment t o  GA, d u r i n g  assembly and in-block carbon- 

i z a t i o n  a t  GA, o r  d u r i n g  removal of r o d s  from t h e  t es t  f i x t u r e  a t  GA. 

An e x p e r i m e n t a l  p l a n  h a s  been des igned  and i s  b e i n g  c a r r i e d  o u t  t h a t  

should  i n d i c a t e  t h e  r e a s o n s  f o r  t h e  i n c r e a s e  i n  f a i l e d  f r a c t i o n s .  

Archive f u e l  r o d s  are b e i n g  used and are b e i n g  ana lyzed  b o t h  i n  t h e  green  

s t a t e  and a f t e r  c a r b o n i z a t i o n .  Carboniza t ion  r u n s  have been performed a t  

b o t h  ORNL and GA, u s i n g  archive rods .  Analyses w i l l  i n c l u d e  C 1 2  gas  

l e a c h ,  TRIGA R/B ,  and mercury i n t r u s i o n  d e t e r m i n a t i o n s .  

Impur i ty  a n a l y s e s  w e r e  o b t a i n e d  by spark-source mass spec t romet ry  

f o r  Tr i so-coa ted  p a r t i c l e  b a t c h e s  A-601 and A-611. The A-611 p a r t i c l e s  

were used i n  campaigns 1 and 3 ,  and t h e  A-601 p a r t i c l e s  w e r e  used i n  

campaigns 2 and 4 on f u e l  r o d s  produced a t  ORNL f o r  t h e  i r r a d i a t i o n  

experiment .  

t r a n s m i t t e d  t o  GA. The boron e q u i v a l e n t s  are p r e s e n t e d  i n  Table  2 . 4  as 

b u r n a b l e  ( L i ,  B, Cd, Sm, Eu, and Gd) and nonburnable  ( remainder  of 

e lements )  f o r  each p a r t i c l e  type .  The boron e q u i v a l e n t s  w e r e  c a l c u l a t e d  

from t h e  m a s s  s p e c t r o m e t r i c  d a t a  by u s i n g  convers ion  c o e f f i c i e n t s  f o r  boron 

e q u i v a l e n t s  p r e s e n t  i n  t h e  i n t e r i m  I1 s p e c i f i c a t i o n .  The i m p u r i t y  and 

boron e q u i v a l e n t  r e s u l t s  show t h a t  t h e  p a r t i c l e s  m e t  t h e  r e q u i r e d  product  

s p e c i f i c a t i o n s .  

The i m p u r i t y  d a t a  and t h e  c a l c u l a t e d  boron e q u i v a l e n t s  w e r e  

ORNL and GA have been c o o p e r a t i n g  i n  a round r o b i n  on t h e  uranium 

and thor ium a s s a y  of 36 green f u e l  rods  produced by GA f o r  t h e  F o r t  

S t .  V r a i n  T e s t  Element Program. The d r i v e r  r o d s  w e r e  randomly s e l e c t e d  

from b l e n d s  1 2 ,  13, and 1 4  and w e r e  assayed  by t h e  f o l l o w i n g  t e c h n i q u e s :  

1. GA. - TRIGA n o n d e s t r u c t i v e  delayed-neutron a s s a y ,  

2 .  ORNL - n o n d e s t r u c t i v e  delayed-neutron a s s a y ,  

3. ORNL - n o n d e s t r u c t i v e  prompt-neutron a s s a y ,  and 

4 .  ORNL - w e t  chemis t ry .  
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Table 2 . 4 .  Weight and Boron E q u i v a l e n t s  f o r  Trisco-Coated 
Weak-Acid Res in  Coated P a r t i c l e s  A-611 and A-601 

Weight Boron e q u i v a l e n t  
( P P d  ( P P d  

A-611 L i t h  i um 0.25 

Burnab l e  

Nonburnable 

A-601 L i t  h ium 0.25 

Burnab l e  

Nonburnable 

0.04 

2.21  

0.20 

0.04 

2.21  

0.30 

The GA a s s a y  of each rod w a s  performed p r i o r  t o  shipment of t h e  r o d s  t o  

ORNL. Once a t  ORNL, each of t h e  36 r o d s  w a s  measured t w i c e  i n  t h e  delayed- 

n e u t r o n  a s s a y  d e v i c e  and twice i n  t h e  prompt n e u t r o n  a s s a y  d e v i c e .  

ra te  c a l i b r a t i o n  s t a n d a r d s  w e r e  f a b r i c a t e d .  

t i o n  s t a n d a r d s  w e r e  used, t h e  measurements on t h e  s e p a r a t e  devices w e r e  

independent .  They were performed by s e p a r a t e  o p e r a t o r s ,  and a n a l y s i s  

of t h e  d a t a  w a s  performed by s e p a r a t e  i n d i v i d u a l s .  No comparison of t h e  

r e s u l t s  was made u n t i l  t h e  f i n a l  f i g u r e s  were o b t a i n e d ,  and no a d j u s t -  

ments have been made i n  t h e  r e s u l t s .  

Sepa- 

Except t h a t  t h e  same c a l i b r a -  

The same f u e l  r o d s  ana lyzed  by n o n d e s t r u c t i v e  a s s a y  were l a t e r  

ana lyzed  by w e t  chemis t ry  techniques  (modified Davies Gray p o t e n t i o -  

metr ic  t i t r a t i o n  f o r  uranium; EDTA v o l u m e t r i c  t i t r a t i o n  method f o r  

thor ium) .  The a s s a y  r e s u l t s  from all f o u r  methods are presented i n  

Table  2 .5 .  

R e v i e w  of t h e  d a t a  shows t h a t  agreement of t h e  a s s a y  as determined 

by each method f o r  each of t h e  36 r o d s  i s  good. The f o l l o w i n g  s t a t i s t i c  

w a s  used t o  e v a l u a t e  t h e  d a t a  f o r  each f u e l  rod ,  w i t h  t h e  TRIGA measure- 

ment taken  a s  a r e f e r e n c e :  

X = (TRIGA measurement- o t h e r  method result/TRIGA measurement) x 100 . 

The averages  of t h e  above r e l a t i v e  p e r c e n t a g e  d i f f e r e n c e s  f o r  f u e l  rods  

from each b lend  are p r e s e n t e d  i n  Table  2.6 and show e x c e l l e n t  agreement 

between methods. 



Fuel rod 
identification 

number 

?able 2 .5 .  Assay Results of GA-Produced Driver Fuel Rods for the Fort St. Vrain 
Early Validation Irradiation Experiment 

- 

10-12-6-12B 
10-12-17-12 
10-34-39-12B 
LO-82-8-12B 
10-82-31-12B 
10-95-3-12 
10-130-10-12B 
10-160-12-12B 
10-184-11-12B 
10-235-5-12B 
10-262-1-12B 
10-298-32-1 2B 

10- 7- 14  
10-7-35 
10-12-20 
10-12-28 
10-16-8 
10-16-26 
10-21-9 
10-21-32 
10-26-18 
10-26-38 
10-30-14 
10- 30- 37 

10-9-14 
10-9-35 
10-19-20 
10-19-28 
10-45-8 
10-45-26 
10-54-9 
10-54-32 
10-69-18 
10-69-38 
10-85-37 
10-81-14 

Tests 

Estimated total 235U content (9) 
with corresponding 95% confidence 

Analytical chemistry 
results 

ORNL O W L  
delayed-neutron prompt-neutron 
assay device assay device 

~~ ~ 

ORNL 235U 
content 

(9) 

0.1645 
0.1622 
0.1644 
0.1619 
0 .1621  
0.1627 
0.1665 
0.1627 
0.1644 
0.1607 
0.1658 
0.1596 

0.1197 
0.1288 
0.1215 
0.1221 
0.1262 
0.1217 
0.1278 
0.1224 
0.1289 
0.1245 
0.1295 
0.1233 

0.2840 
0.2939 
0.2859 
0.2852 
0.2937 
0.2858 
0.2871 
0.2813 
0.2849 
0.2852 
0.2904 
0.2866 

0.0011 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 
O.OOl1 
0.0011 
0.0011 
0.0011 

0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 

0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 

0.1647 
0.1615 
0.1628 
0.1645 
0.1606 
0.1644 
0.1632 
0.1620 
0.1632 
0.1592 
0.1649 
0.1589 

0.1172 
0.1299 
0.1208 
0.1209 
0.1252 
0.1238 
0.1292 
0.1216 
0 .1291  
0.1252 
0.1303 
0.1227 

0 .2871  
0.2960 
0.2884 
0.2873 
0.2961 
0.2878 
0.2857 
0.2830 
0.2865 
0.2864 
0.2916 
0.2910 

Blend 12 

0.0024 
0.0024 
0.0024 
0.0024 
0.0024 
0.0024 
0.0024 
0.0024 
0.0024 
0.0022 
0.0022 
0.0022 

Blend 1 3  

0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 

Blend 14 

0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 
0.0032 

ORNL thorium 
content 

(g) 

0.1623 
0.1631 
0.1651 
0.1621 
0.1628 
0.1646 
0.1645 
0.1617 
0.1638 
0.1597 
0.1666 
0.1589 

0.1195 
0.1280 
0 .1221  
0.1206 
0.1272 
0.1210 
0.1283 
0.1223 
0.1289 
0 .1251  
0.1231 
0.1258 

0.2850 
0 .2931  
0.2899 
0.2867 
0.2954 
0.2870 
0.2879 
0.2873 
0.2855 
0.2871 
0.2907 
0.2900 

3.494 
3.540 
3.535 
3.532 
3.500 
3.528 
3.535 
3.553 
3.546 
3.532 
3 .541  
3.525 

4.744 
4 .641  
4.735 
4.665 
4.730 
4.746 
4.754 
4.710 
4.730 
4.740 
4.745 
4 .721  

3.599 
3.590 
3.619 
3.575 
3.586 
3.583 
3.587 
3.602 
3.612 
3.587 
3.603 
3.595 

TRIGA delayed- 
neutron assay 

GA 2 3 5 U  
content (g) 

0.1653 
0.1620 
0.1649 
0.1626 
0.1633 
0.1604 
0.1648 
0.1642 
0.1626 
0.1614 
0.1664 
0.1611 

0.1208 
0.1295 
0 .1221  
0.1227 
0.1266 
0.1226 
0 .1281  
0.1230 
0.1300 
0.1260 
0.1303 
0.1252 

0.2848 
0.2910 
0.2882 
0.2848 
0.2925 
0.2885 
0.2889 
0.2835 
0.2841 
0.2885 
0.2912 
0.2880 

are b e i n g  performed t o  de te rmine  t h e  p o s s i b l e  r e a s o n s  f o r  

t h e  h i g h e r - t h a n - s p e c i f i c a t i o n  f a i l e d  f r a c t i o n s  of ORNL f u e l  r o d s  as 

determined by TRIGA R / B  and gas  l e a c h  measurements. 

may have been damaged d u r i n g  rod  manufacture ,  d u r i n g  shipment t o  GA, 

d u r i n g  assembly and in-block c a r b o n i z a t i o n  a t  GA, o r  d u r i n g  removal from 

t h e  t es t  f i x t u r e  a f t e r  c a r b o n i z a t i o n .  

t o  de te rmine  where i n  t h e  sequence of f a b r i c a t i o n  s t e p s  t h e  f u e l  may 

have been damaged as w e l l  as t o  i n d i c a t e  t h e  s ta te  of f u e l  r o d s  i n  t h e  

The f u e l  p a r t i c l e s  

An e x p e r i m e n t a l  p lan  w a s  developed 
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Table  2 . 6 .  Average Percentage  D i f f e r e n c e s  of Methods w i t h  
TRIGA Measurements Used as Reference 

Rods of 
b lend  Method 

Average 
p e r c e n t a g e  
d i f f e r e n c e s  
(3 

1 2  

1 2  

1 2  

1 3  

13 

1 3  

14  

14 

1 4  

ORNL delayed-neutron 

ORNL chemis t ry  

ORNL prompt-neutron 

ORNL delayed-neutron 

ORNL chemis t ry  

ORNL prompt-neutron 

ORNL delayed-neutron 

ORNL chemis t ry  

ORNL prompt-neutron 

0.07 

0.19 

0.46 

0 .70  

0 . 5 7  

0 . 7 4  

0 . 2 9  

-0.34 

-0.37 

h e a t - t r e a t e d  f u e l  e lement .  

a r c h i v e  green rods  have been performed. 

carbonized  i n  d i f f e r e n t  tes t  f i x t u r e s  a t  b o t h  ORNL and i n  t h e  GA 

cure- in-place furnace .  

f u e l  r o d s  i n c l u d e  C 1 2  gas  l e a c h ,  TRIGA R I B ,  and mercury i n t r u s i o n  

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

A n a l y t i c a l  tests on f u e l  p a r t i c l e s  and on 

Archive rods  have a l s o  been 

A n a l y t i c a l  tests t o  b e  performed on t h e  carbonized  

2 . 3  DEVELOPMENT WORK - F. J .  Homan 

The work d e s c r i b e d  i n  t h i s  s e c t i o n  i s  aimed a t  product  improvement, 

p r e i r r a d i a t i o n  and p o s t i r r a d i a t i o n  c h a r a c t e r i z a t i o n  of f u e l s ,  and tech-  

n i q u e s  f o r  performance assessment  of p a r t i c l e  c o a t i n g s .  Four areas 

are inc luded  h e r e  as f o l l o w s :  

1. pyrocarbon p e r m e a b i l i t y  s t u d i e s  c e n t e r i n g  around b o t h  t h e  t e c h n i q u e s  

f o r  measurement of p e r m e a b i l i t y  and t h e  c o r r e l a t i o n s  of measured 

p e r m e a b i l i t y  w i t h  PyC p r o p e r t i e s ,  

2 .  c o a t i n g  s t u d i e s  u s i n g  C02 as a d i l u e n t  gas  i n  a t t e m p t i n g  t c  

produce PyC c o a t i n g s  i n  t h e  l a r g e  c o a t e r  having t h e  same o u c s ~ a n d i n g  



p r o p e r t i e s  as b a t c h  OR 2013-T, which w a s  produced i n  t h e  l a b o r a t o r y  

scale c o a t e r ,  

s i n t e r i n g  and convers ion  s t u d i e s  on dense  UCO f u e l  f o r  use  w i t h  

t h e  MEU f u e l  c y c l e ,  and 

developing  a n  improved S i c  c o a t i n g  t h a t  can resist b o t h  a t t a c k  by 

t h e  f i s s i o n  p r o d u c t  p a l l a d i u m  and d i f f u s i o n  of t h e  f i s s i o n  product  

s i l v e r .  

3. 

4 .  

2 . 3 . 1  P e r m e a b i l i t y  S t u d i e s  

2 .3 .1 .1  P e r m e a b i l i t y  of P r o d u c t i o n  Coat ings  - D .  P.  S t i n t o n  and 

B. A. T h i e l e  

A l l  r e c e n t  p r o c e s s  development used t h e  porous p l a t e  gas  

d i s t r i b u t o r 2 l  9 22 and c e n t e r e d  on improving t h e  p r o p e r t i e s  of t h e  low- 

tempera ture  i s o t r o p i c  (LTI) l a y e r  of t h e  Biso p a r t i c l e .  This  y e a r  we  

examined t h e  p e r m e a b i l i t y  of h i g h - d e n s i t y  PyC c o a t i n g s .  

w r i t t e n  which d e s c r i b e s  a t e c h n i q u e  developed t o  de te rmine  t h e  

p e r m e a b i l i t y  of t h e  L T I  l a y e r . 2 3  

r e p o r t  are as f o l l o w s :  

A r e p o r t  w a s  

The a b s t r a c t  and c o n c l u s i o n s  of t h i s  

F u e l  f o r  HTGRs c o n s i s t s  of uranium o x i d e l c a r b i d e  and t h o r i a  

T h e r e f o r e ,  
microspheres  coa ted  w i t h  l a y e r s  of PyC and S i c .  
of t h o r i a  p a r t i c l e s  i s  t h e  b a r r i e r  t o  f i s s i o n  g a s e s .  
t h o r i a  p a r t i c l e s  must b e  c a r e f u l l y  c h a r a c t e r i z e d  t o  de te rmine  
t h e  number of d e f e c t i v e  p a r t i c l e s  ( i . e . ,  b a r e  k e r n e l s  and 
cracked  o r  permeable c o a t i n g s ) .  Techniques are a v a i l a b l e  t o  
de te rmine  t h e  number of b a r e  k e r n e l s  o r  c racked  c o a t i n g s ;  however, 
no r e l i a b l e  technique  i s  known t o  measure c o a t i n g  p e r m e a b i l i t y .  
T h i s  work d e s c r i b e s  a t e c h n i q u e  r e c e n t l y  developed t o  de te rmine  
whether  c o a t i n g s  f o r  a b a t c h  of t h o r i a  p a r t i c l e s  are g a s t i g h t  
o r  are permeable.  

About 150 randomly s e l e c t e d  B i s o - p a r t i c l e  b a t c h e s  were 
s t u d i e d  i n  t h i s  work. These b a t c h e s  were f i r s t  s u b j e c t e d  t o  a n  
18-h c h l o r i n a t i o n  a t  15OO0C, and t h e  v o l a t i l e  thor ium te t ra-  
c h l o r i d e  r e l e a s e d  w a s  measured v e r s u s  c h l o r i n a t i o n  t i m e .  
C h l o r i n a t e d  b a t c h e s  were a l s o  rad iographed  t o  d e t e c t  any thorium 
t h a t  had migra ted  from t h e  k e r n e l  i n t o  t h e  c o a t i n g s .  

From t h i s  work a t e c h n i q u e  w a s  developed t o  de te rmine  
c o a t i n g  p e r m e a b i l i t y ,  which c o n s i s t s  of  an  18-h c h l o r i n a t i o n  
of m u l t i p l e  samples w i t h o u t  measurement of. t h e  thorium r e l e a s e d .  
Each b a t c h  i s  rad iographed ,  and t h e  thorium m i g r a t i o n  w i t h i n  
each  p a r t i c l e  i s  examined. From t h i s  examinat ion  i t  i s  
p o s s i b l e  t o  de te rmine  i f  a p a r t i c l e  b a t c h  i s  permeable,  
s l i g h t l y  permeable,  o r  g a s t i g h t .  

The PyC l a y e r  
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The technique  of an 18-h c h l o r i n a t i o n  and microradiography 
h a s  proven v e r y  s u c c e s s f u l  i n  de te rmining  t h e  gas  p e r m e a b i l i t y  
o f  Biso-coated p a r t i c l e s .  P a r t i c l e s  can b e  c l a s s i f i e d  very  
e a s i l y  i n t o  c a t e g o r i e s  of permeable,  impermeable, o r  on ly  
s l i g h t l y  permeable.  Several m o d i f i c a t i o n s  have al lowed numerous 
b a t c h e s  t o  be c h l o r i n a t e d  s imul taneous ly  w i t h  no need f o r  an  
a n a l y t i c a l  d e t e r m i n a t i o n  of t h e  heavy metal r e l e a s e d .  

However, because t h e  p e r m e a b i l i t y  of t h e  i n n e r  L T I  i s  of i n t e r e s t ,  
c h l o r i n a t i o n  must b e  performed a f t e r  t h e  i n n e r  L T I  is a p p l i e d  
and b e f o r e  t h e  s i l i c o n  c a r b i d e  i s  a p p l i e d .  

Long-term c h l o r i n a t i o n  can a l s o  be a p p l i e d  t o  T r i s o  p a r t i c l e s .  

A l l  45 p a r t i c l e  b a t c h e s  from two s t a t i s t i c a l l y  des igned  exper iments  

performed i n  t h e  13- and 24-cm c o a t e r s  by u s i n g  a porous p l a t e - t y p e  g a s  

d i s t r i b u t o r  were thoroughly examined. Every p a r t i c l e  b a t c h  w a s  

c h a r a c t e r i z e d  f o r  as-produced gas  p e r m e a b i l i t y  of t h e  PyC c o a t i n g  by 

both  t h e  N e : H e  i n t r u s i o n  technique24 and long-term c h l o r i n e  l e a c h  and 

rad iograph .  E x c e l l e n t  agreement w a s  found between t h e s e  two tech-  

n i q u e s .  P a r t i c l e s  w i t h  gas-permeable PyC c o a t i n g s  had N e : H e  r a t i o s  of 

g r e a t e r  t h a n  o r  e q u a l  t o  0 . 4 ,  whereas t h e  g a s t i g h t  ones  had v a l u e s  of 

less t h a n  o r  e q u a l  t o  0.3.  Pyrocarbon c o a t i n g s  w i t h  N e : H e  v a l u e s  of 

0.3 t o  0 .4  could be g a s t i g h t  o r  gas  permeable.  P a r t i c l e s  w i t h  C 1 2  gas- 

permeable c o a t i n g s  could b e  e a s i l y  i d e n t i f i e d  because  of heavy-metal 

m i g r a t i o n  i n t o  t h e  b u f f e r  l a y e r .  Thorium migra ted  i n t o  t h e  b u f f e r  of 

gas-permeable c o a t i n g s  because c h l o r i n e  d i f f u s e d  through t h e  PyC c o a t i n g  

and r e a c t e d  w i t h  t h e  a c t i n i d e  k e r n e l .  The m i g r a t i o n  could be s e e n  i n  

x-ray microradiographs  of t h e s e  d e f e c t i v e  p a r t i c l e s .  Some p a r t i c l e  

b a t c h e s  had ex t remely  gas-permeable L T I  c o a t i n g s .  Heavy meta l  d i f f u s e d  

through t h e s e  c o a t i n g s  and w a s  c o l l e c t e d  and ana lyzed  i n  t h e  r e a c t i o n  

chamber of t h e  c h l o r i n e  l e a c h  a p p a r a t u s .  The Ne:He r a t i o s  of t h e s e  

b a t c h e s  were g r e a t e r  t h a n  0.5. The c o r r e l a t i o n s  between t h e  f o l l o w i n g  

L T I  PyC-coating p r o p e r t i e s  and gas  p e r m e a b i l i t y  were c a r e f u l l y  examined: 

t h i c k n e s s ,  o p t i c a l  a n i s o t r o p y ,  open p o r o s i t y ,  and d e n s i t y .  E v a l u a t i o n  

of t h e  p e r m e a b i l i t y  d a t a  of t h e s e  45 Biso Tho2 b a t c h e s  showed t h a t  g a s  

p e r m e a b i l i t y  i s  independent  of L T I  c o a t i n g  t h i c k n e s s  when t h e  c u r r e n t  

product  s p e c i f i c a t i o n s  are m e t  (F ig .  2 .16) .  Batches i n  t h e  f o l l o w i n g  

f i g u r e s  were determined t o  b e  permeable o r  g a s t i g h t  by u s i n g  t h e  long-term 

c h l o r i n e  l e a c h  and rad iograph  technique .  O p t i c a l  a n i s o t r o p y  was a l s o  

shown t o  b e  independent  of p e r m e a b i l i t y  i n  t h e  range of i n t e r e s t  

(BAFo <1.05) (Fig.  2 .17) .  The impor tan t  p r o p e r t i e s  t h a t  d i d  i n f l u e n c e  
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L T I  c o a t i n g  p e r m e a b i l i t y  were open p o r o s i t y  and c o r r e c t e d  g r a d i e n t  d e n s i t y  

(bulk  d e n s i t y ) .  25 9 26 

N e : H e  v a l u e s  i n c r e a s e  u n t i l  t h e  c o a t i n g  becomes permeable (F ig .  2 .18 ) .  

High c o r r e c t e d - g r a d i e n t  d e n s i t i e s  were found t o  produce g a s t i g h t  c o a t i n g s  

(Fig.  2 . 1 9 ) .  A s  t h e  d e n s i t y  decreased  t h e  Ne:He v a l u e s  i n c r e a s e d  u n t i l  

t h e  c o a t i n g s  became permeable.  

A s  t h e  p e r c e n t a g e  of open p o r o s i t y  i n c r e a s e s  t h e  

ORNL-DWG 78-4423217 
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Fig.  2 .18 .  Large Percentages  of Open P o r o s i t y  Cause Permeable 
Coat ings .  

F i g .  2 . 1 9 .  Low Corrected-Gradient  D e n s i t i e s  Cause Permeable 
Coat ings.  
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2.3.1.2 N e : H e  I n t r u s i o n  Measurements on Biso  Coat ings  - C .  S.  Morgan 

and G.  L.  Powell  

A t o p i c a l  r e p o r t  c o v e r i n g  t h e  u s e  of N e : H e  r a t i o  measurements i n  

e v a l u a t i n g  p e r m e a b i l i t y  of t h e  PyC c o a t i n g s  f o r  HTGR Biso- fue l  p a r t i c l e s  

h a s  been completed,27 which d i s c u s s e s  t h e  p r o g r e s s  made i n  1978.  

a b s t r a c t  of t h i s  r e p o r t  f o l l o w s .  

The 

The p e r m e a b i l i t y  of t h e  PyC c o a t i n g s  of Biso- fue l  p a r t i c l e s  
h a s  been measured by i n t r u s i o n  of i n e r t  g a s e s ,  p a r t i c u l a r l y  
he l ium and neon. The e x p e r i m e n t a l  p rocedures  and mass- 
s p e c t r o m e t e r  measurements f o r  e v a l u a t i n g  i n e r t - g a s  p e r m e a b i l i t y  
of c o a t i n g s  are r e p o r t e d .  The mole q u a n t i t y  r a t i o  of N e : H e  
e n t e r i n g  t h e  p a r t i c l e s  i n  1 h r  a t  1375°C c o n s t i t u t e s  a u s e f u l  
measure of t h e  c o a t i n g  p e r m e a b i l i t y .  A c t i v a t i o n  energy r e s u l t s  
are g i v e n  f o r  i n t r u s i o n  of he l ium,  neon, and argon.  Pyrocarbon 
c o a t i n g s  have a measurable  p e r m e a b i l i t y  f o r  krypton  o n l y  a t  
v e r y  h i g h  tempera tures  and i n  t h e  more permeable c o a t i n g s .  
The p e r m e a b i l i t y  of Biso-coated f u e l  p a r t i c l e s  w i t h  i n e r t  
k e r n e l s  i s  reduced by n e u t r o n  i r r a d i a t i o n .  N e : H e  r a t i o s  m e a -  
s u r e d  on hundreds of  f u e l - p a r t i c l e  b a t c h e s  range  from 0.03 t o  
g r e a t e r  t h a n  1 . 0 ,  and i t  i s  e s t i m a t e d  t h a t  a f u e l - p a r t i c l e  
b a t c h  w i t h  a r a t i o  below 0 . 3  t o  0.35 w i l l  b e  g a s t i g h t  under 
HTGR o p e r a t i n g  c o n d i t i o n s .  

2.3.2 Pyrocarbon Coat ing  by Use of  C02 Carrier G a s  - D .  P .  S t i n t o n  

Work w a s  i n i t i a t e d  t h i s  y e a r  t o  produce PyC c o a t i n g s  by u s i n g  C 0 2  as 

t h e  d i l u e n t .  

C02 d i l u t i o n ?  improved t h e  i r r a d i a t i o n  performance by making t h e  c o a t i n g s  

less permeable .  

These c o n d i t i o n s  produced g a s t i g h t  c o a t i n g s ,  b u t  t h e  f r a c t i o n  of c racked  

o r  o t h e r w i s e  d e f e c t i v e  p a r t i c l e s  w a s  q u i t e  h i g h .  The u s e  of 50% C 0 2  

a l s o  o x i d i z e d  t h e  g r a p h i t e  components of t h e  f u r n a c e  q u i t e  s e v e r e l y .  

Coat ings  were t h e n  d e p o s i t e d  by u s i n g  25% CO2 and 75% c o a t i n g  g a s .  

f l u i d i z a t i o n  of t h e  p a r t i c l e  bed w a s  found t o  b e  o n l y  m a r g i n a l ,  w i t h  

Evidence from several i r r a d i a t i o n  tests2*" i n d i c a t e d  t h a t  

The f i r s t  few runs* used 50% C 0 2  and 50% c o a t i n g  g a s .  

The 

* 
UT-34 exper iment ;  see S e c t .  2.2.1.5 of t h i s  r e p o r t .  

'Coating d e p o s i t e d  i n  l a b o r a t o r y - s c a l e  c o a t e r s .  

Coat ing  d e p o s i t e d  i n  p r o d u c t i o n - s c a l e  c o a t e r s .  
* 
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25% d i l u t i o n  a t  t h e  d e s i r e d  c o a t i n g  r a t e s .  These c o n d i t i o n s  reduced 

t h e  i n i t i a l  f r a c t i o n  of d e f e c t i v e  p a r t i c l e s .  F u t u r e  work w i l l  b e  con- 

c e n t r a t e d  on producing c o a t i n g s  from a mixture  of a rgon  and GO2 t h a t  

w i l l  b e  s u f f i c i e n t  t o  f l u i d i z e  t h e  p a r t i c l e s  and produce g a s t i g h t  

c o a t i n g s .  

2 .3 .3  Dense UCO F u e l  Development - D .  P .  S t i n t o n  and J .  E .  Seele 

The f i s s i l e  k e r n e l s  f o r  MEU-fueled HTGRs w i l l  b e  microspheres  about  

360 um i n  d iameter  produced by t h e  s o l - g e l  p r o c e s s .  Carbon i s  added t o  t h e  

U 0 3  b r o t h ,  and t h e  microspheres  are produced. A f t e r  d r y i n g  t h e  U 0 3  + C ,  

microspheres  are c a l c i n e d  t o  remove such v o l a t i l e s  as H 2 0 ,  NH3,  NO;, and 

o t h e r  o r g a n i c s .  

s i n t e r e d  a t  h i g h  tempera tures  t o  n e a r - t h e o r e t i c a l  d e n s i t y .  Work w a s  

i n i t i a t e d  t o  determine t h e  amount of carbon and a s i n t e r i n g  s c h e d u l e  

t h a t  would produce h igh-dens i ty  s p h e r e s  of t h e  d e s i r e d  composi t ion.  

The microspheres  are then  conver ted  t o  U 0 2  + UC2 and 

Numerous b a t c h e s  of sol-gel-der ived microspheres  w i t h  a composi t ion 

of U02 p l u s  v a r i o u s  amounts of carbon w e r e  h e a t  t r e a t e d .  The h e a t  

t r e a t m e n t  c o n s i s t e d  of h e a t i n g  a t  100°C t o  450"C/h i n  argon,  t h e n  

h e a t i n g  a t  300°C/h t o  t h e  d e s i r e d  tempera ture ,  and h o l d i n g  f o r  4 h .  

These microspheres  were c h a r a c t e r i z e d  by x-ray d i f f r a c t i o n ,  and t h e  

r e s u l t s  are shown i n  Table 2 . 7 .  From t h e s e  r e s u l t s ,  i t  became clear  

t h a t  l a r g e  amounts of carbon w e r e  l o s t  from t h e  microspheres  and t h a t  

small  amounts of UC were b e i n g  formed i n s t e a d  of UC2. Loss  of carbon 

i s  u n d e s i r a b l e  because c a r e f u l  composi t ion c o n t r o l  of t h e  k e r n e l  i s  

n e c e s s a r y .  The format ion  of UC i s  a l s o  u n d e s i r a b l e  because carbon from 

t h e  b u f f e r  c o a t i n g  w i l l  react w i t h  t h e  UC and a l t e r  t h e  k e r n e l  composi- 

t i o n .  Various atmospheres d u r i n g  c a l c i n i n g  and s i n t e r i n g  are b e i n g  

t e s t e d  t o  reduce t h e  l o s s  of carbon d u r i n g  c a l c i n i n g  and t h e  format ion  

of UC d u r i n g  s i n t e r i n g .  

2.3.4 S i l i c o n  Carbide Development, C h a r a c t e r i z a t i o n ,  and T e s t i n g  - 
R. J .  Lauf and V .  J .  Tennery 

A need e x i s t s  f o r  improved unders tanding  of S i c  i n t e r a c t i o n s  w i t h  

s i l v e r  and pa l lad ium i n  HTGR f u e l  p a r t i c l e s  f o r  t h e  f o l l o w i n g  reasons :  
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Table  2.7.  C h a r a c t e r i z a t i o n  of U 0 2  + C Microspheres  

C:U r a t i o  C : U  r a t i o  Composition (%) 
Run b e f o r e  a f t e r  Kerne l  d e n s i t y a  

number s i n t e r i n g  s i n t e r i n g  (Mg/m3> uo2 uc2 uc 

S-167 b 3.0 1.94 5.76 0 70-90 10-30 

V-125Be 1 .5  0 .51  8.80 75-90 5-15 5-10 

S-168 1 .0  0.06 9.24 80-95 0 5-20 

S-169 0.65 0.04 8.96 85-95 0 5-15 

S-170 0 . 3  0.02 6.30 100 0 0 
-~ ~ 

a 

b A l l  S-runs were s i n t e r e d  a t  1550°C f o r  4 h i n  a s t a t i c  bed.  
e 

A s  measured by mercury poros imet ry .  

S i n t e r e d  a t  1650°C f o r  2 h i n  a f l u i d i z e d  bed. 

1. Release of s i l v e r  from t h e  f u e l  p a r t i c l e s  i s  u n d e s i r a b l e  because  

i t  r e s u l t s  i n  h i g h  gamma a c t i v i t y  i n  t h e  pr imary c o o l a n t  c i r c u i t  

as a r e s u l t  of i t s  r a p i d  d i f f u s i o n  through t h e  g r a p h i t e  i n  t h e  c o r e .  

2. Both i n - r e a c t o r  s t u d i e s  and out -of - reac tor  a n n e a l i n g  exper iments  

have shown t h a t  s i l v e r  and pa l lad ium can a t t a c k  t h e  S i c  c o a t i n g s  

of HTGR f u e l  p a r t i c l e s .  

3. The f i s s i o n  of LEU f u e l  produces about  50 t i m e s  more s i l ve r  and 

10 t i m e s  more pa l lad ium t h a n  does t h e  f i s s i o n  of HEU f u e l .  S i l v e r  

andl p a l l a d i u m  i n v e n t o r i e s  i n  MEU f i s s i l e  p a r t i c l e s  a t  27% FIMA are 

10 and 2.5 t i m e s  h i g h e r ,  r e s p e c t i v e l y ,  t h a n  t h e  i n v e n t o r i e s  i n  

HEU f u e l  a t  80% FIMA. 

2.3.4.1 Experimental  P l a n  

Previous  work29, 3 0  i d e n t i f i e d  d e p o s i t i o n  parameters  t h a t  a f f e c t  

Sic c o a t i n g  d e n s i t y  and m i c r o s t r u c t u r e .  These parameters  are d e p o s i t i o n  

tempera ture ,  c o a t i n g  ra te ,  and hydrogen-to-methyltrichlorosilane r a t i o  

(H2:MTS). The g o a l  of t h e  p r e s e n t  work i s  t o  o p t i m i z e  t h e  S i c  d e p o s i t i o n  

c o n d i t i o n s  w i t h  r e s p e c t  t o  maximizing r e t e n t i o n  of s i l ve r  and p a l l a d i u m  

i n  HTGR f u e l  p a r t i c l e s .  

To de termine  t h e  optimum S i c  d e p o s i t i o n  parameters ,  S i c  c o a t i n g s  

w i l l  be  a p p l i e d  t o  U02 microspheres  c o n t a i n i n g  small amounts of s i l ve r  
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and pa l lad ium ( t o  s i m u l a t e  f i s s i o n  p r o d u c t s ) .  

parameters  w i l l  b e  used t o  produce a range of Sic m i c r o s t r u c t u r e s ;  t h e  

e x p e r i m e n t a l  c o a t i n g  m a t r i x  s e l e c t e d  on t h e  b a s i s  of p r e v i o u s  work i s  

g iven  i n  Table  2 . 8 .  Annealing s t u d i e s  of Sic-coated s i m u l a t e d  high- 

burnup f u e l  p a r t i c l e s  conducted subsequent  t o  c o a t i n g  w i l l  make p o s s i b l e  

t h e  d e t e r m i n a t i o n  and o p t i m i z a t i o n  of t h o s e  S i c  d e p o s i t i o n  parameters  

t h a t  are c r i t i c a l  t o  t h e  r e t e n t i o n  of s i l v e r  and pal ladium. 

A wide range  of d e p o s i t i o n  

Table  2 .8 .  S i l i c o n  Carbide Coat ing Parameters  
t o  B e  I n v e s t i g a t e d  

~ ~~~ ~~ ~ 

H ~ : M T S "  r a t i o s  f o r  
tempera tures  ("C) of - Coating ra te  

1500 1550 1650 1700 (um/min> 

0.2-0.4 50: 1 50:l 75:l 9O:l 

0.5-0.7 5 0 : l  5 0 : l  75:l 9O:l 

1.0-1.5 50 : l  50: 1 75 : 1 9O:l 

a Hydrogen-to-methyltrichlorosilane. 

S i l i c o n  carb ide-coa t ing  m i c r o s t r u c t u r e s  must b e  c h a r a c t e r i z e d  on a 

f i n e r  scale than  p r e v i o u s l y  thought  because of t h e  complex n a t u r e  of t h e  

S i c  m i c r o s t r u c t u r e  and t h e  scale of i t s  major f e a t u r e s .  A l l  phases  

must b e  i d e n t i f i e d ,  i n c l u d i n g  Sic p o l y t y p e s  and t h e  s i z e  and d i s t r i b u t i o n  

of microporos i ty .  This  i d e n t i f i c a t i o n  w i l l  b e  made by u s i n g  t r a n s m i s s i o n  

and scanning- t ransmiss ion  e l e c t r o n  microscopy (TEM and STEM) t e c h n i q u e s  

on ion-thinned f o i l s  of c o a t i n g  specimens of known o r i e n t a t i o n .  

The d i f f u s i v i t y  of s i l ve r  i n  S i c  s i n g l e  c r y s t a l s  w i l l  b e  s t u d i e d  i n  

p a r a l l e l  w i t h  our  o t h e r  work and w i l l  p r o v i d e  b a s e l i n e  d a t a  on t h e  lowes t  

p o s s i b l e  v a l u e  f o r  s i l ve r  t r a n s p o r t  i n  S i c  c o a t i n g s .  

2 . 3 . 4 . 2  R e s u l t s  and Discuss ion  

To provide  h i g h l y  r e p r o d u c i b l e  S i c  c o a t i n g  rates,  a Tylan s o u r c e  

11 MTS genera tor"  w a s  purchased ,  i n s t a l l e d ,  and c a l i b r a t e d .  This  

* 
Tylan Corpora t ion ,  19220 S .  Normandie Avenue, Torrance,  C a l i f .  90502. 
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i n s t r u m e n t  a c c u r a t e l y  m a i n t a i n s  a p r e s e t  f low of MTS i n t o  t h e  c o a t i n g  

f u r n a c e .  

Siinulated high-burnup f u e l  kernels c o n s i s t i n g  of U 0 2  microspheres  

c o n t a i n i n g  s i lver  o r  pa l lad ium have been produced by i n f i l t r a t i o n  of 

t h e  microspheres  w i t h  aqueous AgN03 o r  PdC12, fo l lowed by t h e r m a l  decom- 

p o s i t i o n  a t  600°C i n  hydrogen. These s i m u l a t e d  s p e n t  f u e l  p a r t i c l e s  can 

b e  T r i s o  c o a t e d  and annea led  i n  a thermal  g r a d i e n t  t o  e v a l u a t e  s i l v e r  

and p a l l a d i u m  a t t a c k  o r  r e t e n t i o n  under  thermal  c o n d i t i o n s  s imilar  t o  

t h o s e  i n  an  HTGR. 

Samples of c o a t i n g  fragments  are b e i n g  examined i n  a JEM l O O C X  

e l e c t r o n  microscope. A t y p i c a l  c o a t i n g  m i c r o s t r u c t u r e  and a t y p i c a l  

d i f f r a c t i o n  p a t t e r n  are shown i n  F i g s .  2.20 and 2.21, r e s p e c t i v e l y .  

The m i c r o s t r u c t u r e  of a specimen from c o a t i n g  r u n  SC207 i s  shown 

i n  F i g .  2.20. The g r a i n s  are h e a v i l y  f a u l t e d  and c o n t a i n  numerous 

microtwins.  X-ray d i f f r a c t i o n  showed t h a t  t h e  m i c r o s t r u c t u r e  i s  n e a r l y  

a l l  f c c  be ta -Sic ,  b u t  a d i f f r a c t i o n  l i n e  t h a t  was p o s s i b l y  from t h e  hcp 

o r  a lpha-Sic  phase w a s  a l s o  observed.  S e l e c t e d - a r e a  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n s  a l s o  showed traces of  a n o t h e r  phase t h a t  could  b e  HCP i n  t h i s  

p a r t i c u l a r  c o a t i n g .  

An example of an e l e c t r o n  d i f f r a c t i o n  p a t t e r n  t a k e n  from a b e t a -  

Sic g r a i n  i s  g iven  i n  F ig .  2.21. S p l i t t i n g  of t h e  low-index r e f l e c t i o n s  

i n d i c a t e s  t h a t  t h e  s t r u c t u r e  i s  twinned, whereas t h e  s t r e a k s  j o i n i n g  

t h e s e  r e f l e c t i o n s  are caused by t h e  l a r g e  number of s t a c k i n g  f a u l t s  

p r e s e n t .  [The upward e l e c t r o n  beam normal f o r  t h i s  p a t t e r n  i s  ( T i O ) . ]  

Work i s  under way t o  i d e n t i f y  t h e  morphology of t h e  few a l p h a  

m i c r o g r a i n s  d e t e c t e d  s o  t h a t  micrographs of t h e  S i c  c o a t i n g s  can b e  

i n t e r p r e t e d  q u a n t i t a t i v e l y .  

2 . 3 . 4 . 3  Work P l a n  f o r  t h e  Next Repor t ing  P e r i o d  

Batches of U 0 2  microspheres  c o n t a i n i n g  s i l v e r  and pa l lad ium w i l l  b e  

T r i s o  c o a t e d  a c c o r d i n g  t o  t h e  parameters  g iven  i n  Table  2.8. These 

b a t c h e s  w i l l  t h e n  b e  annea led  a t  t y p i c a l  HTGR o p e r a t i n g  tempera tures  and 

w i t h  t y p i c a l  HTGR thermal  g r a d i e n t s ,  and t h e i r  b e h a v i o r  w i t h  r e s p e c t  

t o  f i s s i o n  product  r e t e n t i o n  w i l l  b e  e v a l u a t e d .  
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Microstructures of Sic coatings will be analyzed by transmission 

electron microscopy and other techniques. A preliminary report on Sic 
microstructure characterization is scheduled for June 1979. 

A preliminary report on the relation between Sic microstructure 
and deposition parameters is scheduled for December 1979. 

report on fission product attack/retention correlations with Sic 

microstructure is scheduled for March 1980. 

A preliminary 

2 . 4  IRRADIATION SUPPORT ACTIVITIES - F. J. Homan 

This work is associated with both supplementing and improving the 

quality of information developed through irradiation testing. In the 

past, work associated with characterizing the irradiation facilities 

(temperatures, flux distributions, etc.) was included. No work has 

been done during the current reporting period on capsule thermometry, 

f l u x  mapping, or gamma-heating characterization. Both nuclear and 

thermal analyses of the HRB-15b capsule are included. 
thermal-gradient heating experiments to measure fission product/SiC 

coating interaction rates are also reported. 

The out-of-reactor, 

2 .4 .1  Nuclear Evaluation and Thermal Analysis -W. E. Thomas 

2.4.1.1 Experiment HRB-15b: Particle Loadings and Thermal and Neutronics 

Analysis 

Experiment HRB-15b was irradiated in the HFIR removable beryllium 

reflector facility RB-5. 

cycles; the first cycle began at 4 : 1 5  PM (EDT) on July 6, 1978. 

The experiment was in the reactor for eight 

The purpose of the experiment was to test a variety of HTGR 
particles: fissile, fertile, Triso, and Biso. The loose particles 
were loaded into trays that resembled flat graphite washers, each having 

116 holes drilled in one face. 

fertile-particle, fissile-particle sequence - 46 trays per unit or 

subassembly. A column of four units was sealed in a stainless steel 

primary vessel. 

less steel vessel to provide double-wall containment for the experiment. 

The trays were stacked in an alternate 

The primary vessel was contained in a secondary stain- 
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When i n  t h e  r e a c t o r ,  h e a t  i s  removed from t h e  experiment  by t h e  f low of 

r e a c t o r  c o o l a n t  (water )  through a n  annulus  e x t e r n a l  t o  t h e  secondary 

vessel. 

The experiment  t e s t e d  18 d i f f e r e n t  t y p e s  of HTGR f i s s i l e  p a r t i c l e s  

and 5 t y p e s  of  HTGR f e r t i l e  pa r t i c l e s .  The types  of  p a r t i c l e s  t o  be 

loaded  i n t o  each  of t h e  184 t r a y s  had been predetermined and were n o t  

s u b j e c t  t o  change. Our o b l i g a t i o n  w a s  l i m i t e d  t o  s p e c i f y i n g  t h e  number 

of p a r t i c l e s  of each type  t o  be loaded  i n t o  each of t h e  184 t r a y s .  The 

approach t a k e n  f o r  s p e c i f y i n g  p a r t i c l e  l o a d i n g  f o r  t h e  experiment  can 

be broken down i n t o  f o u r  major s t e p s :  (1) f u e l  d e p l e t i o n  p e r  p a r t i c l e  

t y p e ,  ( 2 )  power matching, ( 3 )  tempera ture  matching, and ( 4 )  f i n a l  thermal  

a n a l y s i s  t o  conf i rm t h e  d e s i g n .  Each of t h e  s t e p s  i s  d i s c u s s e d  b r i e f l y  

below; a t o p i c a l  r e p o r t  i s  b e i n g  prepared  t o  document d e t a i l s  of t h e  

d e s i g n .  

For  c a l c u l a t i n g  f u e l  d e p l e t i o n ,  f i s s i l e  p a r t i c l e s  were r e c l a s s i f i e d  

i n t o  seven t y p e s  a c c o r d i n g  t o  i n i t i a l  amounts of f i s s i l e  material  con- 

t a i n e d  i n  t h e  k e r n e l .  Data f o r  each p a r t i c l e  t y p e  are shown i n  Table  2 . 9 .  

A l l  uranium w a s  20% e n r i c h e d  i n  2 3 5 U .  The f u e l  d e p l e t i o n  computat ion 

p r o v i d e s  power ( w a t t s )  p e r  p a r t i c l e  f o r  each p a r t i c l e  t y p e  d u r i n g  t h e  

i r r a d i a t i o n  h i s t o r y  a t  24 d i s c r e t e  a x i a l  p o s i t i o n s ,  t h a t  i s ,  average  

power p e r  p a r t i c l e  as a f u n c t i o n  of a x i a l  p o s i t i o n  and i r r a d i a t i o n  t i m e  

f o r  each  p a r t i c l e  c l a s s i f i c a t i o n .  We used t h e  CACA-2 code32 (wi th  some 

r e v i s i o n s )  f o r  performing t h e s e  c a l c u l a t i o n s .  A v a l u e  of 180 MeV p e r  

f i s s i o n  w a s  used f o r  u s e f u l  energy release p e r  f i s s i o n  l o c a l l y  w i t h i n  

t h e  specimen r e g i o n .  For thermal  a n a l y s i s ,  n u c l e a r  h e a t i n g  i n  t h e  

g r a p h i t e  t r a y s  would augment t h e  h e a t  s o u r c e  i n  t h a t  r e g i o n .  The magni- 

tude  of t h e  t ime-averaged t o t a l  n e u t r o n  f l u x  w a s  determined by t h e  

r e s u l t s  from a p r e v i o u s  exper iment .  3 3  

varies from about  2.4 x n e u t r o n s  me2 s-l n e a r  t h e  HMP t o  about  

1 .0  x 
c y l i n d r i c a l  r e a c t o r  c o n t r o l  p l a t e s  ("rodst1)  are  l o c a t e d  between t h e  

experiment  and t h e  r e a c t o r  c o r e .  

t h e  c o n t r o l  p l a t e s  i n t r o d u c e s  c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  n e u t r o n  

f l u x  i n  t h e  experiment .  To account  f o r  t h e s e  p e r t u r b a t i o n s ,  t h e  

Time-averaged t o t a l  n e u t r o n  f l u x  

n e u t r o n s  m-2 s-' a t  t h e  extremities of t h e  experiment .  The 

During each r e a c t o r  c y c l e ,  motion of 
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Table  2.9.  Pa r t i c l e  C l a s s i f i c a t i o n  f o r  Fuel  
Deple t ion  Study Experiment HRB-15b 

Kerne l  material Kerne l  l o a d i n g  
(Mg U/Th) 

F i s s i l e  p a r t i c l e s  

I (Th-U) 0 2  0.111/0.109 
I1 UCO (o /u  = 0.5)  0.258/ 
I11 UCO (o /u  = 1.5) 0.237/ 
I V  uco (o /u  = 1 . 0 )  0.2071 
V uc2 0.216/ 
V I  uo2 0.130/ 
V I 1  uo2 0.150/ 

F e r t i l e  p a r t i c l e s  

I Tho2 
I1 Tho2 
I11 Tho2 
I V  Tho2 
V Tho2 

/O.  412 
/ O .  430 
/ O .  590 
/ O .  600 
/ O .  575 

e x p e r i m e n t a l l y  determined time-averaged t o t a l  neut ron  f l u x  w a s  m u l t i p l i e d  

by normalized t i m e  d i s t r i b u t i o n  f u n c t i o n s ;  t h a t  i s :  

where : 

f $ ( z ,  t)dt = 1 .0  . 
t i m e  

One-group microscopic  c r o s s  s e c t i o n s 3  

are shown i n  Table 2.10; t h e  v a l u e s  shown i n  p a r e n t h e s e s  are r e s u l t s  from 

s e n s i t i v i t y  s t u d i e s  w i t h  p r e v i o u s  rod-type HRB exper iments .  W e  found 

t h a t  t h e  c r o s s  s e c t i o n s  n o t  i n  p a r e n t h e s e s  w e r e  more r e a l i s t i c  f o r  t h e  

d i l u t e  HRB-15b experiment .  

used t o  c a l c u l a t e  f u e l  d e p l e t i o n  

A one-dimensional c y l i n d r i c a l  h e a t - t r a n s f e r  model w a s  chosen f o r  

computing tempera tures  i n  t h e  v a r i o u s  r e g i o n s  of t h e  experiment .  E a r l y  

i n  t h e  i r r a d i a t i o n  h i s t o r y ,  t r a y s  c o n t a i n i n g  f i s s i l e  p a r t i c l e s  produced 
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T a b l e  2.10. One-Group Microscopic  Cross  S e c t i o n  
(barn)  f o r  Experiment HRB-15b 

Nucl ide Capture  F i s s i o n  

232Th 

2 3  3 ~ a  

2 3 4 ~ a  

2 3 3 u  

2 3 4 ~  

2 3 5 ~  

2 3 6 u  

2 3 7 u  

238u  

7Np 

8Np 

9Np 

2 3 8Pu 

239Pu 

2 4  OPU 

241Pu 

242Pu 

3.96 (2.77)  0.008 (0.006) 

32.2 

150.0 1500.0 

1 6 . 1  151.0 

40.1 

27.9 144.0 

1 0 . 2  

110.0 

8.44 (5.908) 

65.6 

13.0 

8 .3  

:130.0 

1142.0 281.0 

287.0 

109.0 239.0 

36.5 

0.033 (0.023) 

570.0 

most of t h e  f i s s i o n  h e a t ,  whereas l a t e r ,  as bred uranium built up i n  

t h e  a d j a c e n t  t r a y s  of f e r t i l e  p a r t i c l e s ,  f i s s i o n  h e a t  i n  t h o s e  t r a y s  

a l s o  became s i g n i f i c a n t .  The p a r t i c l e - s t a c k i n g  p a t t e r n  s u g g e s t s  t h a t  

i t  i s  r e a s o n a b l e  t o  model t h e  specimen r e g i o n  w i t h  a uniformly d i s p e r s e d  

h e a t  s o u r c e  c o n t r i b u t e d  by one t r a y  of f e r t i l e  p a r t i c l e s  p l u s  one t r a y  

of f i s s i l e  p a r t i c l e s .  Once t h e  experiment  i s  i n  t h e  r e a c t o r ,  t h e  o n l y  

way t h a t  p a r t i c l e  tempera tures  can b e  c o n t r o l l e d  i s  by v a r y i n g  t h e  com- 

p o s i t i o n  of sweep g a s ,  t h a t  i s ,  by v a r y i n g  thermal  c o n d u c t i v i t y  i n  t h e  

gap between t h e  s t a c k  of t r a y s  and t h e  c a p s u l e  pr imary v e s s e l .  I d e a l l y ,  

w e  would l o a d  each t r a y  such  t h a t  t h e  power p e r  each  t r a y  p a i r  would 

change t h e  same amount w i t h  t i m e .  I f  t h e  i d e a l  c o n d i t i o n  w e r e  p o s s i b l e ,  

w e  could  l o a d  t h e  t r a y s  and v a r y  gap t h i c k n e s s  t o  o b t a i n  a f l a t  ax ia l  

tempera ture  p r o f i l e  c o n t i n u o u s l y  throughout  t h e  i r r a d i a t i o n  h i s t o r y .  
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Because of t h e  HFIR c o n t r o l  rod management, w e  cannot  a c h i e v e  t h e  above 

i d e a l  c o n d i t i o n ,  b u t  w e  can power-match a t  two p o i n t s  i n  t i m e .  

i s ,  w e  can l o a d  t h e  t r a y s  t o  o b t a i n  a common v a l u e  f o r  t h e  c o n s t a n t  c 

i n  t h e  f o l l o w i n g  e q u a t i o n :  

That  

where N 1  i s  t h e  number of f i s s i l e  p a r t i c l e s  i n  a t r a y ,  and N 2  i s  t h e  

number of f e r t i l e  p a r t i c l e s  i n  t h e  a d j a c e n t  t r a y ;  P11 i s  t h e  power p e r  

f i s s i l e  p a r t i c l e  a t ,  s a y ,  t h e  beginning  of  l i f e  (BOL) ,  and P12 i s  t h e  

power p e r  f i s s i l e  p a r t i c l e  a t  some o t h e r  t i m e ,  such as a t  t h e  middle  of 

c y c l e  seven.  Likewise,  P,, and P22 are  power p e r  f e r t i l e  p a r t i c l e  a t  

BOL and mid-cycle-seven, r e s p e c t i v e l y .  Power p e r  p a r t i c l e  depends on 

t h e  t y p e  of p a r t i c l e  t o  b e  loaded i n t o  each t r a y  and t h e  a x i a l  p o s i t i o n  

of t h a t  t r a y  i n  t h e  experiment .  It i s  a l s o  advantageous t o  maximize 

t h e  v a l u e  f o r  c i n  Eq. (1) above. The h i g h e s t  v a l u e  f o r  c reduces  t h e  

l i k e l i h o o d  of u s i n g  argon g a s  and having t o  cope w i t h  4 1 A r  a c t i v i t i e s  i n  

t h e  sweep g a s .  Helium and m i x t u r e s  of hel ium and neon were p r e f e r r e d .  

We o b t a i n e d  c = 0.5,  which was adequate .  A more u s e f u l  form of Eq. (1) 

i s  expressed  i n  t e r m s  of the r a t i o  of t h e  number of f e r t i L e  p a r t i c l e s  t o  

t h e  number of f i s s i l e  p a r t i c l e s  R f o r  each t r a y  p a i r .  

A maximum of 116  p a r t i c l e s  can b e  loaded i n t o  a t r a y .  The minimum number 

of p a r t i c l e s  p e r  t r a y  M w a s  s p e c i f i e d  t o  b e  n o t  less t h a n  about  60. 

Hence, f o r  a l o a d i n g  t o  b e  a c c e p t a b l e ,  t h e  i m p l i c a t i o n  is  t h a t  t h e  v a l u e  

f o r  R must l i e  w i t h i n  t h e  f o l l o w i n g  range:  

(M/116) R (116/M) ( 3 )  

I n  t h e  d i s c u s s i o n  t h a t  f o l l o w s ,  assume t h a t  R i s  w i t h i n  a c c e p t a b l e  

range .  I f  R = 1 .0 ,  t h e n  116 f e r t i l e  p a r t i c l e s  and 116 f i s s i l e  p a r t i c l e s  

could b e  loaded i n  t h e  t r a y  p a i r .  I f  R < 1 . 0 ,  o n l y  t h e  t r a y  c o n t a i n i n g  



f i s s i l e  p a r t i c l e s  could  b e  f i l l e d ;  R > 1.0 i m p l i e s  t h a t  o n l y  t h e  t r a y  

c o n t a i n i n g  f e r t i l e  p a r t i c l e s  can be  f i l l e d .  An a c c e p t a b l e  minimum 

number of p a r t i c l e s  w i l l  a l s o  be  i n  each  t r a y .  The minimum number of 

p a r t i c l e s  p e r  t r a y  a l s o  depends on t h e  v a l u e  of R. For example, i f  

R > 1.0,  t h e r e  w i l l  b e  M ( ~ 6 0 )  f i s s i l e  p a r t i c l e s  p e r  t r a y  b u t  somewhat 

more ( t h e  p roduc t  RM) f e r t i l e  p a r t i c l e s  in t h e  a d j a c e n t  t r a y .  Hence, 

t h e  f i s s i o n  power p e r  each  t r a y  p a i r  can range  from some maximum power 

t o  some minimum power. The t r a y s  shou ld  b e  loaded  such  t h a t  a p l o t  of 

t h e  f i s s i o n  power p e r  each  t r a y  p a i r  v e r s u s  t h e  mean a x i a l  p o s i t i o n  of 

t h a t  t r a y  p a i r  w i l l  form a smooth curve  and w i l l  a lways l i e  between 

maximum and minimum. 

The ax ia l  t empera tu re  p r o f i l e  shou ld  be  as f l a t  ( c o n s t a n t )  as 

p o s s i b l e .  

t h e  gap between each  t r a y  and t h e  c a p s u l e  pr imary  v e s s e l .  The gap can 

be  v a r i e d  by v a r y i n g  t h e  t r a y  d i ame te r .  

w e  t r y  t o  avo id  t h e  c o n d i t i o n s  of a s m a l l  gap, t h e n  of a l a r g e r  gap, 

t hen  back t o  t h e  c o n d i t i o n s  of a smaller gap ove r  each  h a l f - l e n g t h  of 

t h e  exper iment ;  t h a t  is ,  w e  s t r i v e  f o r  a s tep-wise  i n c r e a s i n g  gap from 

t h e  middle  of t h e  exper iment  t o  e a c h  e x t r e m i t y .  The t empera tu re  rise 

a c r o s s  t h e  gap v a r i e s  d i r e c t l y  w i t h  gap t h i c k n e s s .  Both t h e  f i s s i o n  

ra te  p e r  u n i t  volume of f u e l  and t h e  n u c l e a r  h e a t i n g  i n  g r a p h i t e 3 4  

d e c r e a s e  from t h e  middle  t o  each  end of t h e  exper iment .  I f  t h e  tempera- 

t u r e  a t  t h e  i n s i d e  r a d i u s  of each  t r a y  p a i r  i s  t o  b e  c o n s t a n t ,  t h e  sum 

of t h e  n u c l e a r  h e a t i n g  i n  g r a p h i t e  p l u s  t h e  f i s s i o n  power from t h e  

p a r t i c l e s  i n  t h e  t r a y s  must also be a c o n s t a n t  ove r  t h e  l e n g t h  of each  

s t a c k  of t r a y s  having  t h e  same d iame te r .  Th i s  s i t u a t i o n  i m p l i e s  t h a t  

t h e r e  w i l l  be a "bes t  compromise'' f i s s i o n  power p e r  t r a y  p a i r  P*. Once 

P* i s  known, t h e  number of p a r t i c l e s  t o  be  loaded  i n t o  each  t r a y  can be  

computed; P* should  range  between t h e  maximum and t h e  minimum power p e r  

t r a y  p a i r  and shou ld  a lso b e  as l a r g e  as p o s s i b l e  i n  o r d e r  t o  l o a d  t h e  

most pa r t i c l e s  i n  t h e  exper iment .  

t o  p a r t i c l e  l o a d i n g  i s  g iven  i n  Table  2 .11 .  

The only  remain ing  v a r i a b l e  f o r  " t empera tu re  matching" i s  

I n  d e c i d i n g  on t r a y  d i a m e t e r s ,  

A summary of t h e  e x p r e s s i o n s  a p p l i c a b l e  

Before t h e  experiment  w a s  p l a c e d  i n  t h e  r e a c t o r ,  s e v e r a l  a d d i t i o n a l  

thermal  c a s e s  w e r e  run .  The purpose of t h e s e  c a l c u l a t i o n s  w a s  t o  

(1) check t h e  computed t empera tu res  a t  v a r i o u s  times d u r i n g  a c y c l e  and 
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Table  2.11.  Experiment HRB-15b: Summary of Express ions  f o r  
P a r t i c l e  Loading 

R > 1.0 R < 1.0 

Range of par t ic les  p e r  t r a y  

Maximum number of f e r t i l e  
p a r t i c l e s  116 

Maximum number of f i s s i l e  
p a r t i c l e s  

p a r t i c l e s  
Minimum number of f e r t i l e  

116/R 

116R 

116 

MR M 
Minimum number of f i s s i l e  

p a r t i c l e s  M MIR 

o v e r  t h e  expec ted  i r r a d i a t i o n  h i s t o r y  (many c y c l e s ) ;  (2) check t h e  

s e n s i t i v i t y  of t h e  computed tempera tures  t o  u n c e r t a i n t i e s  i n  b a s i c  thermal  

d a t a ,  f o r  example, thermal  c o n d u c t i v i t y ,  s u r f a c e  e m i s s i v i t y ,  c o e f f i c i e n t  

of l i n e a r  expansion,  e tc . ;  and ( 3 )  i n c l u d e  g r a p h i t e  growth35 i n  t h e  model 

and t e s t  i t s  e f f e c t  on tempera ture  c o n t r o l .  

(23.57 nun) w a s  e s t a b l i s h e d  from c o n s i d e r a t i o n  of a n t i c i p a t e d  g r a p h i t e  

growth. 

f o r  each u n i t  i n  t h e  experiment .  

test  p l a n  d e s i g n a t i o n .  

The maximum t r a y  d iameter  

Tray s i z e  and f i n a l  l o a d i n g s  are shown i n  Tables  2 .12  through 2.15 

P a r t i c l e s  i n  each  t r a y  are i d e n t i f i e d  by 

Our p r e i r r a d i a t i o n  r e s u l t s  i n d i c a t e d  t h a t ,  w i t h  hel ium sweep gas ,  

t empera tures  a t  t h e  i n s i d e  s u r f a c e  of t h o s e  t r a y s  l o c a t e d  around t h e  

J3MP should  s t a b i l i z e  a t  about  800°C e a r l y  i n  t h e  f i r s t  cycle. A f t e r  

about  1 d of power o p e r a t i o n ,  t h e  thermocouples i n  t h e  bot tom of u n i t  

15b-2 and t h o s e  i n  t h e  top  and bottom of u n i t  15b-3 peaked a t  775"C,  

7 9 5 " C ,  and 810"C, r e s p e c t i v e l y .  Agreement between computed tempera tures  



Table 2.12. Experiment HRB-l5b, Tray S i z e  and P a r t i c l e  Loadings 
f o r  Subassembly 15b-1 

Tray F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

I d e n t i f i c a t i o n  Radius I d e n t i f i c a t i o n  Number I d e n t i f i c a t i o n  Radius I d e n t i f i c a t i o n  Number 
( i n . )  ( i n . )  

1 
3 
5 
7 
9 

11 
1 3  
1 5  
1 7  
19 
2 1  
23 
25 
27  
29 
31  
33 
35 
37 
39 
41  
43 
45 

0.439 
0.439 
0.439 
0.435 
0.439 
0.448 
0.448 
0.448 
0.454 
0.454 
0.454 
0.454 
0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.461 
0.461 
0.461 
0.461 
0.461 

ORNL 
ORNL 
17-B 
ORNL 
ORNL 
ORNL 
ORNL 
1 5  
ORNL 
ORNL 
17-B 
15 
ORNL 
ORNL 
ORNL 
16 
17-B 
ORNL 
ORNL 
ORNL 
ORNL 
15  
ORNL 

58 
85 

116 
58 
58 

106 
106 
116 
111 
111 
116 
116 
1 1 2  
1 1 2  
1 1 2  
102 
116 
103 
116 
105 
105 
116 
105 

2 
4 
6 
8 

10 
1 2  
1 4  
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 

0.439 
0.439 
0.435 
0.439 
0.439 
0.448 
0.448 
0.448 
0.454 
0.454 
0.454 
0.454 
0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.461 
0.461 
0.461 
0.461 
0.461 

8 
1 2  
10 
1 
1 
3 
3 
5 
2 

1 4  
4 

13-A 
4 

13-B 
2 
5 
7 
5 
7 
6-B 
6-B 
4 
7 

116 
106 

65 
116 
116 

83 
83 

114  
65 
77 
73 
97 
69 

108 
63 

116 
68 

113 
76 
99 
59 
66 
68 

4 
0 



Table 2.13. Experiment HRB-15b, Tray S i z e  and P a r t i c l e  Loadings 
f o r  Subassembly 15b-2 

Tray F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

I d e n t i f i c a t i o n  Radius I d e n t i f i c a t i o n  Number I d e n t i f i c a t i o n  Radius I d e n t i f i c a t i o n  Number 
( i n . )  ( i n . )  

47 
49 
51 
53 
55 
57 
59 
61 
63 
65 
67 
69 
71 
73 
75 
77 
79 
81 
83 
85 
87 
89 
91 

0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

16 
ORNL 
17-B 
ORNL 
ORNL 
16 
ORNL 
ORNL 
ORNL 
ORNL 
17-B 
ORNL 
15 
ORNL 
ORNL 
16 
ORNL 
17-B 
ORNL 
ORNL 
15 
ORNL 
ORNL 

69 
72 
104 
75 
75 
72 
78 
78 
78 
78 
116 
109 
116 
108 
108 
103 
107 
116 
107 
107 
116 
107 
86 

48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 
76 
78 
80 
82 
84 
86 
88 
90 
92 

0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.461 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
9 

1 3 - C  
11 

3 
3 
3 
3 
3 
4 
3 
6 -B 
7 
1 

116 
11 6 
11 6 
116 
116 
11 6 
11 6 
11 6 
116 
116 
55 
91 
57 
65 
62 
62 
62 
62 
54 
62 
85 
59 
114 

d 
P 



T a b l e  2.14. Experiment HRB-l5b, Tray S i z e  and P a r t i c l e  Loadings 
f o r  Subassembly 15b-3 

Tray Fer t i le  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  

I d e n t i f i c a t i o n  Radius I d e n t i f i c a t i o n  Number I d e n t i f i c a t i o n  Radius I d e n t i f i c a t i o r .  Number 
( i n . )  ( i n . )  

93 
95 
97 
99 
101 
103 
105 
107 
109 
111 
113 
115 
1 1 7  
119 
121 
123 
125 
12 7 
129 
131 
133 
135 
137 

0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

15 
ORNL 
16 
ORNL 
GRNL 
17-A 
15 
17-A 
ORNL 
ORNL 
ORNL 
ORNL 
16 
ORNL 
16 
ORNL 
ORNL 
17-A 
ORNL 
15 
ORNL 
ORNL 
16 

114 
107 
103 
10 7 
107 
105 
116 
105 
107 
109 
87 
110 
105 
114 
109 
114 
114 
115 
116 
116 
11 6 
116 
116 

94 
96 
98 

100 
102 
104 
106 
108 
110 
112 
114 
116 
118 
120 
122 
124 
126 
128 
130 
132 
134 
136 
138 

0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 
0.464 

1 
7 
6-B 
3 
5 
3 
3 
3 
3 
3 
8 
10 
12 
6-A 
6 -A 
6-A 
6-A 
6-A 
6-A 
6-A 
6-A 
6 -A 
6 -A 

114 
59 
85 
61 
98 
62 
62 
62 
62 
66 
116 
66 

105 
98 
98 
98 
98 
105 
105 
105 
1G5 
112 
112 



Table 2.15. Experiment HRB-15b, Tray S i z e  and P a r t i c l e  Loadings 
f o r  Subassembly 15b-4 

Tray F e r t i l e  p a r t i c l e s  Tray F i s s i l e  p a r t i c l e s  
- 

I d e n t i f i c a t i o n  Radius T d e n t i f i c a t i o n  Number I d e n t i f i c a t i o n  Radius  I d e n t i f i c a t i o n  Number 
( i n . )  ( i n . )  

139 
14  1 
143 
145 
14  7 
1 4  9 
1 5 1  
15  3 
15  5 
15  7 
159 
161  
163 
165 
167 
169 
1 7 1  
173 
175 
177 
179 
181 
18 3 

0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.454 
0.454 
0.454 
0.454 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 

ORNL 
17-A 
ORNL 
15  
ORNL 
ORNL 
ORNL 
16 
ORNL 
ORNL 
ORNL 
17-A 
1 5  
ORNL 
1 6  
ORNL 
ORNL 
ORNL 
17-A 
ORNL 
ORNL 
15 
ORNL 

70 
90 
70 

116 
99 
99 
99 
95 

107 
107 
107 
105 
116 

99 
95 
99 

100 
9 3  
9 1  
93  
93 

116 
93  

140  
142 
144 
146 
148 
150 
1 5  2 
154 
156 
158 
160 
162 
164 
166 
168  
170 
172 
174 
176 
178 
180 
182 
184 

0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.458 
0.454 
0.454 
0.454 
0.454 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 
0.448 

1 
3 
1 
3 
5 
2 
4 

13-C 
13-A 
1 4  

4 
6-C 
6-C 
7 
4 
6-B 
7 
5 
6 -B 
7 
9 

13-B 
11 

116 
62 

116 
62 

108 
55 
60 
94 

103 
72 
66 

104 
103 

69 
63 
99 
75 

116 
1 0 1  

70 
59 

100 
64 



7 4  

and measured tempera tures  appeared t o  b e  q u i t e  good. 

t e m p e r a t u r e  p r o f i l e ,  F i g .  2 . 2 2 ,  w a s  expected t o  b e  more symmetrical about  

t h e  HME' t h a n  t h e  e a r l y  r e s u l t s  had i n d i c a t e d .  

middle  of t h e  experiment  w a s  p o s i t i o n e d  about  0.02 m above t h e  H M P ,  

which i s  probably  t h e  r e a s o n  f o r  t h e  asymmetric a x i a l  t empera ture  

d i s t r i b u t i o n .  Temperatures shown i n  a l l  f i g u r e s  are r e s u l t s  from 

The a x i a l  

We d i s c o v e r e d  t h a t  t h e  
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s e p a r a t e  one-dimensional h e a t - t r a n s f e r  c a l c u l a t i o n s .  The tempera tures  

are connected by s t r a i g h t  l i n e s  t o  form t h e  a x i a l  p r o f i l e s  shown i n  each 

graph. 

i n s i d e  r a d i u s ,  which i s  approximately t h e  l o c a t i o n  of each  thermocouple.  

During c y c l e  one, he l ium w a s  used as sweep gas;  beginning  w i t h  t h e  

second c y c l e  (7-31-78), f u e l  had burned o u t  enough so  t h a t  mix tures  of 

hel ium and neon could b e  used t o  c o n t r o l  tempera tures .  Temperatures i n  

F ig .  2.23 i l l u s t r a t e  t h e  d i s t r i b u t i o n  e a r l y  i n  c y c l e  two, and t h e  t e m -  

p e r a t u r e s  i n  F ig .  2.24 show how t h e  d i s t r i b u t i o n  has changed toward t h e  

end of t h e  c y c l e ;  t h a t  i s ,  t h e s e  two graphs i l l u s t r a t e  t h e  e f f e c t  t h a t  

HFIR c o n t r o l  rod management h a s  on t h e  a x i a l  t empera ture  p r o f i l e  d u r i n g  

a c y c l e .  By t h e  end of c y c l e  t h r e e  (9-13-78), a procedure  and t h e  

n e c e s s a r y  p a r t s  were a v a i l a b l e  f o r  c e n t e r i n g  t h e  experiment  w i t h  r e s p e c t  

t o  r e a c t o r  HMP. A s  i l l u s t r a t e d  i n  F ig .  2.25, a x i a l  t empera ture  d i s -  

t r i b u t i o n  w a s  more symmetr ical  about t h e  r e a c t o r  HMP t h e r e a f t e r .  

Temperatures l a b e l e d  ' ' t r a y  maximum" are computed a t  t h e  t r a y  

Another tempera ture  requirement  was t h a t  t h e  maximum p a r t i c l e -  

s u r f a c e  tempera ture  should  n o t  exceed 1000°C f o r  any p a r t i c l e  i n  t h e  

exper iment .  To r e p r e s e n t  a p a r t i c l e  r e s t i n g  i n  t h e  d r i l l e d  h o l e s ,  w e  

cons idered  b o t h  an  e q u i v a l e n t  1 - D  s p h e r i c a l  model and mul t id imens iona l  

models. The mul t id imens iona l  models r e q u i r e d  c o n s i d e r a b l e  s e t u p  t i m e  

t o  p r e p a r e  i n p u t  f o r  t h e  h e a t i n g  code;36 r e s u l t s  were n o t  complete  u n t i l  

a f t e r  s t a r t u p .  The 1-D s p h e r i c a l  model o v e r e s t i m a t e d  A t  ( t r a y  t o  

p a r t i c l e  s u r f a c e ) .  

a b l e .  Convection w a s  ignored  w i t h  a l l  models. For  t h e  800-pm p a r t i c l e ,  

r e s u l t s  from t h e  h e a t i n g  code f o r  maximum A t  could be expressed  as func- 

t i o n s  of sweep gas  composi t ion,  p a r t i c l e  power p ,  and t r a y  mean tempera- 

t u r e  T .  With hel ium sweep gas ,  t h e  e x p r e s s i o n  i s  as f o l l o w s :  

It was used only  u n t i l  b e t t e r  r e s u l t s  became a v a i l -  

= P(2915.7387 - T)/19.1415 . A t  (max) (4)  

I f  P = 1.32 W p e r  p a r t i c l e  and T = 800°C, A t  from Eq. ( 4 )  i s  146°C. 

For  t h e  same problem, t h e  1-D s p h e r i c a l  model estimatks average  A t  = 1 8 3 O C .  

Equat ions  s imi l a r  t o  Eq. (4)  f o r  v a r i o u s  m i x t u r e s  of he l ium and neon 

were programmed i n  our  thermal  code f o r  use  i n  computing maximum p a t i c l e -  

s u r f a c e  tempera ture  d u r i n g  t h e  i r r a d i a t i o n  h i s t o r y  of t h e  experiment .  
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A t  t h e  end of t h i s  r e p o r t  p e r i o d  (12-31-78), experiment  HRB-15b had 

been i n  t h e  r e a c t o r  f o r  178.4 c a l e n d a r  days o r  f o r  165.7 f u l l  power 

days,  t h a t  i s ,  e q u i v a l e n t  c a l e n d a r  days of o p e r a t i o n  a t  HFIR-rated 

power [ l o 0  MW(t)]. 

i n i t i a l  (heavy) metal atom (FIMA) f o r  f i s s i l e  p a r t i c l e s  and f e r t i l e  

p a r t i c l e s  are shown i n  F i g s .  2.26 and 2.27, r e s p e c t i v e l y .  The a b s c i s s a  

of t h e s e  graphs are graduated  i n  l e n g t h s  e q u a l  t o  t h e  l e n g t h  of a sub- 

assembly. Burnup w a s  e v a l u a t e d  a t  24 d i s c r e t e  a x i a l  p o s i t i o n s ,  and a 

c u b i c  s p l i n e  i n t e r p o l a t i o n  w a s  used t o  f i t  each curve  through t h e  d a t a  

p o i n t s .  F a s t  n e u t r o n  f l u e n c e  ( E  > 183 KeV), shown i n  F ig .  2.28, is  

based on HFIR f a s t  n e u t r o n  f l u x  d i s t r i b u t i o n  i n  t h e  experiment .  Another 

parameter ,  37  t h e  " e q u i v a l e n t  HTGR f h e n c e  f o r  damage i n  g r a p h i t e ,  " can 

b e  o b t a i n e d  from Fig .  2.28 by m u l t i p l y i n g  t h e  f a s t  f l u e n c e  by t h e  

f a c t o r  0.940. Reasons why t h e  burnup c u r v e s  and t h e  f a s t  n e u t r o n  

f l u e n c e  curve  do n o t  peak a t  t h e  middle of t h e  experiment  are: (1) t h e  

c a l c u l a t i o n s  r e f l e c t  t h e  f i r s t  th ree-cyc le  o p e r a t i o n  w i t h  t h e  experiment  

midlength d i s p l a c e d  0.02 m above t h e  HMP and ( 2 )  asymmetric a x i a l  

f l u x  d i s t r i b u t i o n s  appear  t o  b e  c h a r a c t e r i s t i c  of t h e  RB-5 f a c i l i t y .  38 

Average f u e l  burnup i n  u n i t s  of f i s s i o n s  p e r  

2.4.2 F i s s i o n  Product-Sic Coat ing I n t e r a c t i o n  S t u d i e s  - R.  L.  Pearson  

and T .  B.  Lindemer 

The main o b j e c t i v e  of t h i s  program is  t o  a c q u i r e  an  unders tanding  

of t h e  f u e l ,  f i s s i o n  product ,  and c o a t i n g  k i n e t i c  p r o c e s s e s  and thermo- 

dynamics of t h e  system t o  t h e  d e g r e e  t h a t  p e r m i t s  i d e n t i f i c a t i o n  and 

q u a n t i t a t i v e  d e s c r i p t i o n s  of f a i l u r e  mechanisms and improved f u e l  

performance by means of k e r n e l  chemical  m o d i f i c a t i o n .  

I n  t h e s e  s t u d i e s  i n - r e a c t o r  i n t e r a c t i o n s  between f i s s i o n  p r o d u c t s  

and S i c  a re  chemica l ly  d u p l i c a t e d  by Triso-coated s i m u l a t e d  f i s s i o n  

product  systems.  The Triso-coated p a r t i c l e s  are h e a t  t r e a t e d  e i t h e r  

i s o t h e r m a l l y  o r  i n  a tempera ture  g r a d i e n t ,  and t h e  r e a c t i o n  p r o d u c t s  

and o t h e r  phases  are s t u d i e d  by m e t a l l o g r a p h i c ,  r a d i o g r a p h i c ,  c r y s t a l l o -  

g r a p h i c ,  and microprobe techniques .  The e x p e r i m e n t a l  r e s u l t s  are used 

t o  o b t a i n  d a t a  on t h e  rate of a t t a c k  and t o  e v a l u a t e  p o s s i b l e  f a i l u r e  

mechanisms. 
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Fig .  2 .28 .  Experiment HRB-l5b, F a s t  Neutron Fluence.  
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A f i n a l  r e p o r t  on t h e  b e h a v i o r  of s i m u l a t e d  f i s s i o n  p r o d u c t  o x i d e s  

i n  Triso-coated HTGR f u e l  w a s  completed; 3 9  an  a b s t r a c t  fo l lows .  

Several combinat ions of Tr i so-coa ted  U 0 2  p a r t i c l e s  and 
s imula ted  f i s s i o n  product  o x i d e s  were i n v e s t i g a t e d .  The 
combinat ions were h e a t  t r e a t e d  i n  t h e  l a b o r a t o r y  and t h e i r  
behavior  examined by meta l lography,  rad iography,  scanning  e l e c t r o n  
microscopy, and e l e c t r o n  microprobe x-ray a n a l y s i s .  P r e s s u r e s  
of t h e  v a r i o u s  gaseous s p e c i e s  w i t h i n  t h e  p a r t i c l e s  were cal- 
c u l a t e d  and d i s p l a y e d  as Ellingham diagrams. It a p p e a r s  t o  b e  
e s s e n t i a l  t h a t  Tr i so-coa ted  f u e l  have impermeable I L T I  l a y e r s  
because t h e  gaseous form of f i s s i o n  product  s t r o n t i u m  w i l l  
i n t e r a c t  w i t h  S i c .  A s  o x i d e s ,  t h e  r a r e - e a r t h  f i s s i o n  pro- 
d u c t s  r e d i s t r i b u t e d  s l i g h t l y  w i t h i n  t h e  b u f f e r  l a y e r  b u t  d i d  
n o t  i n t e r a c t  w i t h  t h e  S i c  l a y e r s .  

During t h e  las t  several y e a r s ,  i n t e r e s t  h a s  developed i n  e v a l u a t i n g  

an  LEU o r  MEU f u e l  t o  a l lev ia te  t h e  p r o l i f e r a t i o n  i s s u e s  r e l a t e d  t o  t h e  

u s e  of f u l l y  e n r i c h e d  f i s s i l e  f u e l .  I n  LEU o r  MEU f u e l ,  p lutonium w i l l  

a l s o  b e  f i s s i o n i n g ,  which r e s u l t s  i n  a s h i f t  of t h e  f i s s i o n  product  

y i e l d  spectrum. Two sets of Triso-coated p a r t i c l e s  were prepared  s i m -  

u l a t i n g  MEU-UO2 o r  MEU-UC2 f u e l  a t  25% FIMA. The s imula ted  f i s s i o n  

p r o d u c t s  added inc luded  Mo, Ru, Rh, Pd, Ag, and Cd, whose y i e l d  r a t i o s  

f o r  239Pu:235U are 0 .94 ,  1 .61 ,  2.29, 9 .89 ,  50.12, and 8.58, r e s p e c t i v e l y .  

It w a s  l e a r n e d  t h a t ,  i n  Triso-coated U 0 2 ,  t h e  Ru, Rh, Pd, and Ag can 

i n t e r a c t  w i t h  S i c  several hundred degrees  above o p e r a t i n g  r e a c t o r  t e m -  

p e r a t u r e s .  In Tr i so-coa ted  U C 2 ,  t h e  ruthenium, rhodium, and pa l lad ium 

promote t h e  i n t e r a c t i o n  of a uranium-containing second phase throughout  

t h e  S i c  l a y e r  under more normal r e a c t o r  o p e r a t i n g  tempera tures .  

2 .5  PROJECT WORK STATEMENT A C T I V I T I E S  UNDER U.S.-FRG UMBRELLA 

AGREEMENT - F. J .  Homan 

Work w a s  performed under t h e  a u s p i c e s  of t h e  Fueled Graphi te  Develop- 

ment Program on f o u r  p r o j e c t  work s t a t e m e n t s  (PWS) d u r i n g  t h e  r e p o r t i n g  

p e r i o d ,  which are: 

Performance Data; (2) PWS FD-12, Q u a n t i f i c a t i o n  of I r r a d i a t i o n  Induced 

P e r m e a b i l i t y  i n  Pyrocarbon Coat ings ;  ( 3 )  PWS FD-13, Comparison of IMGA 

(1) PWS FD-1, Cr i t i ca l  E v a l u a t i o n  of LEU F u e l  
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* 
and P o s t i r r a d i a t i o n  Anneal ing and Autoradiography (PIAA); and ( 4 )  PWS 

FD-18, F u e l  Chemical Performance Modeling. 

2 .5 .1  PWS FD-1 - F. J. Hom,an 

Work on t h i s  t a s k  w a s  'completed d u r i n g  t h e  r e p o r t i n g  p e r i o d ,  and 

a f i n a l  r e p o r t  w a s  i s s u e d .  

Kingdom, Uni ted  S t a t e s ,  t h e  F e d e r a l  Republ ic  of Germany, and Belgium. A 

subsequent  r e p o r t  c o v e r i n g  t h e  French d a t a  w a s  p rovided  a f t e r  t h e  p u b l i c a -  

t i o n  of  t h e  above r e p o r t .  An a b s t r a c t  of t h e  LEU performance review 

i s  g i v e n  below. 

T h i s  r e p o r t 4 0  reviews t h e  d a t a  from t h e  Uni ted  

The a v a i l a b l e  d a t a  on low-enriched (LEU) f u e l  p a r t i c l e s  
w e r e  reviewed under  t h e  Uni ted  S t a t e s - F e d e r a l  Republ ic  of 
Germany Agreement. The most i n f l u e n t i a l  f a c t o r s  c o n t r o l l i n g  
t h e  i r r a d i a t i o n  performance of LEU f u e l  p a r t i c l e s  w e r e  found 
t o  b e  plutonium t r a n s p o r t ,  f i s s i o n  p r o d u c t  t r a n s p o r t ,  f u e l  
p a r t i c l e  mechanical  performance,  and f u e l  p a r t i c l e  chemical  
performance. 

PLUTONIUM TRANSPORT 

Pu-238, which i s  (der ived from U-235, r e p r e s e n t s  t h e  dominant 
r a d i o l o g i c a l  hazard .  :Since t h e  U-235 i n v e n t o r y  i n  a n  LEU c o r e  
i s  approximate ly  t h e  s a m e  as t h a t  i n  an  HEU c o r e ,  plutonium 
t r a n s p o r t  i s  t h e r e f o r e  of importance t o  b o t h  LEU and HEU systems.  

i s o t r o p i c  pyrocarbon i s  about  a n  o r d e r  of magnitude h i g h e r  t h a n  
t h a t  of uranium and t w o  o r d e r s  of magnitude h i g h e r  t h a n  t h a t  of 
thorium. A B I S O  c o a t i n g  i s  n o t  a good b a r r i e r  f o r  p lu tonium 
release, b u t  a TRISO c o a t i n g  r e t a i n s  plutonium. G r a p h i t e  
a p p e a r s  t o  b e  an  e f f e c t i v e  t r a p  f o r  plutonium. 

The phase  composi t ions  and plutonium vapor  p r e s s u r e s  o v e r  
i r r a d i a t e d  uranium oxycarb ide  k e r n e l s  have been deduced from 
thermodynamic d a t a .  It i s  concluded t h a t  plutonium i s  p r e s e n t  
i n  s o l i d  s o l u t i o n  i n  t h e  cor responding  uranium-containing 
p h a s e s ,  and t h a t  t h e  vapor  p r e s s u r e  i s  lower t h a n  t h a t  of 
p lu tonium c a r b i d e .  Experimental  c o n f i r m a t i o n  of t h e s e  con- 
c l u s i o n s  i s  d e s i r a b l e .  

The d i f f u s i o n  c o e f f i c i e n t  of plutonium i n  high-temperature-  

* 
IMGA and PIAA are p o s t i r r a d i a t i o n  examinat ion  t e c h n i q u e s  f o r  

measurement of t h e  f a i l e d  p a r t i c l e  f r a c t i o n .  
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FISSION PRODUCT TRANSPORT 

The reduced d i f f u s i o n  c o e f f i c i e n t s  D' of cesium d i f f u s i o n  
i n  oxide  k e r n e l s  of d i f f e r e n t  composi t ions ,  enr ichments ,  and 
d e n s i t i e s  have been compared. Good agreement exists i n  some 
cases. More work i s  needed t o  e s t a b l i s h  how t h e  s t r u c t u r e s  
( p o r o s i t y ,  g r a i n  s i z e )  and burnup a f f e c t  t h e  D' v a l u e s .  

p a r t i c l e s .  S i l v e r  release i s  a l s o  h i g h e r  from c a r b i d e  f u e l  
t h a n  o x i d e  f u e l .  The r e t e n t i o n  of s i lver  i n  i n t a c t  TRISO 
p a r t i c l e s  i s  n o t  as complete  as t h e  o t h e r  f i s s i o n  p r o d u c t s ,  a t  
least  a t  t e m p e r a t u r e s  above 1450 K.  High d e n s i t y  S i c  w i t h  
minimum f r e e  s i l i c o n  c o n t e n t  (<0.3 weight  X )  i s  r e q u i r e d  f o r  
minimum release. A breakthrough mechanism t h a t  i s  a c t i v a t e d  
when a c e r t a i n  c r i t i c a l  s i l ve r  c o n c e n t r a t i o n  i s  reached a t  t h e  
i n n e r  S i c  s u r f a c e  i s  proposed f o r  s i l ve r  t r a n s p o r t  through S i c .  
S i lve r  i s  t r a p p e d  i n  i r r a d i a t e d  n u c l e a r  g r a p h i t e  a t  tempera- 
t u r e s  around 1300 K. The same i s  t r u e  f o r  u n i r r a d i a t e d  g r a p h i t e  
and mat r ix  materials a t  some tempera tures  below 1100 K,  b u t  t h e r e  
i s  no r e t e n t i o n  i n  compacts, f u e l  r o d s ,  o r  s p h e r i c a l  f u e l  
e lements  a t  t y p i c a l  o p e r a t i n g  tempera tures .  

surrounded by an  i n t a c t  c o a t i n g  l a y e r ,  b u t  above 1750 K s t r o n t i u m  
and bar ium are l o s t  from t h e  TRISO p a r t i c l e s  a l though K r ,  X e ,  
and C s  are s t i l l  r e t a i n e d .  It a p p e a r s  t h a t  s t r o n t i u m  and bar ium 
d i f f u s e  through t h e  pyrocarbon c o a t i n g  a t  t h e s e  h i g h  tempera tures  
and a t t a c k  t h e  S i c  c o a t i n g .  When t h e  S i c  l a y e r  i s  p e n e t r a t e d ,  
i t  i s  no l o n g e r  a b a r r i e r  f o r  t h e  d i f f u s i o n  of t h e s e  n u c l i d e s .  
The D' v a l u e s  f o r  s t r o n t i u m  and barium have been determined 
f o r  (Th,U)O, i n  t h e  tempera ture  range 1760 < T < 1920 K and i n  
U 0 2 .  

p r o d u c t s  i n  U 0 2  and (Th,U)02 are deduced from release d a t a .  The 
release of s h o r t - l i v e d  gaseous f i s s i o n  p r o d u c t s  from porous 
k e r n e l s  does n o t  seem t o  depend on burnup, b u t  f o r  t h e  dense 
k e r n e l s  t h e r e  i s  a l a r g e  i n c r e a s e  w i t h  burnup. Empir ica l  
e q u a t i o n s  have been  g iven  t o  re la te  t h e  release from f a i l e d  
p a r t i c l e s  w i t h  t h e  burnup. N o  i n f o r m a t i o n ,  however, i s  avail- 
a b l e  on t h e  e f f ec t  of convers ion  t o  c a r b i d e  and h y d r o l y s i s  on 
t h e  release from f a i l e d  p a r t i c l e s .  A model t o  b e  used f o r  
r e a c t o r  s a f e t y  a n a l y s i s  h a s  been proposed; i t s  purpose i s  t o  
make c o n s e r v a t i v e  estimates of f i s s i o n  product  release from 
f a i l e d  p a r t i c l e s  d u r i n g  tempera ture  t r a n s i e n t s .  

S i lve r  release is  h i g h e r  from B I S O  p a r t i c l e s  t h a n  TRISO 

St ront ium i s  r e t a i n e d  v i r t u a l l y  comple te ly  i n  U02 k e r n e l s  

The D '  f o r  bar ium i s  s l i g h t l y  h i g h e r  t h a n  t h a t  of s t r o n t i u m .  
D '  v a l u e s  f o r  t h e  d i f f u s i o n  of s h o r t - l i v e d  gaseous f i s s i o n  

FUEL PARTICLE MECHANICAL PERFORMANCE 

The p r e s e n t  s t r e s s - s t r a i n  models have been s u c c e s s f u l  i n  
d e s c r i b i n g  TRISO p a r t i c l e  f a i l u r e  and B I S O  p a r t i c l e  d imens iona l  
changes f o r  e x i s t i n g  p a r t i c l e s .  For n e u t r o n i c  and f u e l  c y c l e  
c o s t  r e a s o n s ,  t h e  LEU/MEU p a r t i c l e s  are l a r g e r  i n  d iameter .  
There are i n d i c a t i o n s  t h a t ,  i n  agreement w i t h  Weibul l  s t a t i s t i c s  
of s t r e n g t h  of b r i t t l e  materials, c o a t i n g s  of l a r g e r  d iameter  



have lower s t r e n g t h  and h i g h e r  f a i l u r e  p r o b a b i l i t y .  T h i s  i s ,  
however, n o t  s u b s t a n t i a t e d  by some of t h e  e x p e r i m e n t a l  r e s u l t s  
a v a i l a b l e .  N e v e r t h e l e s s ,  i t  a p p e a r s  t h a t  t h e  l a r g e r  LEU/MEU 
p a r t i c l e s  might r e q u i r e  development work t o  improve t h e i r  
c o a t i n g  s t r e n g t h  i n  o r d e r  t o  s u r v i v e  t h e  r e q u i r e d  service 
l i m i t s .  Otherwise,  t h e s e  p a r t i c l e s  have t o  b e  des igned  w i t h i n  
t h e  range  of e x i s t i n g  technology ( i . e . ,  G800 pm d i a m e t e r ) .  

been g iven  t o  d e s c r i b e  t h e  release of s t a b l e  f i s s i o n  g a s e s  
from oxide  k e r n e l s .  For t h e  burnup planned f o r  t h e  LEU/MEU 
f u e l  systems,  t h e  release a p p e a r s  t o  b e  r e l a t i v e l y  h i g h .  
More c a r e f u l l y  planned exper iments  are needed t o  re la te  t h e  
s t r u c t u r e s  of t h e  k e r n e l s ,  t h e  tempera ture ,  and t h e  burnup w i t h  
t h e  release. 

Because of t h e  h i g h  f r e e  oxygen y i e l d  f o r  p lu tonium 
f i s s i o n i n g ,  t h e  CO p r e s s u r e  i n  i r r a d i a t e d  LEU f u e l  p a r t i c l e s  
i s  expec ted  t o  b e  much h i g h e r  t h a n  t h a t  i n  i r r a d i a t e d  HEU f u e l  
p a r t i c l e s .  Higher CO p r e s s u r e  can l e a d  t o  p r e s s u r e  vessel 
f a i l u r e  and "amoeba" f a i l u r e .  The t h e o r e t i c a l  maximum and 
minimum v a l u e s  of e x c e s s  oxygen p e r  f i s s i o n  are c a l c u l a t e d  
from t h e  f i s s i o n  y i e l d s  of d i f f e r e n t  f i s s i l e  n u c l i d e s  and t h e i r  
o x i d a t i o n  s ta te .  Most o f  t h e  e x p e r i m e n t a l l y  observed v a l u e s  
f o r  porous U 0 2 ,  dense (Th, U)02, and dense Tho2 f a l l  below t h e  
t h e o r e t i c a l  minimum v a l u e .  

The use  of oxygen g e t t e r s  o r  b u f f e r s  ( S i c ,  U C ,  Z r C ,  and 
Ce203) f o r  lower ing  t h e  CO p r e s s u r e  h a s  shown promise i n  a 
number of i r r a d i a t i o n  exper iments ,  a l t h o u g h  a small  i n c r e a s e  i n  
t h e  release of bar ium and rare e a r t h s  h a s  been observed.  

Models, d i f f u s i o n  e q u a t i o n s ,  and e m p i r i c a l  formulas  have 

FUEL PARTICLE CHEMICAL PERFORMANCE 

The e x i s t i n g  r e s u l t s  o b t a i n e d  by s t u d y i n g  k e r n e l  migra- 
t i o n  c o e f f i c i e n t s  have been compared. It a p p e a r s  t h a t  t h e  
HEU oxide  f u e l  p a r t i c l e  r e s u l t s  can  b e  used t o  e s t a b l i s h  t h e  
LEU/MEU oxide  f u e l  p a r t i c l e  des ign .  However, some d i s c r e p a n c i e s  
e x i s t  among t h e  a v a i l a b l e  k e r n e l  m i g r a t i o n  c o e f f i c i e n t s  of U 0 2 ,  
and a n  unders tanding  of  t h e  oxide  k e r n e l  m i g r a t i o n  mechanism 
i s  s t i l l  l a c k i n g .  

been t e s t e d  f o r  r e d u c t i o n  of amoeba m i g r a t i o n  i n  oxide  p a r t i c l e s .  
The r e s u l t s  are encouraging.  

L o c a l i z e d  a t t a c k  of t h e  S i c  c o a t i n g  by t h e  n o b l e  metal 
f i s s i o n  p r o d u c t  Pd h a s  been observed i n  a number of i r r a d i a t i o n  
exper iments  i n v o l v i n g  LEU and p lu tonium f u e l s .  C o n t r o l l e d  
exper iments  are needed t o  d e f i n e  t h e  tempera ture  and burnup f a r  
t h e  Pd-Sic r e a c t i o n  t o  occur .  Development of improved c o a t i n g s  
t h a t  can resist Pd a t t a c k  i s  n e c e s s a r y  i n  o r d e r  t o  p r e v e n t  t h e  
Pd-Sic r e a c t i o n  from l i m i t i n g  LEU/MEU f u e l  p a r t i c l e  performance. 

A v a i l a b l e  LEU f u e l  p a r t i c l e  performance i n f o r m a t i o n  h a s  
provided  a broad  d a t a  b a s e  f o r  t h e  development of  LEU/MEU f u e l  
systems.  With c o n f i r m a t i o n  and re f inement  of t h e s e  d a t a ,  and a 

Oxygen g e t t e r s  and b u f f e r s  ( S i c ,  U C ,  Z r C ,  and Ce203) have 
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carefully planned program for improving the LEU/MEU fuel 
particle performance, it should not be difficult to develop 
a licensable fuel system to meet the demand of LEU/MEU high- 
temperature gas-cooled reactor systems. 

2.5.2 - PWS FD-12 - E. L. Long, Jr., and B. A. Thiele 

Under the auspices of  the umbrella agreement between the U.S. and 

the FRG governments for high-temperature reactor (HTR) technology 
development, a number of cooperative tasks have been approved for 

implementation, which will require an exchange of information, materials 

for testing, and results. 

The quantification of irradiation-induced permeability in PyC 

coating is called for in PWS FD-12, which will require the testing of 

Biso-coated particles from several sources. Both archive and irradiated 

particles from a Kernforschungsanlage (KFA) irradiation experiment 

(BR2-Pl2) have been received. 

chlorine leaching characterization showed that the coatings of the 

three batches of archive particles are impermeable (Table 2.16). Testing 

of the irradiated particles from BR2-Pl2 and HT-34 is awaiting completion 

of the installation of the PGA in the HRLEL. Other particles that w i l l  

be included in this PWS are currently being irradiated in HRB-14, which 

is scheduled to be discharged from the HFIR in early January 1979. 

The results of Ne/He and hot gaseous 

Table 2.16. Results of Permeability Characterizations 
on Archive Particles for Capsule BR2-Pl2 

-_ - 

Batch Nea Ne /He CI leach b 
(pmol) 

DO-760t 208 39 0.19 3 

DO-761t 267 39 0.15 3 

DO- 787 t 195 49 0.25 3 

a Gas contents of particles determined by mass spec- 
trometry after soaking in 1:l mixture on Ne:He at 1375°C 
at 11.01 x 105 Pa. 

bFour hours at 15OOOC; 3 = impermeable as deter- 
mined by microradiography after leaching. 
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2.5.3 PWS FD-13 - E. L .  Long, Jr. 

The o b j e c t i v e  of PWS FD-13 i s  t o  compare p o s t i r r a d i a t i o n  examinat ion  

t echn iques  used i n  t h e  Uni ted  S ta tes  and i n  t h e  F e d e r a l  Republ ic  of 

Germany f o r  t h e  measurement: of s t a t i s t i c a l l y  s i g n i f i c a n t  f a i l u r e  f r a c -  

t i o n s  of i r r a d i a t e d  coa ted  p a r t i c l e s .  The IMGA system i s  used a t  OWL; 

a d e s c r i p t i o n  of t h i s  syst6.m and t h e  s t a t i s t i c a l  b a s i s  f o r  f a i l u r e -  

f r a c t i o n  d e t e r m i n a t i o n s  have been r e p o r t e d .  41 ' 42 
PIAA, h a s  been developed arid i s  i n  u s e  a t  KFA.43 

Another t echn ique ,  

I r r a d i a t e d  coa ted  p a r t i c l e s  from a KFA c a p s u l e  (BR2-P21) and an 

ORNL capsu le  (OF-2) have been agreed  on, and arrangements  have been 

made t o  exchange t h e  p a r t i c l e s .  About 1300 Tr iso-coa ted  f i s s i l e  

p a r t i c l e s  from OF-2 have been c l a s s i f i e d  w i t h  t h e  IMGA system42 and are 

ready f o r  shipment t o  KFA f o r  PIAA a n a l y s i s .  About 2000 Tr i so -coa ted  

f e r t i l e  p a r t i c l e s  from BR2,-P21 have been s e l e c t e d  by KFA f o r  shipment 

t o  ORNL. The p a r t i c l e s  w i l l  b e  r e t u r n e d  t o  KFA f o r  PIAA a n a l y s i s  a f t e r  

t h e  f a i l u r e  f r a c t i o n  has  been de termined  w i t h  t h e  IMGA system. A f t e r  

f a i l u r e  f r a c t i o n s  have been de termined ,  a r e p o r t  w i l l  be  p repa red  

comparing t h e  r e s u l t s  of t h e  two t echn iques .  

2.5.4 PWS-FD 18 - T.  B. L,indemer 

Th i s  PWS i s  e n t i t l e d  "Fuel  Chemical Performance Modeling." The 

long-term o b j e c t i v e  i s  t o  p r e d i c t  t h e  chemical  behav io r  of f u e l ,  f i s s i o n  

p r o d u c t s ,  and containment  systems ( i n c l u d i n g  Fe-Cr-Ni) under  normal and 

h y p o t h e t i c a l  a c c i d e n t  cond. i t ions .  The f i r s t  t a s k  i s  a rev iew of and 

thermodynamic c a l c u l a t i o n s  f o r  a l l  r e l e v a n t  chemical  systems w i t h  

cesium, rubidium, and t h e  o t h e r  a l k a l i  m e t a l s  (A); t h i s  e f f o r t  i s  b e i n g  

coauthored  by T .  M. Besmartn of ORNL and C .  E.  Johnson and D .  C .  Fee of 

Argonne N a t i o n a l  Labora tory  (ANL) and w a s  s t a r t e d  w h i l e  T .  B .  Lindemer 

w a s  on assignment  a t  KFA-Julich. 

t i o n  has  been compiled f o r  many b i n a r y  and t e r n a r y  sys tems,  and t h e  

Na-Fe-0 sys tem i s  b e i n g  e v a l u a t e d  a t  ORNL and t h e  A-act inide-0 and 

A-V-0 systems a t  ANL. An o p e n - l i t e r a t u r e  r e p o r t  is  b e i n g  p repa red .  

The a v a i l a b l e  and c a l c u l a t e d  informa- 



2.6 EQUIPMENT DEVELOPMENT AND SUPPORT A C T I V I T I E S  - F. J .  Homan 

Two major i t e m s  of PIE equipment are under development a t  OEWL. 

They are t h e  IMGA and t h e  PGA systems.  The IMGA system h a s  been opera- 

t i o n a l  most of t h e  y e a r ,  b u t  problems have been encountered  w i t h  t h e  

p a r t i c l e  h a n d l i n g  system which w i l l  r e q u i r e  m o d i f i c a t i o n s  t o  g e t  t h e  

system r e l i a b i l i t y  t h a t  i s  needed. The system i s  working as a n t i c i p a t e d  

o v e r a l l ,  g i v i n g  good measurements of f i s s i o n  product  r e t e n t i o n .  During 

t h e  r e p o r t i n g  p e r i o d ,  f u e l  from OF-2, HT-34, and HT-12 through -15 w a s  

analyzed.  Data from t h e  OF-2 and HT-34 examinat ions  are r e p o r t e d  h e r e .  

The HT-12 through -15 examinat ions  were done f o r  u s e  w i t h  t h e  PGA 

system, which i s  n o t  y e t  o p e r a t i o n a l .  

A l l  t h e  hardware f o r  t h e  PGA system w a s  assembled about  halfway 

through t h e  y e a r ,  b u t  a v a r i e t y  of problems have been encountered  i n  

making t h e  system work. A f a c t o r y  r e p r e s e n t a t i v e  h a s  been c o n s u l t e d  

about  t h e s e  problems and h a s  been unable  t o  s o l v e  them. A l t e r n a t e  

methods of o p e r a t i n g  t h e  system w i l l  b e  pursued d u r i n g  1979.  

2 .6 .1  I r r a d i a t e d  Microsphere Gamma Analyzer System - T.  N.  T iegs ,  

M. J. Kania, A.  M. Howard, and G .  A .  Moore 

The IMGA system i s  a f u l l y  automated d e v i c e  t o  examine t h e  gamma 

spec t rum of i n d i v i d u a l  i r r a d i a t e d  HTGR f u e l  p a r t i c l e s .  Based on t h e  

gamma s p e c t r a ,  t h e  f i s s i o n  r e t e n t i o n  behavior  and t h e  f a i l u r e  f r a c t i o n  

of t h e  f u e l  p a r t i c l e s  can b e  determined.  The d e s c r i p t i o n  of t h e  system 

and t h e  s t a t i s t i c a l  c o n s i d e r a t i o n s  used i n  a n a l y z i n g  t h e  d a t a  have been 

r e p o r t e d .  4 4  4 5  

2.6 .1 .1  IMGA Opera t ion  

The system w a s  f u l l y  o p e r a t i o n a l  f o r  most of t h e  y e a r ,  h a n d l i n g  about  

8000 f u e l e d  p a r t i c l e s  from exper iments  OF-2, HT-34, and HT-12 through -15. 

Opera t ion  ceased f o r  about  two months i n  June and J u l y  and f o r  about  one 

month i n  December because  of f a i l u r e  of t h e  r i g h t - a n g l e  d r i v e  t h a t  

r o t a t e s  t h e  sample changer .  
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A new p a r t i c l e  h a n d l e r  i s  now b e i n g  f a b r i c a t e d ,  which w i l l :  

(1) s i m p l i f y  t h e  h a n d l i n g  o p e r a t i o n  and e l i m i n a t e  t h e  r i g h t - a n g l e  

d r i v e  problems; (2)  p r o v i d e  f o u r - p o i n t  symmetry and t h e r e b y  add t h e  

c a p a b i l i t y  f o r  an a d d i t i o n a l  d e t e c t o r  t o  examine low-energy gamma and 

c h a r a c t e r i s t i c  f l o r e s c e n t  x-ray e m i s s i o n s ;  and (3) have p r o v i s i o n s  

f o r  remote maintenance,  which w i l l  lower down t i m e  i n  t h e  e v e n t  of a 

f a i l u r e  and reduce  p e r s o n n e l  exposure.  I n s t a l l a t i o n  of t h e  new p a r t i c l e  

h a n d l e r  is  expec ted  i n  mid-1979. 

2.6.1.2 A n a l y s i s  of OF-2 F u e l  

R e s u l t s  from t h e  IMGA a n a l y s i s  of OF-2 r o d s  C-4-1, C-3-1, and 

C-1-2 have been r e p o r t e d  p r e v i o u ~ l y . ~ ~  

C-1-1  and C-2-2 are summarized i n  Table  2.17. Both r o d s  c o n t a i n e d  

f i s s i l e  p a r t i c l e  b a t c h  A-601 (75% conver ted  WAR), whereas rod C - 1 - 1  

c o n t a i n e d  f e r t i l e  p a r t i c l e  b a t c h  5-483 and rod C-2-2 c o n t a i n e d  5-488. 

See r e f .  46 f o r  d e t a i l s  about  t h e  c h a r a c t e r i s t i c s  of t h e  p a r t i c l e s .  

R e s u l t s  on t h e  a n a l y s i s  of r o d s  

R e s u l t s  show low f a i l u r e  f r a c t i o n s  (Q.30%) f o r  a l l  t h e  p a r t i c l e s  

examined. 

t h a t  A-601 meets t h e  f u e l  performance requi rements  f o r  t h e  FSVR ( t h a t  

t h e  f u e l  have a f a i l u r e  f r a c t i o n  of less t h a n  1% w i t h  a 95% conf idence  

l e v e l ) .  Batch A-601 i s  i n c l u d e d  i n  t h e  FSVR e a r l y  v a l i d a t i o n  tests 

t o  b e  i r r a d i a t e d  i n  t h e  f i r s t  r e l o a d  of FSVR. 

This  work p l u s  ea r l i e r  measurements on b a t c h  A-601,44 conf i rm 

The p a r t i c l e s  from f u e l  rod C-2-2 w i l l  b e  used i n  t h e  work i n c l u d e d  

under  PWS-FD-13 d e s c r i b e d  i n  Sect.  2 .5 .3  of t h i s  r e p o r t .  

2 .6 .1 .3  A n a l y s i s  of HT-34 Fuel  

By t h e  end of  December 1.978, t h e  IMGA sys tem had completed t h e  

a n a l y s i s  of t h e  GA l o o s e  Tr i so-coa ted  Tho2 p a r t i c l e s  and t h e  ORNL l o o s e  

Biso-coated Tho2 p a r t i c l e s .  The ORNL Tr i so-coa ted  Tho2 and WAR d r i v e r  

p a r t i c l e s  c o n t a i n i n g  7% e n r i c h e d  uranium w i l l  b e  ana lyzed  i n  e a r l y  1979. 

IMGA a n a l y s i s  of HT-34 c a p s u l e  w i l l  t h e n  b e  complete.  

C a l c u l a t i o n s  w e r e  made u s i n g  t h e  CACA-I1 computer code47 t o  d e t e r -  

mine t h e  t h e o r e t i c a l  y i e l d s  i n  HT-34 of t h e  f o l l o w i n g  f i s s i o n  p r o d u c t s :  

9 5 ~ r ,  137Cs, 1 4 4 C e ,  and l o 6 R u .  R a t i o s  of t h e  v o l a t i l e  f i s s i o n  p r o d u c t s  



Table 2.17. Summary of IMGA Results from Rods C-1-1 and C-2-2 

137~s: 9 5 ~ r ~  (DPS/DPS@ 134~s: 9 5 ~ r a  DPS/DPS) 134cs: 1 3 7 ~ ~ ~  (DPS/DPS) 14'+ce: q5zra (DPS/DPS) 

Failure 

(%) 
S.D.C fractiond Mean (%) fraction S.D.C  fraction' ' Mean S.D.' Failure Failure Failure 

Mean (%) fraction 
(a (a (%) 

Mean S.D.' Sample 

(X) 

C-1-1 fissile 1.564 2.77 0 (0/330) 2.504 4.34 0.30 (1/330) 1.600 2.14 0.30 (1/330) 11.744 2.38 0 (0/330) 
(A-601) 

C-2-2 fissile 1.657 6.55 0.16 (2/1281) 2.541 7.52 0.16 (2/1281) 1.532 2.45 0.08 (1/1281) 12.462 5.81 0.08 (2/1?81) \D 
(A-601) P 

C-1-1 fertile 0.5994 1.51 0.24 (4/1675) 0.4775 2.49 0.12 (2/1675) 0.7964 2.44 0.06 (1/1675) 4.883 1.36 0 (0/1675) 

C-2-2 fertile 0.6466 3.71 0.08 (2/2652) 0.5050 4.62 0.04 (1/2652) 0.7808 2.85 0 (0/2652) 5.285 3.75 0.04 (1/2652) 
(5-483) 

(5-488) 

aData have been corrected for decay time; all OF-2 data is corrected to 6/20/77 at 4:OO pm. 
bDPS = disintegrations per second. 
CS.D. = standard deviation. 
'Failure fraction = [(number of particles 3 S . D .  away from mean)/total number of particles] x 100. 
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(e.g., 137Cs) to the stable fission products (e.g., 95Zr) were then 

calculated and compared with the observed ratios from the Biso-coated 

Tho2 particles. 

and remain in the kernel, whereas 134Cs and 137Cs are volatile and migrate 

out of the kernel (and in some cases out of the particle). Therefore, 

the cesium-to-zirconium ratios were used as the measure of fission 

product retention behavior when comparing the particles. 

Results show that 95Zr, 144Ce, and Io6Ru are stable 

The results of IMGA analysis of the GA Triso-coated Tho2 have 
been assembled and forwarded to GA. General Atomic Company will use 

these results in analyzing the performance of their fuel. The results 

showed good retention of cesium at low temperatures (<125OoC), whereas 

poor retention was observed at high temperatures (>143OoC). These 

results will be combined with the results from the ORNL Biso- and 

Triso-coated Tho2 in a consolidated report. 

The ORNL Biso-coated Tho2 particles were visually inspected and all 

kernels and coating fragments removed prior to IMGA analysis. The 

summary of the 137Cs:95Zr ratios for the intact Biso-coated Tho2 

particles is given in Table 2.18. The particles from the low-temperature 

region (positions 40 through 52) performed very well, as evidenced by 
the complete retention of 37Cs. (Discrepancies between the theoretical 

versus the observed ratios are believed to be the result of small 

uncertainties in the flux spectrum of the HFIR target region, which 

heavily influence the fission product yields and hence the ratios.) 

The particles from the high-temperature region (positions 27 rhrough 39) 

showed mean 137Cs losses ranging from 54.9 to 84.6%. 

The relationship between the 137Cs : 5Zr ratio and temperature is shown 

in Fig. 2.29 (also included are the GA particles). Temperatures greater 

than 125OOC appear to cause severe cesium loss from Biso-coated Tho2 

particles. However, previous results48 have shown that Biso-coated Tho, 

irradiated with time-averaged temperatures of 1450°C and 1370'12 had less 
than 2% cesium loss and no cesium loss, respectively. Thus, temperature 

is not considered to be the sole factor influencing the cesium loss. The 

relationship between fast neutron fluence ( E  >0.18 MeV) and the 137Cs:95Zr 
ratio (Fig. 2.30)  shows that, above 9.5 x neutrons/m2, cesium loss 

is high. This finding agrees with the other previous data.48 It is 



9 3  

Tab le  2.18. Summary of 1 3 7 C s : 9 5 Z r  Ra t io  Measurements from HT-34 

C s  : Z r R a t  i o  

Capsule  Batch F r a c t i o n  of 
p o s i t  i o n  t h e o r e t i c a l  remaining Standard  

Mean no. 
d e v i a t i o n  (%) in particle 

27 
29 
30 
32 
33 
35 
36 
38 
39-1 
39-2 
40 
42 
43  
45 
46 
48 
49 
5 1  
52 

A-765 
A-780 
A-785 
A-806 
A-762 
A-782 
A-786 
A-787 
OR-1975 
OR-2013 
A-765 
A-780 
A-785 
A-806 
A-762 
A-782 
A-786 
A-787 
OR- 1 9  7 5 

~ 

3.34 43.70 35.2 
2.64 10-3 37.28 27.8 
4.27 x 10-3 31.72 45.1 
2.65 10-3 35.36 28.0 
2.61 10-3 47.47 27.5 
2.57 x 29.72 27.2 
2.86 34.15 30.2 
1.46 x 10-3 21.84 15 .4  
4.02 x 25.95 42.4 
3.46 x 10-3 47.94 36.5 
9.76 2.17 102.9 
9.81 10-3 1.09 103.3 

9.82 0.62 103 .3  
1 .02  x 1 .68  106.8 
9.69 10'~ 0.56 101.7 
9.83 0.56 103.2 
9 .71  0.70 101.8 
9.87 0.81 103.5 

9.76 x 10-3 0.97 102.8 

concluded t h a t  bo th  tempera ture  and f a s t  neu t ron  damage are t h e  main 

f a c t o r s  a f f e c t i n g  cesium loss  i n  Biso-coated Tho2 p a r t i c l e s .  However, 

t h e  cesium l o s s  observed i n  t h e  HT-34 p a r t i c l e s  w a s  h i g h e r  than  t h e  

p rev ious  r e s u l t s  and is thought  t o  be a r e s u l t  of t h e  p a r t i c l e s '  n o t  

be ing  annea led  p r i o r  t o  i r r a d i a t i o n .  The structure of the PyC c o a t i n g  i s  

changed du r ing  annea l ing ,  and i t  h a s  been shown t h a t  PyC p e r m e a b i l i t y  t o  

i n e r t  gases  i s  decreased  du r ing  annea l ing .49  Ana lys i s  of t h e  HRB-14 

experiment ,  i n  which t h e  s a m e  HT-34 p a r t i c l e s  w e r e  i nc luded  b u t  w e r e  

annea led  p r i o r  t o  i r r a d i a t i o n ,  should  confirm whether  o r  no t  t h e  g r e a t e r  

cesium l o s s  i n  t h e  HT-34 p a r t i c l e s  w a s  a r e s u l t  of t h e  p a r t i c l e s '  n o t  

be ing  annea led .  

F igure  2 .31  shows t h e  r e l a t i o n s h i p  between t h e  s t a n d a r d  d e v i a t i o n  

of t h e  1 3 7 C s : 9 5 Z r  r a t i o  and t h e  f a s t - n e u t r o n  f l u e n c e  ( E  >0.18 MeV). A s  

t h e  f a s t -neu t ron  damage t o  t h e  PyC i n c r e a s e s ,  t h e  cesium r e t e n t i o n  
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ORNL-DWG 79-8724 -- 

. . - -  

TI M E - AVERAGED PARTI C LE S U R FACE TEM PERATU R E ("C) 

Fig. 2.29. 
of Temperature. 

F r a c t i o n  of  T h e o r e t i c a l  1 3 7 C s : 9 5 Z r  R a t i o  as a Funct ion  

behav io r  b e g i n s  t o  va ry  wide ly  from p a r t i c l e  t o  p a r t i c l e .  These p a r t i c  
a l l  appeared  t o  be i n t a c t  when examined v i s u a l l y .  Also i n c l u d e d  are 

r e s u l t s  from o t h e r  examinat ions  of Biso-coated Tho2 ( v i z . ,  HT-32 and 

OF-2 i r r a d i a t i o n  t e s t s ) .  The i n c r e a s e  i n  t h e  s t a n d a r d  d e v i a t i o n  a t  low 

f l u e n c e s  i s  b e l i e v e d  t o  be  an  e f f e c t  of u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  

low burnup i n  t h e  par t ic les  r a t h e r  t han  an e f f e c t  of t h e  behav io r  of 

t h e  pyrocarbon.  

les 
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FAST NEUTRON FLUENCE (n/m2 x E>O.i8MeV 

Fig. 2.30. F r a c t i o n  of T h e o r e t i c a l  1 3 7 C s : 9 5 Z r  R a t i o  as a Funct ion  
of Fast-Neutron Fluence.  

- 2 . 6 . 2  P o s t i r r a d i a t i o n  Gas Analyzer  System - J .  M. Robbins, M. J .  Kania ,  

and E. L .  Ryan 

The c a p a b i l i t y  f o r  measuring t h e  gas  c o n t e n t  of i r r a d i a t e d  coa ted  

f u e l  p a r t i c l e s  h a s  been recognized  as be ing  of utmost  importance i n  

p r e d i c t i n g  and e v a l u a t i n g  t h e  i r r a d i a t i o n  performance of coa ted  p a r t i c l e s  

i n  t h e  oxycarb ide  f u e l  system. 

k ryp ton ,  and xenon and are r e l e a s e d  from t h e  k e r n e l  i n t o  t h e  pa r t i c l e  

vo id  space  d u r i n g  i r r a d i a t i o n .  

of t h e  i n - p a r t i c l e  k ryp ton  + xenon gas  p r e s s u r e  is  ext remely  u s e f u l  i n  

P a r t i c l e  p r e s s u r e  v e s s e l  des ign  and f o r  a c c u r a t e  estimates of f i s s i o n  

The g a s e s  are p r i m a r i l y  carbon monoxide, 

A knowledge of t h e  burnup dependence 
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FAST NEUTRON FLUENCE h / m 2  X i029, E '0.18 MeV 

Fig .  2 .31.  
of F a s t  F luence .  

S tandard  Dev ia t ion  of 1 3 7 C s :  9 5 Z r  R a t i o  as a Funct ion  

gas  release t o  t h e  c o o l a n t  c i r c u i t  from i n - r e a c t o r  p a r t i c l e  f a i l u r e s .  

Carbon monoxide h a s  been shown t o  be  t h e  only  s i g n i f i c a n t  r e a c t i o n  gas  

p r e s e n t  i n  t h e  sys tem.50  The CO p r e s s u r e s  can be  e q u i v a l e n t  t o  t h o s e  

f o r  k ryp ton  f xenon, t h u s  a l s o  a f f e c t i n g  t h e  p a r t i c l e  p r e s s u r e  vessel 

des ign .  More s i g n i f i c a n t l y ,  knowledge of t h e  CO p r e s s u r e  can be  used  

t o  i n f e r  t h e  o x i d a t i o n  s ta te  of t h e  f u e l  and f i s s i o n  p r o d u c t s  d u r i n g  

burnup.  

The method t h a t  h a s  p r e v i o u s l y  been used a t  ORNL f o r  measuring 

i n t e r n a l  f i s s i o n  gases  i n  coa ted  f u e l  pa r t i c l e s  h a s  been d e s c r i b e d  
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e lsewhere .  5 2  

by d i f f e r e n c e  and does n o t  i d e n t i f y  i n d i v i d u a l  g a s e s .  

overcome t h e s e  l i m i t a t i o n s ,  a sys tem c a l l e d  t h e  PGA h a s  been des igned  

and b u i l t  and i s  c u r r e n t l y  b e i n g  e v a l u a t e d  f o r  making t h e  r e q u i r e d  

q u a n t i t a t i v e  measurements of f i s s i o n  g a s e s  produced by i r r a d i a t i n g  f u e l  

p a r t i c l e s .  The PGA system c o n s i s t s  of a p a r t i c l e - b r e a k i n g  s e c t i o n ,  a 

t ime-of - f l igh t  m a s s  s p e c t r o m e t e r  (TOFMS), and a PDP-8A minicomputer.  

The system i s  shown s c h e m a t i c a l l y  i n  F ig .  2 .32.  

b r e a k i n g  s e c t i o n  and t h e  TOFMS f l i g h t  tube  are i n t e r c o n n e c t e d  and o p e r a t e  

a t  p r e s s u r e s  of 1 . 3  x 

cussed  s e p a r a t e l y .  

This  sys tem measures t h e  reactive and n o n r e a c t i v e  gases  

I n  an  e f f o r t  t o  

The PGA p a r t i c l e -  

Pa o r  lower.  Each of t h e s e  u n i t s  i s  d i s -  

ORNL-DWG 78-44236R 

MI N 1 -  COMPUTER VACUUM MASS 
SYSTEM SPECTROMETER ( P D P - B A )  

I I  

Fig .  2 .32.  The P o s t i r r a d i a t i o n  Analyzer System i s  Used f o r  
Measuring F i s s i o n  Gases i n  C o a t e d - P a r t i c l e  F u e l s .  

The p a r t i c l e - b r e a k i n g  s e c t i o n  c o n s i s t s  of two p a r t i c l e - b r e a k i n g  

s t a t i o n s  t o g e t h e r  w i t h  t h e  n e c e s s a r y  vacuum and v a l v i n g  systems t o  

t r a n s f e r  t h e  f i s s i o n  gases  from t h e  broken p a r t i c l e s  t o  t h e  TOFMS f l i g h t  

tube .  One p a r t i c l e - b r e a k i n g  s t a t i o n ,  which o p e r a t e s  a t  ambient tempera- 

t u r e ,  i s  des igned  t o  h o l d  twelve coa ted  p a r t i c l e s  w i t h o u t  r e l o a d i n g .  



The second par t ic le -brea .k ing  s t a t i o n  h o l d s  o n l y  one c o a t e d  p a r t i c l e  

w i t h o u t  r e l o a d i n g ;  however, t h e  p a r t i c l e  i s  c o n t a i n e d  i n  a r e s i s t a n c e -  

h e a t e d  g r a p h i t e  h o l d e r ,  which can b e  broken a t  tempera tures  up t o  2000°C. 

When r e l e a s e d  from t h e  broken p a r t i c l e s ,  t h e  f i s s i o n  g a s e s  are 

swept i n t o  t h e  TOFMS a n a l y z e r  assembly. The a n a l y z e r  assembly c o n s i s t s  

of  a n  i o n  s o u r c e ,  a d r i f t  r e g i o n ,  and a magnet ic  e l e c t r o n  m u l t i p l i e r .  

A s  t h e  f i s s i o n  g a s e s  e n t e r  t h e  a n a l y z e r  assembly, they  are i o n i z e d  by 

t h e  i o n  s o u r c e ,  and g a s e s  of v a r i o u s  mass-to-charge ( m / e )  r a t i o s  are  

a c c e l e r a t e d  t o  a h i g h  level  of k i n e t i c  energy  and d i r e c t e d  through t h e  

f i e l d - f r e e  d r i f t  r e g i o n  toward t h e  magnet ic  e l e c t r o n  m u l t i p l i e r .  

Because all of t h e  f i s s i o n - g a s  i o n s  leave t h e  s t a r t i n g  p o s i t i o n  simul- 

t a n e o u s l y  and d r i f t  t h e  Same d i s t a n c e  t o  r e a c h  t h e  e l e c t r o n  m u l t i p l i e r ,  

t h o s e  of e q u a l  mass s e p a r a t e  i n t o  s h e e t s  d i s p l a c e d  from s h e e t s  of o t h e r  

masses. Each s h e e t  of i o n s  s t r i k e s  a d e t e c t o r  ca thode ,  where secondary 

i o n s  are d i s l o d g e d  and d i r e c t e d  i n t o  t h e  m u l t i p l y i n g  r e g i o n .  The 

e l e c t r o n  c u r r e n t  i s  a m p l i f i e d  and d i r e c t e d  t o  t h e  e l e c t r o m e t e r  o r  

c o l l e c t e d  on an o s c i l l o s c o p e  f o r  d i s p l a y .  The c u r r e n t s  measured by 

t h e  e l e c t r o m e t r i c  a m p l i f i e r  and t h e  peak  h e i g h t s  on t h e  o s c i l l o s c o p e  

o r  p l o t t e r  are l i n e a r l y  r e l a t e d  t o  i o n  abundance, making q u a n t i t a t i v e  

measurements p o s s i b l e .  

The PGA sys tem des igned  and b u i l t  a t  ORNL h a s  a PDP-8A minicomputer 

i n t e r f a c e d  w i t h  t h e  TOFMS f o r  d a t a  a c q u i s i t i o n ,  m a n i p u l a t i o n ,  o u t p u t ,  

and storage. The e lec t r ica l  c u r r e n t s  measured by t h e  e l e c t r o m e t e r  are 

a m p l i f i e d ,  and through t h e  u s e  of an  A/D c o n v e r t e r ,  t h e  s i g n a l  i s  

d e t e c t e d  and o u t p u t  d i g i t a l l y  on a t y p e w r i t e r  i n t e r f a c e d  w i t h  t h e  PDP-8A. 

A f t e r  i n i t i a l  checkout  a t  t h e  Y - 1 2  P l a n t  by A n a l y t i c a l  Chemistry 

D i v i s i o n  p e r s o n n e l ,  t h e  TOFMS and PDP-8 were moved t o  ORNL, where t h e y  

have been i n s t a l l e d  i n  t h e i r  permanent l o c a t i o n  i n  B u i l d i n g  3525. 

Several problem areas have been recognized  and are i n  v a r i o u s  states of  

remedy. 

It w a s  v e r y  d i f f i c u l t  t o  e v a c u a t e  t h e  sys tem t o  p r e s s u r e s  lower t h a n  

about  1 x 10-1 Pa w i t h o u t  t h e  a d d i t i o n  of l i q u i d  n i t r o g e n  t o  t h e  s y s t e m ' s  

c o l d  t r a p .  Even w i t h  l i q u i d  n i t r o g e n  i t  w a s  p o s s i b l e  t o  r e a c h  p r e s s u r e s  

of o n l y  about  1 .3  x Pa, and t h i s  p r e s s u r e  e x h i b i t e d  a c y c l i c  varia- 

t i o n  because  of i n c o n s i s t e n t  pump speed.  

Problems were encountered  e a r l y  w i t h  t h e  TOFMS vacuum system. 

By a d j u s t i n g  t h e  expans ion  
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v a l u e  i n  t h e  f r e o n  l i n e ,  i t  h a s  been p o s s i b l e  t o  r e a c h  p r e s s u r e s  of 

1 . 3  x Pa o r  lower,  and t h e  c y c l i c  v a r i a t i o n  i n  pump speed h a s  

been minimized. However, t h i s  s o l u t i o n  i s  only  temporary and i s  

u n s a t i s f a c t o r y  because t h e  expansion v a l u e  r e q u i r e s  f r e q u e n t  p e r i o d i c  

ad jus tment  t o  o b t a i n  s a t i s f a c t o r y  r e s u l t s .  Changing t o  water c o o l i n g  

of t h e  d i f f u s i o n  pump is  b e i n g  cons idered  as t h e  permanent s o l u t i o n  

t o  t h e  vacuum problems. Many problems have been encountered i n  t h e  

a c q u i s i t i o n  and o u t p u t  of a c c e p t a b l e  d a t a  d u r i n g  e f f o r t s  t o  c a l i b r a t e  

t h e  system by u s i n g  a known gas composi t ion.  The most impor tan t  

of t h e s e  pioblems are: 

1. 

2.  

3 .  

4 .  

I n c o n s i s t e n t  r e s u l t s  are  o b t a i n e d  from i d e n t i c a l  a n a l y s e s .  

Unacceptable  s h i f t s  occur  i n  t h e  l o c a t i o n  of m a s s  numbers i n  t h e  

mass s e l e c t o r  channels  of t h e  d a t a  o u t p u t  systems.  

The e l ec t r i ca l  s i g n a l  from t h e  range m u l t i p l i e r  t o  t h e  d a t a  o u t p u t  

systems should  b e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  m u l t i p l i e r  s e t t i n g .  

However, when t h e  range m u l t i p l i e r  s e t t i n g  i s  changed, t h e  o u t p u t  

systems do n o t  react i n  a d i r e c t l y  p r o p o r t i o n a l  manner. 

A s i g n i f i c a n t  background n o i s e  e x i s t s  t h a t  i n f l u e n c e s  t h e  d a t a  

o u t p u t  s i g n a l  i n  a n o n l i n e a r  way r e l a t i v e  t o  t h e  s e n s i t i v i t y  range 

b e i n g  used. 

C o r r e c t i o n s  t o  t h e s e  problems are c u r r e n t l y  b e i n g  i n v e s t i g a t e d .  

The f i r s t  e v a l u a t i o n  of t h e  PGA system was made, u s i n g  u n i r r a d i a t e d  

c o a t e d  p a r t i c l e s  c o n t a i n i n g  a known r a t i o  of N e / H e .  

o p e r a t e d  p a r t i c l e - b r e a k i n g  d e v i c e  s u c c e s s f u l l y  broke 25 of t h e  p a r t i c l e s  

e i t h e r  one,  two, o r  t h r e e  a t  a t i m e .  The TOFMS d e t e c t e d  t h e  proper  mass 

numbers f o r  t h e  known gases  t h a t  w e r e  p r e s e n t  and t h e  minicomputer 

assembled and o u t p u t  t h e  d a t a  as programmed. Because c a l i b r a t i o n  of t h e  

system i s  incomplete ,  q u a n t i t a t i v e  e v a l u a t i o n  of  t h e  amounts of g a s e s  

w a s  n o t  p o s s i b l e .  

The m a g n e t i c a l l y  

2 . 7  SERVICE WORK FOR GENERAL ATOMIC COMPANY - E. L .  Long, Jr. 

Service work w a s  performed f o r  GA by ORNL i n  s e v e r a l  areas d u r i n g  

t h i s  r e p o r t i n g  p e r i o d .  This  work was s u p p o r t a t i v e  i n  n a t u r e  and w a s  
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performed e i t h e r  because  the. GA h o t  ce l l s  w e r e  c l o s e d  f o r  m o d i f i c a t i o n  

o r  because  ORNL had unique c . a p a b i l i t i e s  t h a t  would compliment GA's 

r e s e a r c h  ac t iv i t i e s .  

2 .7 .1  P e r m e a b i l i t y  S t u d i e s  on U n i r r a d i a t e d  Biso-Coated P a r t i c l e s  

F a b r i c a t e d  by G A -  B. A. T h i e l e  

This  s e c t i o n  i s  a summa.ry of t h e  work done a t  ORNL t o  c h a r a c t e r i z e  

24 b a t c h e s  of GA coated  p a r t i c l e s  f o r  PyC p e r m e a b i l i t y .  Both t h e  

N e / H e  permeat ion  and t h e  long-term c h l o r i n a t i o n  t e c h n i q u e s  coupled w i t h  

x-radiography w e r e  used. The d a t a  are summarized i n  Table  2.19. 

As can be s e e n  i n  Table 2.19, t h e r e  i s  good agreement between t h e  

N e / H e  numbers and t h e  c h l o r i n e - l e a c h  r e s u l t s .  W e  have found PyC 

c o a t i n g s  w i t h  N e / H e  v a l u e s  below 0 .3  t o  b e  g a s t i g h t ,  v a l u e s  above 0.4 

t o  b e  gas  permeable ,  and v a l u e s  between 0.3 and 0 .4  t o  b e  m a r g i n a l l y  

g a s t i g h t  as determined from long-term c h l o r i n a t i o n  and x-radiography.  5 3  

A s  shown i n  Table  2 .19 ,  p a r t i c l e s  w i t h  N e / H e  v a l u e s  of 2 0 . 4  showed 

heavy-metal m i g r a t i o n  i n t o  t h e  b u f f e r  l a y e r  a f t e r  an  18-h c h l o r i n a t i o n  

a t  1500°C and were d e c l a r e d  t o  be "gas permeable." 

had N e : H e  r a t i o s  below 0.3,  whereas several  b a t c h e s  had v a l u e s  between 

0.3 and 0 . 4  t h a t  w e r e  g a s t i g h t .  However, t h e s e  b a t c h e s  had seal  c o a t s  

t h a t  may have i n f l u e n c e d  t h e  c h l o r i n e - l e a c h  r e s u l t s .  One b a t c h  had a n  

N e / H e  v a l u e  of 0 . 4 1  and w a s  g a s t i g h t ,  b u t  t h i s  w a s  a l s o  probably  caused 

by t h e  seal  c o a t .  

Only two b a t c h e s  

Several parameters  w e r e  c o n s i d e r e d  f o r  p o s s i b l e  c o r r e l a t i o n  w i t h  

gas-permeable PyC c o a t i n g s :  

1. t h e  'presence of a seal  c o a t  between t h e  b u f f e r  and LTI c o a t i n g ,  

2 .  b u l k  d e n s i t y  of t h e  L T I ,  

3 .  open p o r o s i t y  of  t h e  L T I ,  

4 .  c o a t e r  s i z e ,  

5. c o a t i n g  rate,  

6 .  d i l u e n t  gas ,  and 

7 .  hydrocarbon g a s .  



T a b l e  2.19.  Summary of C o a t i n g  P r o p e r t i e s  and R e s u l t s  of  G a s - P e r m e a b i l i t y  C h a r a c t e r i z a t i o n  Work (Done a t  OWL) 
f o r  24 Biso-Coated P a r t i c l e  B a t c h e s  F a b r i c a t e d  a t  GA 

opyc  

1 .94  

1 . 7 3  

1 . 7 6  

D e n s i t y  (Mg/m3) 
B u f f e r  

L i q u i d  g r a d i e n t  Hg 
C o a t i n g  i n t r u s i o n a  

d i a m e t e r  s i z e  n e s s  D e n s i t y  n e s s  S e a l  S t a n d a r d  ra te  (mL/kg OPyC 
Kernel C o a t e r  Thick-  Th ick -  

B a t c h  No. ( u m )  (mm) (um) (Mg/m3) (urn) c o a t  Mean d e v i a t i o n  Bu lk  (pmfmin) c o a t i n g )  

4252-06-010 

1-01-010 

-01-020 

-02-020 

-02-030 
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-11-015 

-18-015 

-19-015 

-21-015 

-22-015 

-24-015 

-27-015 

-29-015 
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-32-015 
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511  
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503 
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505 
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1 
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79 

8 1  

87 

79 

84  

87 

84  

81 

79 

85 

E6 

84 

81 

96 

83  

82  

73 

84 

8 6  

89 

95  

89 

95  

1 . 1 0  

1.08 

1 . 1 7  

1 . 0 8  

1 .18  

1 . 0 6  

1 . 1 2  

1.11 

1 . 1 5  

1 . 1 3  

1 .12  

1 . 1 3  

1 . 0 9  

1 . 1 8  

1 . 1 3  

1 .10  

1 . 1 2  

0 .99 

1 .09  

1 .09  

1 . 1 3  

1.10 

1.10 

1 .13  

76 
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74 

72 
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75 

74 
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77 

82 

8 1  
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81 

76 

74 

75 
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EO 

70 

73 

7 3  

79 

72 

: 1 . 8 2  

1.80 

1 . 8 2  

1 . 9 1  

1 . 8 9  

1 . 9 3  

1 . 8 3  

1 .84  

i 1.78  

1 .73  I 1 . 8 0  

1 . 1 2  x 10-2 

6.0 10-3 

7.0 x 10-3 

7.0 x 10-3 

0.001 x 10-1 

0 . 0 0 1  x 10-1 

0.0 x 10-1 

9 . 4 9  

0.005 x 10-1 

0 .0  x 10-1 

5 . 8 7  10-3 

0 .02  x 10-1 

9.23 10-3 

5.87 x 10-3 

4 .95  x 10-6 

4.44 10-3 

0.005 x lo-’ 

0 .007  x 10-I 

7 .61  x 

1 . 0 4  x 

0.026 x LO-’ 

0.01 x 10-1 

9.0 10-3 

1 . 3 7  x lo-’ 

1 . 7 3  

1 . 7 1  

1.77 

1 . 8 2  

1 .84  

1 . 8 3  

( e  ) 

( e )  

1 . 7 3  

1 . 5 9  

1 . 7 0  

1.83 

1 . 7 8  

1 .87  

1 .99  

( e )  

( e )  

1.75 

1 . 7 3  

1.81  

1.38 

1 . 6 7  

1 . 6 9  

1.93 

5 . 7 5  2 7 . 1  

10.00 26.6 

2.72 17 .9  

8 .47  26 .0  

2 . 1 6  1 3 . 4  

4.97 26.3 

2.62 (e  1 
6.48 31 .5  

7 . 5 5  ( e )  
7 . 8 1  45 .2  

4 . 0 5  32 .8  

6 .59  30 .4  

4 .59  2 3 . 3  

4 . 3 1  25.2 

4.30 1 8 . 5  

6 . 0 0  ( e )  

4 .72  ( e )  

4 .65  28 .5  

6.40 4 0 . 1  

5.60 36 .8  

4 . 0 6  1 7 . 3  

5.84 22.7 

5 . 8 5  23 .5  

5 .76  1 9 . 0  

‘Amount of Hg i n t r u d i n g  i n t o  t h e  c o a t i n g  f rom 250 t o  10,000 p s i .  

b P h o t o f i s s i o n  measurement  of Kr-85m a t  llOO°C. 

‘Measured a t  ORNL. 

d e s i g n a t i o n  of amount o f  heavy  metal i n  b u f f e r :  1 - h i g h ,  2 - l i g h t ,  3-none. 

eNot d e t e r m i n e d .  

fM-G - C Z H ~ / C ~ H ~ .  

T o t a l  c o a t e d  p a r t i c l e  

C o a t e r  g a s e s  F i s s i o n  

t i o n  D i l u e n t  (R/B) r a t i o “  x-rayc’d 

g a s  c12 
Deposi-  r e l e a s e b  Ne:He l e a c h  

-__I_- 

(e)  

1 
2 . 6 1  x IO-’ 
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(e 1 

I 
1.18 x 10-6 
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3 
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3 

3 

3 

3 

3 

1 

3 

1 

3 
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1 
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1 
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1 

3 

1 

1 

1 



102 

The 

1. 

2. 

3 .  

4. 

5. 

6 .  

7 .  

r e s u l t s  of t h e s e  s tudi.es are : 

Nine o u t  of e l e v e n  p a r t i c l e  b a t c h e s  w i t h o u t  a seal  c o a t  had 

permeable L T I  c o a t i n g s .  Three o u t  of t h i r t e e n  b a t c h e s  w i t h  seal 

c o a t s  were permeable.  Based on t h e  N e / H e  numbers f o r  t h e s e  

b a t c h e s ,  i t  i s  concluded t h a t  t h e  p r e s e n c e  of t h e  seal  c o a t  

may have slowed t h e  removal of heavy metal from t h e  k e r n e l s  i n  

b a t c h e s  t h a t  had gas-permeable L T I  c o a t i n g s .  

Bulk d e n s i t y  d i d  n o t  i n f l u e n c e  g a s t i g h t n e s s  of t h e  PyC c o a t i n g s  

i n  t h i s  s t u d y  f o r  t h o s e  p a r t i c l e s  w i t h  no seal c o a t i n g .  Gas- 

permeable c o a t i n g s  from t h e s e  p a r t i c l e s  had d e n s i t i e s  i n  t h e  

range of 1 . 6 7  t o  1 . 9 3  Mg/m3. 

g a s t i g h t  when t h e  PyC d e n s i t i e s  were h i g h e r  t h a n  1.70 Mg/m3 

( F i g ,  2 . 3 3 ) .  Perhaps t h e  p r e s e n c e  of t h e  s e a l i n g  l a y e r  "helps" 

t h e  g a s t i g h t n e s s  of a s - f a b r i c a t e d  c o a t i n g s  so  t h a t  c o a t i n g s  w i t h  

b u l k  d e n s i t i e s  as low as 1.70 Mg/m3 remain g a s t i g h t .  The gas  

p e r m e a b i l i t y  of  c o a t i n g s  having  h i g h  b u l k  d e n s i t i e s  and no sea l  

c o a t  from t h e  GA-fabricated b a t c h e s  remains unexpla ined .  

Open p o r o s i t y  of t h e  YyC c o a t i n g s  d i d  n o t  i n f l u e n c e  g a s  p e r m e a b i l i t y .  

Gas-permeable b a t c h e s  had open p o r o s i t y  v a l u e s  i n  t h e  range of  

18.5 t o  45.2 ml/kg PyC. 

Four o u t  of t h e  f i v e  b a t c h e s  from t h e  l a r g e  (240-mm-diam) c o a t e r  

s t u d i e d  were gas  permeable,  which may be i n d i c a t i v e  of an 

i n f l u e n c e  of b a t c h  s i z e .  

No i n f l u e n c e  of c o a t i n g  rate on g a s t i g h t n e s s  of t h e  PyC c o a t i n g s  

w a s  observed.  

No i n f l u e n c e  w a s  a p p a r e n t  of t h e  d i l u e n t  gas  on g a s t i g h t n e s s .  

Permeable c o a t i n g s  w e r e  produced w i t h  A r ,  N 2 ,  and H2 as t h e  

d i l u e n t  gases .  

Ten of t h e  f i f t e e n  b a t c h e s  produced w i t h  mixed gas  were permeable.  

Only one of n i n e  b a t c h e s  produced u s i n g  propylene  w a s  permeable.  

T h i s  r e s u l t  i s  n o t  c o n c l u s i v e  i n  t h a t  t h e  d e p o s i t i o n  t e m p e r a t u r e s  

used i n  t h e  mixed-gas-coating r u n s  may have been t o o  low; c o a t i n g  

tempera tures  f o r  t h e s e  b a t c h e s  were n o t  i n c l u d e d  w i t h  t h e  d a t a  

s u p p l i e d  by GA. 

P a r t i c l e s  w i t h  seal  c o a t i n g s  were 
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ORNL-DWG 79-9546R 

PERMEABLE MARGl NALLY GASTIGHT 
PERMEABLE 

ORNL-DWG 79-9515R 

0 0  
0 

0 
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0 

0 

0 0 

0 

0.6 
Ne/He RATIO 

Fig. 2.33. LINAC Fission-Gas-Release Measurements Compared with 
(a) 18-h Chlorine Leach Results and ( b )  with Ne/He Intrusion Measurements. 
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As shown i n  F ig .  2.34, no c o r r e l a t i o n  e x i s t s  between t h e  r e l e a s e - t o -  

b i r t h  (R/B) measurements arid t h e  p e r m e a b i l i t y  of t h e  pyrocarbon c o a t i n g s ,  

a t  least w i t h  t h e  c u r r e n t  Et/B p rocedures .  The Genera l  Atomic Company 

h a s  p l a n s  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of i n c r e a s i n g  t h e  s e n s i t i v i t y  

of t h e  R / B  measurement by l o n g e r  i r r a d i a t i o n  and h e a t i n g  t i m e s .  

Capsules  HRB-7 th rough -9 provided  ev idence54  3 5 5  t h a t  t h e  c h l o r i n e  

l e a c h  and N e / H e  p rocedures  can c h a r a c t e r i z e  t h e  a b i l i t y  of PyC c o a t i n g  

t o  c o n t a i n  f i s s i o n  gas. These c a p s u l e s  con ta ined  Biso-coated d r i v e r  

p a r t i c l e s  from two b a t c h e s  t h a t  were later de termined ,  from c h l o r i n e -  

l e a c h  and N e / H e  measurements, t o  have permeable L T I  c o a t i n g s .  The 

ch lo r ine - l each  r e s u l t s  ranked t h e  two b a t c h e s  of d r i v e r  par t ic les  t o  

be v e r y  permeable and t h e  N e / H e  v a l u e s  were 0.48 and 0.53. The f i s s i o n -  

gas  release w a s  s o  h igh  i n  t h e s e  c a p s u l e s  t h a t  85mKr R / B  v a l u e s  could  

n o t  be  measured. 

I n  a d d i t i o n  t o  t h e  24 b a t c h e s  of p a r t i c l e s  d e s c r i b e d  above,  an 

a d d i t i o n a l  1 0  b a t c h e s  of Biso-coated ThC2 o r  Tho2 p a r t i c l e s  were 

F ig .  2.34. N e : H e  R a t i o s  P l o t t e d  Agains t  PyC Bulk Dens i ty  f o r  
24 Batches of Biso-Coated Par t ic les  F a b r i c a t e d  a t  GA. 
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c h a r a c t e r i z e d  f o r  gas  p e r m e a b i l i t y  of t h e i r  o u t e r  PyC c o a t i n g  (LTI l a y e r )  

and w i l l  b e  compared w i t h  i r r a d i a t i o n  performance l a t e r .  Two t e c h n i q u e s  

w e r e  a p p l i e d  on t h e  u n i r r a d i a t e d  specimens: Ne-He i n t r u s i o n  and long- 

t e r m  c h l o r i n e  l e a c h  p l u s  x-ray microradiography.  C h l o r i n e  l e a c h  w a s  

a p p l i e d  a t  1 5 0 O O C  f o r  18 h. 

3, 6 ,  12 ,  and 18 h. A f t e r  t h e  18 h of c h l o r i n a t i o n ,  t h e  p a r t i c l e s  

were radiographed.  Table  2.20 shows t h e  b a t c h  numbers of t h e  p a r t i c l e s  

s u p p l i e d  by GA and t h e  L T I  d e p o s i t i o n  c o n d i t i o n s ,  c o a t i n g  c h a r a c t e r i s t i c s ,  

and p e r m e a b i l i t y  c h a r a c t e r i z a t i o n  d a t a .  

The heavy m e t a l  release w a s  ana lyzed  a f t e r  

None of t h e  p a r t i c l e s  from t h e  t e n  b a t c h e s  had such severe gas- 

permeable L T I  c o a t i n g s  t h a t  l a r g e  amounts of heavy-metal c h l o r i d e s  were 

r e l e a s e d  d u r i n g  c h l o r i n a t i o n .  Thus, on ly  low thorium v a l u e s  were 

analyzed f o r  3 ,  6 ,  12 ,  and 18 h of c h l o r i n a t i o n  t i m e  (Table  2 .21) ,  b u t  

t h e  x-ray microradiographs  showed f i v e  of t h e  t e n  b a t c h e s  t o  b e  permeable 

f o r  c h l o r i n e ,  which i s  i n d i c a t e d  by t h e  l a r g e  amount of heavy metal 

t r a p p e d  i n  t h e  b u f f e r  l a y e r  and a t  t h e  buffer-LTI i n t e r f a c e .  The b a t c h e s  

determined as b e i n g  permeable t o  c h l o r i n e  w e r e :  6542-18-015, 6542-27-015, 

6542-35-015, 6542-40-010, and 6542-40-020. 

Four of t h e  above b a t c h e s  permeable t o  c h l o r i n e  had N e / H e  v a l u e s  

above 0 . 4 ,  t h e  f i f t h  b a t c h  0.37. S t u d i e s  a t  ORNL show t h a t  L T I  

c o a t i n g s  are permeable t o  C 1 2  i f  t h e  Ne:He r a t i o  i s  g r e a t e r  t h a n  0.4 and 

t h a t  b a t c h e s  w i t h  Ne :He  r a t i o s  g r e a t e r  t h a n  0 . 3  are m a r g i n a l l y  g a s t i g h t  

t o  c h l o r i n e .  Although t h e r e  i s  no c lear  c o r r e l a t i o n  between permeable 

c o a t i n g s  and d e p o s i t i o n  c o n d i t i o n s ,  t h e  b a t c h e s  w i t h  chlor ine-permeable  

c o a t i n g s  have L T I  b u l k  d e n s i t i e s  of less t h a n  1.83 Mg/m3. 

The two b a t c h e s  t h a t  c o n t a i n e d  ThC2 k e r n e l s  showed heavy-metal m i g r a t i o n  

i n t o  t h e  b u f f e r .  I n  t h e s e  cases t h e  L T I  l a y e r s  w e r e  g a s t i g h t ,  as 

i n d i c a t e d  by t h e  low N e : H e  r a t i o s .  

2.7.2 Assay Measurements on FSVR T e s t  Element F u e l  Rods - P .  A n g e l i n i  

Nondes t ruc t ive  a s s a y  measurements have been performed f o r  t h e  

f i s s i l e  and f e r t i l e  c o n t e n t  of 36 f u e l  r o d s  produced by GA d u r i n g  t h e  

p r o d u c t i o n  r u n s  f o r  t h e  FSVR e a r l y  v a l i d a t i o n  tests.  

measurements i n c l u d e d  uranium d e t e r m i n a t i o n  by n o n d e s t r u c t i v e  t e c h n i q u e s  

(delayed and prompt n e u t r o n  d e v i c e s ) ,  u s i n g  n e u t r o n  i n t e r r o g a t i o n  and 

The ORNL a s s a y  



Table 2.20. Pertinent Fabrication and Characterization Data for GA Fertile-Particle Batches Studied at ORNL 
~ ~ ~~ 

Coating characteristics 
Characterization 

Deposition Deposition Size Bulk Hg 
temperature rate bed Thickness Density density intrusion Long-term X-ray 

Batch no. (C") (umlmin) (mm) (urn) (Mg/m3) (Mg/m3) (ul/g OLTI) C12 leach microradiographa Ne:He 

6542-18-015 

6542-24-015 

6542-27-015 

6542-32-015 

6542-35-015 

6542-39-010 

6542-40-010 

6542-40-020 

4251-00-031 

4251-01-021 

1395 

1260 

1300 

1300 

1265 

1375 

1540 

1525 

1330 

1340 

6.48 

6.59 

4.59 

4.65 

5.6 

4.06 

5.84 

5.85 

2.49 

3.20 

127 

127 

127 

127 

127 

240 

240 

240 

127 

127 

70 

80 

81 

82 

70 

73 

73 

79 

93 

64 

1.84 1.73 

1.94 1.83 

1.86 1.78 

1.84 1.75 

1.94 1.81 

1.94 1.88 

1.73 1.67 

1.76 1.69 

2.00 

1.96 

31.5 

30.4 

23.3 

28.49 

36.8 

17.3 

22.7 

23.5 

No Release 

No Release 

No Release 

No Release 

No Release 

No Release 

No Release 

No Release 

No Release 

No Release 

1 

3-2 

1 

3-2 

1 

3 

1 

1 

1 

1-2 

0.46 

0.32 

0.37 

P 

Q\ 
0.35 0 

0.53 

0.38 

0.45 

0.49 

0.21 

0.33 

a 1, high heavy-metal migration into buffer layer; 2, light heavy-metal migration into buffer layer; and 3, no heavy-metal 
migration into buffer layer. 
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Table  2.21. A n a l y t i c a l  R e s u l t s  of Long-Term Ch lo r ine  
Leach of Biso-Coated Tho2 and ThC2 Batches  from 

Genera l  Atomic Company 

Batch weight C h l o r i n a t i o n  t i m e  Thorium analyzed  
Batch no. (d (h) ( 4  

0 .6  3 
6 19 

12 18 
18 29 

3 16  
6 9 

1 2  12  
18 13 

3 8 
6 10  

12 12  
18 12  

6542-18-015 1.5742 

3 18 
6 23 

6542-24-015 1.6458 

6542-27-015 1.5953 

6542-32-015 1.5793 

6542-35-015 1.5438 

6542-39-010 1.5751 

6542-40-010 1.5551 

6542-40-020 

4251-00-031 

4251-01-021 

1.7030 

1.7157 

2.0444 

12  
18 

3 
6 

12  
18 

3 
6 

12  
18 
3 
6 

12  
18 

3 
6 

12 
18 

3 
6 

12 
18 

3 
6 

19 
21  

1 2  
18 
22 
56 

18 
33 
50 
36 

6 1  
64 
25 
28 

27 
34 
28 

710 

293 
10 
11 
20 

92 
17 

12  17 
18 1 9  
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chemical  a s s a y  of t h e  same rods  by t h e  modi f ied  Davies-Gray p o t e n t i o -  

metric method f o r  uranium and t h e  EDTA v o l u m e t r i c  t i t r a t i o n  method f o r  

thorium. 

Each of t h e  36 r o d s  w a s  measured t w i c e  i n  t h e  d e l a y e d  n e u t r o n  a s s a y  

d e v i c e  and t w i c e  i n  t h e  prompt n e u t r o n  a s s a y  device .  

t i o n  s t a n d a r d s  were f a b r i c a t e d .  Except f o r  t h e  fac t  t h a t  t h e  same 

S e p a r a t e  c a l i b r a -  

c a l i b r a t i o n  s t a n d a r d s  were used,  t h e  measurements on t h e  s e p a r a t e  non- 

d e s t r u c t i v e  a s s a y  d e v i c e s  w e r e  independent .  The measurements were 

performed by s e p a r a t e  o p e r a t o r s ,  and a n a l y s i s  of  t h e  d a t a  w a s  performed 

by s e p a r a t e  i n d i v i d u a l s .  No comparison of t h e  r e s u l t s  w a s  made u n t i l  

t h e  f i n a l  f i g u r e s  were o b t a i n e d ,  and no a d j u s t m e n t s  have been made i n  

t h e  r e s u l t s .  T a b l e s  2 .22,  2.23, and 2.24 l i s t  t h e  average  r e s u l t s  of 

t h e  two measurements by e a c h  d e v i c e  i n  terms of t h e  e s t i m a t e d  t o t a l  2 3 5 U  

c o n t e n t  and i t s  cor responding  95% conf idence  i n t e r v a l .  

T a b l e  2.22 N o n d e s t r u c t i v e  F i s s i l e  Assay R e s u l t s  
on  Blend 12 of General  Atomic Company 

F u e l  Rods 

Es t imated  t o t a l  235U c o n t e n t  ( g )  
w i t h  cor responding  95% c o n f i d e n c e  

Delayed n e u t r o n  Prompr n e u t r o n  
a s s a y  d e v i c e  a s s a y  d e v i c e  

F u e l  r o d  
i d e n t i f i c a t i o n  

no. 

10-12-6-12B 
10-12-17-12 
10-34-39-12B 
10-82-8-12B 
10-82-31-12B 
10-95-3-12 
10-13 0- 10- 12B 
10-160-12-12B 
10-184- 11- 12B 
10- 2 35-5-12B 
10-262-1-12B 
10-2 98- 3 2- 12 B 

0.1645 t 0.0011 0.1647 f. 0.0024 
0.1622 k 0.0011 0.1615 k 0.0024 
0.1644 t 0.0011 0.1628 t 0.0024 
0.1619 f. 0.0011 0.1645 ? 0.0024 
0.1621 f. 0.0011 0.1606 _+ 0.0024 
0.1621 ? 0.0011 0.1644 f 0.0024 
0.1665 5 0.0011 0.1632 f 0.0024 
0.1627 2 0.0011 0.1620 f. 0.0024 
0.1644 5 0.0011 0.1632 ? 0.0024 
0.1607 2 0.0011 0.1592 t 0.0022 
0.1658 2 0.0011 0.1649 t 0.0022 
0.1596 t 0.0011 0.1589 t 0.0022 

The same f u e l  r o d s  t h a t  w e r e  ana lyzed  by n o n d e s t r u c t i v e  a s s a y  were 

l a t e r  ana lyzed  by w e t  chemi-stry t e c h n i q u e s  (modif ied Davies-Gray 
p o t e n t i o m e t r i c  t i t r a t i o n  f o r  uranium, EDTA v o l u m e t r i c  t i t r a t i o n  method 

f o r  t h o r i u m ) ,  and t h e s e  d a t a  are p r e s e n t e d  i n  Tables  2.25, 2.26, and 
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Table 2.23. Nondestructive Fissile Assay Results 
on Blend 13 of General Atomic Company Fuel Rods 

Estimated total 235U content (g) 
with corresponding 95% confidence 

Delayed neutron Prompt neutron 
assay device assay device 

Fuel rod 
identification 

no. 

10-7-14 
10-7-35 
10-12-20 
10-12-28 
10-16-8 
10-16-26 
10- 21- 9 
10-21-32 
10-26-18 
10-26- 38 
10-30-14 
10-30-37 

0.1197 f 0.0009 
0.1288 jI 0.0009 
0.1215 f 0.0009 
0.1221 jI 0.0009 
0.1262 t 0.0009 
0.1217 f 0.0009 
0.1278 f 0.0009 
0.1224 f 0.0009 
0.1289 1 0.0009 
0.1245 f 0.0009 
0.1295 f 0,0009 
0.1233 f 0.0009 

0.1172 f 0.0022 
0.1299 t 0.0022 
0.1208 t 0.0022 
0.1209 5 0.0022 
0.1252 f 0.0022 
0.1238 5 0.0022 
0.1292 f 0.0022 
0.1216 f 0.0022 
0.1291 f 0.0022 
0.1252 f 0.0022 
0.1303 f 0.0022 
0.1227 t 0.0022 

Table 2.24. Nondestructive Fissile Assay Results 
on Blend 14 of General Atomic Company 

Fuel Rods 

Estimated total 235U content (g) 
with corresponding 95% confidence 

Delayed neutron Prompt neutron 
assay device assay device 

Fuel rod 
identification 

no. 
~ 

10-9-14 
10-9-35 
10-19-20 
10-1 9- 28 
10-45-8 
10- 4 5- 2 6 
10-54-9 
10-54-32 
10-6 9- 18 
10-6 9- 38 
10-85-37 
10-81-14 

~~ 

0.2840 t 0.0015 
0.2939 f 0.0015 
0.2859 f 0.0015 
0.2852 f 0.0015 
0.2937 f 0.0015 
0.2858 t 0.0015 
0.2871 5 0.0015 
0.2813 f 0.0015 
0.2849 f 0.0015 
0.2852 f 0.0015 
0.2904 jI 0.0015 
0.2866 f 0.0015 

0.2871 t 0.0032 
0.2960 f 0.0032 
0.2884 f 0.0032 
0.2873 f 0.0032 
0.2961 f 0.0032 
0.2878 f 0.0032 
0.2857 f 0.0032 
0.2830 f 0.0032 
0.2865 f 0.0032 
0.2864 f 0.0032 

0.2910 f 0.0032 
0.2916 2 3  0.0032 
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Table  2.25. A n a l y t i c a l  Chemistry Assay 
R e s u l t s  on Blend 12  of Genera l  

Atomic Company Fue l  Rods 

A n a l y t i c a l  chemis t ry  r e s u l t s  

2 3 5 ~  c o n t e n t  Thorium 

Fue l  roc1 
i d e n t i f i c a t i o n  

no. (g )  c o n t e n t  ( 8 )  

10- 12- 6- 12I1 
10- 12  - 17 -I.;! 
10-34-39-12B 
LO-82-8-12B 
10-82-31-12B 
10-95-3-12 
10-130-10-l2B 
10-160-12-l2B 
10-184-11-12B 
10- 2 3 5- 5- 1 ;I B 
10- 26 2- 1- 1 2 B  
10- 2 9 8- 3 2 - 1.2B 

0.1623 
0.1631 
0.1651 
0.1621 
0.1628 
0.1646 
0.1645 
0.1617 
0.1638 
0.1597 
0.1666 
0.1589 

3.484 
3.540 
3.535 
3.532 
3.500 
3.528 
3.535 
3.553 
3.546 
3.532 
3.541 
3.525 

Tab le  2.26. A n a l y t i c a l  Chemistry R e s u l t s  
on Blend 13 of  General Atomic Company 

Fue l  Rods 

A n a l y t i c a l  chemis t ry  r e s u l t s  
F u e l  rod 

i d e n t i f i c a t i o n  2 3 5 ~  c o n t e n t  Thorium 
no. (25) c o n t e n t  

(g )  

10-7-14 
10-7-35 
10-12-20 
10-12-28 
10-16-8 
10-1 6- 26 
10- 21- 9 
10- 21- 3 2 
10-26-18 
10-26-38 
10-30-14 
10-30-3 7 

0.1195 
0.1280 
0.1221 
0.1206 
0.1272 
0.1210 
0.1283 
0.1223 
0.1289 
0.1251 
0.1231 
0.1258 

4.744 
4.641 
4.735 
4.665 
4.730 
4.746 
4.754 
4.710 
4.730 
4.740 
4.745 
4.721 
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2.27 .  

rod. 

r e s u l t s  is r a t h e r  good. 

f i s s i l e  and f e r t i l e  p a r t i c l e s  are p resen ted  i n  Table  2.28 .  

t h e  uranium and thorium weight  pe rcen tage  and d a t a  on t h e  p a r t i c l e  

and c o a t i n g  t h i c k n e s s e s  of t h e  as - rece ived  f i s s i l e  and f e r t i l e  p a r t i c l e s  

are p resen ted  i n  Tables  2.29 and 2 . 3 0 ,  r e s p e c t i v e l y .  

The a s s a y  d a t a  i n c l u d e  235U as w e l l  as thorium c o n t e n t  p e r  f u e l  

Agreement between t h e  n o n d e s t r u c t i v e  a s s a y  and t h e  chemis t ry  

Data on t h e  i s o t o p i c s  f o r  t h e  GA as - rece ived  

Data on 

Table  2.27.  A n a l y t i c a l  Chemistry R e s u l t s  
on Blend 1 4  of General  Atomic Company 

Fue l  Rods 

Fue l  
i d e n t i f  i 

A n a l y t i c a l  chemis t ry  r e s u l t s  
rod 
. ca t ion  2 3 5 ~  con ten t  Thorium 

no'. (g)  con ten t  
( g )  

10-9-14 
10-9-35 
10-19-20 
10-19-28 
10-45-8 
10-4 5-26 
10- 54- 9 
10- 54-3 2 
10- 69-18 
10- 69-38 
10-85-37 
10-81-14 

0.2850 
0 .2931 
0.2899 
0.2867 
0.2954 
0 .2870 
0.2879 
0.2873 
0.2855 
0 . 2 8 7 1  
0.2907 
0.2900 

3.599 
3 .590 
3 .619 
3.575 
3.586 
3.583 
3.587 
3.602 
3 .612 
3.587 
3.603 
3.595 

Table  2.28. I s o t o p i c s  f o r  General  Atomic 
Company Fuel  Par t ic les  Batch FSV-D-Fiss Snm 6526 

Weight S t andar  d Number of 
( XI d e v i a t i o n  samples Is0 t ope  

234 0.949 0.005 

235 93.057 0 .023 

236 0 .344 0.003 

238 5.649 0.023 
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Table 2.29 .  Weight Percentage of Heavy Metal in General 
Atomic Company F i s s i l e  and F e r t i l e  Pa r t i c l e s  

~~~ -~ ~ 

Uranium Thorium 

P a r t i c l e  sample Original Uranium Original  Thorium 
sample content sample content 

mass (g) (wt %) m a s s  (g) (wt %) 

F i s s i l e  10.0996 13.746 
10.3058 13 .842  

9.9546 13 .813  

Mean 13.80  

Standard 
deviat ion 

F e r t i l e  

0 .05  

10.553 47 .83  
10 .3313 47.58 
10 .4058 47 .43  

Mean 4 7 . 6 1  

Standard 
deviat ion 

0 .20  

Table 2.30. P a r t i c l e  Charac te r i s t ics  of General 
Atomic Company F i s s i l e  and F e r t i l e  Par t ic les  

F i s s i l e  F e r t i l e  
p a r t i c l e s  p a r t i c l e s  

Kernela 
D i a m e t e r ,  u m  
95% Confidence 

i n t e r v a l ,  urn 
Number of samples 

Buffer and ILTI" 
Thickness, u m  
95% Confidence 

i n t e r v a l ,  ym 
Number of samples 

s i C a  
Thickness, u m  
95% Confidence 

i n t e r v a l ,  u m  
Number of samples 

b 
Diameter, pm 
Standard deviat ion,  I.rm 
Number of samples 

Par t ic le  

202.9 
4 .74  

50 

130.05 
3 .21  

50 

38 .51  
0 . 6 1  

50 

604 .20  
26.89 
34 ,467  

444.9 
2.55 

50 

83.15 
2.83 

50 

38.65 
0 . 7 1  

50 

761 .10  
21.66 
11 ,430  

a 

b 
Based on radiograph. 

Based on par t ic le -s ize  analyzer.  
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2.7.3 Hot Gaseous Chlor ine  Leaching of I r r a d i a t e d  General  Atomic 

Company Fuel  Rods - E. L .  Long, Jr .  

A t  t h e  r e q u e s t  of GA, e i g h t  f u e l  r o d s  from i r r a d i a t i o n  experiment  

FTE-16 w e r e  sh ipped  t o  ORNL f o r  h o t  gaseous c h l o r i n e  l e a c h i n g .  The 

rods  were leached  a t  1000°C f o r  v a r i o u s  i n t e r v a l s ,  shown i n  Table  2.31. 

I n  a d d i t i o n ,  i s o t o p i c  uranium a n a l y s e s  were r u n  on t h e  l e a c h  s o l u t i o n s  

f o r  each rod;  t h e s e  d a t a  are l i s t e d  i n  Table  2.32. R e s u l t s  from t h e s e  

experiments  w e r e  forwarded t o  GA f o r  review. 

2.7.4 Misce l laneous  Requests  from General  Atomic Company f o r  

Service Work - E. L.  Long, Jr. 

The m e t a l l o g r a p h i c  p r e p a r a t i o n  and examinat ion of e i g h t  GA f u e l  

r o d s  i r r a d i a t e d  i n  HRB-12 w a s  performed a t  ORNL. T h i s  work w a s  done a t  

G A ' s  r e q u e s t  because  t h e i r  h o t  c e l l s  w e r e  undergoing m o d i f i c a t i o n s .  

A m e t a l l o g r a p h i c  mount w a s  sh ipped  t o  ORNL f o r  s h i e l d e d  e l e c t r o n  

microprobe a n a l y s i s .  The mount conta ined  a c r o s s  s e c t i o n  through a 

f u e l  rod from i r r a d i a t i o n  experiment  P13Q. A phase,  subsequent ly  

i d e n t i f i e d  a t  pa l lad ium,  had r e a c t e d  w i t h  t h e  S i c  c o a t i n g s .  The r e s u l t s  

were forwarded t o  GA and have been i n c o r p o r a t e d  i n t o  one of t h e i r  

r e p o r t s .  56 
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Table 2.31. Chlor ine  Leach Data 

Heavy Heavy 
Accumulated m e t a l  m e t a l  

l e a c h  Accumulated T o t a l  con ten t  Accumulated T o t a l  c o n t e n t  
Specimen P o s i t i o n  time (h) Th (1 mg) Tha (%) (3 u ( C  mg) ua ( X I  (a 

H-663 

H-658 

H-686 

H-633 

H-732 

H-671 

2-5-5 3b 
6 :f 

2-5-10 3c 
3b 
6 

12 
30 

2-3-10 3c 
3b 
8 

14 
32 

3- 5- 7 3c 
3b 
6 

12 
30 

2-8-9 3c 
3b 
6 

12  
30 

2-1-11 3c 
3b 

49.7 
135.2 
174.7 
206.0 

0.007 
229.7 
301.8 
370.1 
419.7 

0.054 
178.2 
191.7 
194.1 
197.6 

0.008 
68.2 
86.8 

105.1 
117.8 

0.008 
9.27 

12.54 
15.66 
17.83 

0.012 
96.6 

24.1 
41.5 
19.2 
15.2 

<0.002 
54.7 
17.2 
16.3 
11.8 

0.02 
90.2 

6.8 
1 .2  
1 .8  

0.007 
57.9 
15.8 
15.5 
10.8 

0.04 
51.9 
18.3 
17 .5  
12.2 

0.008 
61.7 

1.16 
3.16 
4.08 
4.81 

<o. 001 
5.35 
7.03 
8.63 
9.78 

0.002 
7.71 
8.30 
8.40 
8.55 

< .001 
2.30 
2.92 
3.54 
3.97 

<. 001 
0.40 
0.54 
0.68 
0.77 

<. 001 
4.15 

0.600 
2.284 
2.982 
3.600 

0.009 
3.316 
4.202 
5.588 
6.371 

0.003 
4.523 
4.798 
4.894 
4.990 

0.007 
0.915 
1.117 
1.420 
1.634 

0.0030 
0.2267 
0.3207 
0.4290 
0.5073 

0.0133 
1.7233 

16.7 
46.8 
19.4 
17.2 

0.14 
51.9 
13 .9  
21.8 
12 .3  

0.06 
90.6 

5.5 
1 . 9  
1 .9  

0.43 
55.6 
12.4 
18 .5  
13.1 

0.50 
44.1 
18.5 
21.3 
15.4 

0.38 
57.8 

0.21 
0.82 
1.07 
1 .29  

0.003 
1.18 
1.50 
2.00 
2.28 

0.001 
1.92 
2.04 
2.08 
2.12 

0.002 
0.23 
0.28 
0.36 
0.42 

0.001 
0.097 
0.14 
0.18 
0.22 

0.005 
0.73 



Table 2.31. (cont inued)  

Heavy 
Accumulated m e t a l  m e t a l  

Heavy 

l each  Accumulated T o t a l  c o n t e n t  Accumulated T o t a l  con ten t  
Specimen P o s i t i o n  time (h) Th (1 mg) Tha (%) (a u (c  mg) U‘ (%) (a 

6 
12 
30 

H-635 3-5-5 3c 
3b 
6 

12 
30 

H-731 2-8-8 3b 
6 

1 2  
30 

116.5 
136.2 
156.6 

0.019 
89.7 

111.6 
128.6 
135.2 

16.52 
21.46 
23.12 
24.74 

12.7 5.00 
12.6 5.85 
13 .0  6.72 

0.014 <. 001 
66.3 3.03 
16.2 3.77 
12.6 4.34 

4.9 4.57 

66.8 0.72 
20.0 0.93 

6.7 1.00 
6.5 1.07 

2.1033 
2.4533 
2.9643 

0.0087 
1.2527 
1.4317 
1.5987 
1.6997 

0.558 
0.708 
0.778 
0.860 

12.8 
11.8 
17.2 

0.51 
73.2 
10 .5  

9.8 
5.9 

64.9 
17.4 

8.1 
9.5 

~~ 

0.89 
1.04 
1.26 

0.002 
0.33 
0.37 
0.42 
0.44 

0.24 
0.30 
0.33 
0.37 

‘Percentage of heavy metal leached  du r ing  each t i m e  i n t e r v a l .  

b I s o t o p i c  a n a l y s i s  performed ( r e f e r  t o  Table 2.32).  
e Trea ted  f o r  3 h a t  1000°C i n  flowing stream of argon. 



Table 2.32. I s o t o p i c  Analys is  Data 

Uranium ( a t .  X )  Accumulated 
leach  t i m e  (h) 

Specimen P o s i t  i on  
311 -u 7 74 235 236 _ _  3 ?G 
-4  4 

3-633 

H-658 
H-686 
H-633 
H-732 
H-671 
H-635 
H-731 

2-5-5 

2-5-10 
2-3-10 
3-5-7 
2-8-9 
2-1-11 
3-5-5 
2-8-8 

3 
1 2  
30 

3 
3 
3 
3 
3 
3 
3 

79.67 
87.77 
85.36 

88.35 
75.39 
90.60 
47.52 
83.13 
88.53 
49.48 

6.79 4.88 
7.47 3.49 
7.24 5.36 

7.64 1 .43  
6.70 12.97 
5.74 2.46 
4.50 33.34 
7.22 6.53 
6.15 2.29 
4 .71  32.10 

1.07 
0.699 
1 .19  

0.186 
3.17 
0.379 
8.35 
1 .48  
0.345 
7.98 

7.59 
0.565 
0.847 

2.39 
1.77 
0 .821  
6.29 
1 .64  
2.69 
5.73 
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3. PRESTRESSED CONCRETE PRESSURE VESSEL DEVELOPMENT 

3 .1  INTRODUCTION 

The a c t i v i t i e s  d e s c r i b e d  under t h e  P r e s t r e s s e d  Concrete  Reac tor  

Vessel (PCRV) Program f o r  t h e  r e p o r t i n g  p e r i o d  r e f l e c t  t r a n s i t i o n s  from 

t h e  o r i g i n a l  g e n e r i c  program t o  one designed t o  p r o v i d e  d e s i g n  v e r i f i c a -  

t i o n  and suppor t  f o r  t h e  r e f e r e n c e  900 MW(e) steam-cycle High-Temperature 

Gas-Cooled Reac tor  (HTGR) and back t o  a g e n e r i c  program o r i e n t e d  t o  

s u p p o r t  t h e  development of PCRVs f o r  advanced HTGRs. The a c t i v i t i e s  

remain d i v i d e d  i n t o  t h e  f o l l o w i n g  s i x  t a s k  areas: 

1. a n a l y s i s  methods, 

2 .  c o n c r e t e  p r o p e r t i e s  i n  n u c l e a r  environments ,  

3. p r e s t r e s s i n g  systems,  

4 .  i n s t r u m e n t a t i o n ,  

5. s t r u c t u r a l  models, and 

6 .  l i n e r s  and p e n e t r a t i o n s .  

S e c t i o n s  3.3 through 3 . 7  d i s c u s s  p r o g r e s s  i n  t h e s e  t a s k  areas. 

S e c t i o n  3.2 d e s c r i b e s  a p l a n  f o r  t h e  development of an opt imized PCRV, 

which i f  implemented, would i n v o l v e  d e s i g n  s u p p o r t  a c t i v i t i e s  i n  several  

of t h e  b a s i c  t a s k  a r e a s .  The PCRV Model Program D e f i n i t i o n  p r e s e n t e d  

i n  Sect .  3.6.2 w a s  o r i g i n a l l y  under taken  as t h e  f i r s t  s t e p  i n  p l a n n i n g  

t h e  tes t  of a PCRV model t o  s u p p o r t  d e s i g n  of t h e  900 MW(e) HTGR 

r e f e r e n c e  p l a n t .  N o  f u r t h e r  development of t h i s  s p e c i f i c  model w i l l  

b e  undertaken i n  l i g h t  of t h e  r e c e n t  d e c i s i o n  t o  bypass  t h e  development 

of a steam-cycle HTGR; however, t h e  proposed o p t i m i z a t i o n  s t u d y  could  

make impor tan t  c o n t r i b u t i o n s  t o  t h e  development of a PCRV f o r  a gas- 

t u r b i n e  o r  process-hea t  HTGR, and s i g n i f i c a n t  c o s t  r e d u c t i o n s  could b e  

r e a l i z e d .  

3.2 PCRV OPTIMIZATION PLAN 

A p l a n  f o r  t h e  development of  an  opt imized PCRVl h a s  been prepared  

by t e c h n i c a l  r e p r e s e n t a t i v e s  of an  a r c h i t e c t u r a l  e n g i n e e r ,  Stone and 

Webster Engineer ing  Corpora t ion ;  t h e  HTGR d e s i g n e r  and p o t e n t i a l  vendor,  
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Genera l  Atomic Company (GA) ;  and a n a t i o n a l  l a b o r a t o r y  (ORNL). Although 

t h e  p l a n  o r i g i n a l l y  focused  on t h e  s team-cycle  HTGR, i t  i s  e q u a l l y  

a p p l i c a b l e  t o  t h e  PCRVs f o r  t h e  g a s - t u r b i n e  HTGR and p r o c e s s  h e a t  

HTGRs. The a b s t r a c t  of t h e  r e p o r t  f o l l o w s .  

A p l a n  i s  p r e s e n t e d  f o r  t h e  development of an opt imized  
PCRV f o r  t h e  steam-cycle HTGR 900 MW(e) r e f e r e n c e  p l a n t .  The 
purpose of t h e  proposed program i s  t o  i d e n t i f y  d e s i r a b l e  con- 
s t r u c t i o n  i n n o v a t i o n s  and c o s t - e f f e c t i v e  changes i n  conf igura-  
t i o n ,  materials,  and d e s i g n  c r i t e r i a  t o  provide  t h e  b a s i s  f o r  
t h e  e v o l u t i o n  of more economical p l a n t s .  Such a s t u d y  is  
proposed,  t o  b e  conducted by t h e  p o t e n t i a l  gas-cooled r e a c t o r  
vendor ,  an  a r c h i t e c t u r a l  e n g i n e e r i n g  f i r m ,  and a n a t i o n a l  
l a b o r a t o r y  - a l l  having, e x p e r i e n c e  i n  t h e  v a r i o u s  a s p e c t s  of 
PCRV d e s i g n  and development. The scope of t h e  proposed program 
is  o u t l i n e d ,  and t h e  t a s k s  t o  be under taken  d u r i n g  t h e  i n t i a l  
y e a r  are d i s c u s s e d  t o g e t h e r  w i t h  t h e  e s t i m a t e d  f i r s t - y e a r  c o s t s  

3 .3  ANALYSIS METHODS DEVELOPMENT 

The major o b j e c t i v e  of t h e  PCRV a n a l y t i c a l  e f f o r t  i s  t o  develop 

t e c h n i q u e s  t h a t  can be i n c o r p o r a t e d  i n t o  e x i s t i n g  modern f i n i t e - e l e m e n t  

computer programs t o  improve t h e  accuracy  and e f f i c i e n c y  of t h e s e  codes.  

Two t e c h n i q u e s  t h a t  were s t u d i e d  are an  improved i n e l a s t i c  c o n c r e t e  

c o n s t i t u t i v e  model and a method f o r  e f f i c i e n t l y  modeling t h e  enormous 

q u a n t i t y  of r e i n f o r c i n g  s tee l  i n  m u l t i c a v i t y  PCRVs. 

3 .3 .1  Concre te  C o n s t i t u t i v e  Models 

Many a n a l y t i c a l  r e p r e s e n t a t i o n s  have been proposed t h a t  a t t e m p t  t o  

d e s c r i b e  t h e  response  of c o n c r e t e  under complex l o a d i n g  c o n d i t i o n s  such  

as those  e x i s t i n g  i n  m u l t i c a v i t y  PCRVs. Two c o n s t i t u t i v e  models 

i n v e s t i g a t e d  a t  ORNL are t h e  model c o n t a i n e d  i n  t h e  ADINA f i n i t e - e l e m e n t  

code2 and t h e  endochronic  model proposed by Z .  P .  Bazant.  

3 .3 .1 .1  D e s c r i p t i o n  of t h e  ADINA Model 

The c o n c r e t e  c o n s t i t u t i v e  model t h a t  i s  c o n t a i n e d  i n  t h e  ADINA 

f i n i t e - e l e m e n t  code u t i l i z e s  an  i s o t r o p i c  n o n l i n e a r  s t r e s s - s t r a i n  rela- 

t i o n  based on a u n i a x i a l  s t r e s s - s t r a i n  r e p r e s e n t a t i o n .  To o b t a i n  t h e  
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s t r e s s - s t r a i n  r e l a t i o n  f o r  t r i a x i a l  l o a d i n g  c o n d i t i o n s ,  a tangent  Young‘s 

modulus tE 

e q u a t i o n  

i s  o b t a i n e d  f o r  each  p r i n c i p a l  stress d i r e c t i o n  u s i n g  t h e  
i 

where Eo i s  t h e  i n i t i a l  u n i a x i a l  t a n g e n t  modulus, E i s  t h e  u n i a x i a l  

s e c a n t  modulus cor responding  t o  t h e  maximum u n i a x i a l  compressive stress, 

e i s  t h e  s t r a i n  cor responding  t o  t h e  maximum u n i a x i a l  compressive stress, 

and te i s  t h e  p r i n c i p a l  s t r a i n .  An e q u i v a l e n t  m u l t i a x i a l  Young’s modulus 

i s  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  

S 

e 

i 

, and t are p r i n c i p a l  stresses and t t and t are 
U l ’  tu2 03 El’ E2’ E3 

where t 

t h e  cor responding  u n i a x i a l  Young’s moduli .  For unloading ,  t h e  i n i t i a l  

Young’s modulus EO is  used t o  form t h e  i n c r e m e n t a l  s t r e s s - s t r a i n  matr ix .  

The material i s  d e f i n e d  t o  b e  unloading  i f  t h e  e f f e c t i v e  d e v i a t o r i c  

stress i s  less t h a n  t h e  maximum t h a t  h a s  occurred  d u r i n g  p r e v i o u s  s o l u -  

t i o n  increments .  

The f a i l u r e  envelope proposed by Khan and Saugy4 i s  used t o  d e t e r -  

mine t e n s i l e  and compressive f a i l u r e  under t r i a x i a l  s ta tes  of stress. 

The p r i n c i p a l  stresses are determined whenever stresses are  c a l c u l a t e d .  

I f  t e n s i l e  stress i n  a p r i n c i p a l  d i r e c t i o n  exceeds t h e  t e n s i l e  f a i l u r e  

c r i t e r i a ,  t h e  normal and s h e a r  s t i f f n e s s e s  a c r o s s  t h e  p l a n e  p e r p e n d i c u l a r  

t o  t h e  p r i n c i p a l  d i r e c t i o n  are  reduced and t h e  cor responding  stresses 

are r e l e a s e d .  On t h e  o t h e r  hand, i f  t h e  stress s ta te  exceeds t h e  com- 

p r e s s i v e  f a i l u r e  cr i ter ia ,  t h e  s t i f f n e s s  of t h e  material  i n  a l l  d i r e c t i o n s  

is reduced and a l l  stress i s  r e l e a s e d .  

3 . 3 . 1 . 2  D e s c r i p t i o n  of t h e  Endochronic Model 

The endochronic  model f o r  c o n c r e t e  i s  an  e x t e n s i o n  of t h e  i n e l a s t i c  

endochronic  model f i r s t  i n t r o d u c e d  by Valanis .  I n  t h i s  model, t h e  
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i ne l a s t i c  s t r a i n  accumulat ion i s  c h a r a c t e r i z e d  by a s c a l a r  parameter  2, 

c a l l e d  i n t r i n s i c  t i m e ,  w.hose increment  i s  a p o s i t i v e  d e f i n i t e  f u n c t i o n  

of t h e  s t r a i n  increment .  The p r i n c i p a l  f e a t u r e s  i n t r o d u c e d  by Bazant 

w e r e  t o  i n c l u d e :  (1) t h e  s e n s i t i v i t y  of t h e  i n t r i n s i c  t i m e  increments  

caused by h y d r o s t a t i c  p r e s s u r e ;  ( 2 )  t h e  i n e l a s t i c  d i l a t a n c y  r e s u l t i n g  

from s h e a r  s t r a i n i n g ,  and ( 3 )  a d e s c r i p t i o n  of t h e  s t r a i n - s o f t e n i n g  t h a t  

occu r s  a f t e r  t h e  peak stress has  been achieved .  The i n c l u s i o n  of s t r a i n -  

s o f t e n i n g  i n  t h e  c o n s t i t u t i v e  r e l a t i o n s  e l i m i n a t e s  t h e  n e c e s s i t y  f o r  

d e f i n i n g  s e p a r a t e  compressive f a i l u r e  s u r f a c e s .  

T o  s a t i s f y  t h e  c o n d i t i o n  of i s o t r o p y ,  t h e  i n c r e m e n t a l  s t r e s s - s t r a i n  

r e l a t i o n s  are expres sed  independent ly  i n  t e r m s  of t h e  vo lumet r i c  and 

d e v i a t o r i c  components of stress and s t r a i n ;  t h e  r e s u l t i n g  r e l a t i o n s  are:  

dei j  = ( d s .  . / 2 G )  + ( s .  . /2G)dz 
23 23 

and 

dE = d0/3K f dh , 

( 3 )  

where dE and do are increments  of t h e  v o l u m e t r i c  s t r a i n  and h y d r o s t a t i c  

stress, and dei j  and dsi j  are increments  of t h e  d e v i a t o r i c  s t r a i n  and 

stress; t h e  v a r i a b l e  dh i s  t h e  increment  i n  i n e l a s t i c  vo lumet r i c  s t r a i n ,  

and dz i s  t h e  increment  i n  i n t r i n s i c  t i m e .  The s h e a r  and b u l k  moduli 

G and K are  t aken  t o  be d .ecreas ing  f u n c t i o n s  of t h e  i n e l a s t i c  d i l a t a n c y  

g iven  by 

and ( 4 )  
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where Go and KO are the initial moduli, and A0 is a constant. The 

increment in the inelastic dilatancy is related to the increment in 

the deviatoric strains by 

dA = R ( A )  L [ J ~ ( E ) ,  (5) 

where R ( A )  and L [ J ~ ( E ) ,  Il(cs), A] are functions, I l ( o )  is the first 

invariant of the stress tensor, and J ~ ( E )  is the second invariant of the 

strain tensor. The increment in the intrinsic time is related to an 

increment in the deviatoric strains by 

and 

where f ( n )  and F ( E ,  a) are functions of stress and strain invariants. 
The explicit forms of the functions R ,  L, f, and F developed by Bazant 
are complicated and will not be included.3 

by Bazant requires the specification of 19 constants. Using previously 

published experimental data, all 19 constants were related to a single 
material property - the compressive strength of the particular concrete. 

The functional form developed 

3.3.1.3 Comparisons with Experimental Data 

A subcontract was negotiated with The University of Tennessee to 

assist in verification of the endochronic constitutive model. The 

University of Tennessee study consisted of comparisons of (1) predicted 
and measured response of homogeneous concrete test specimens subjected 

to uniaxial, biaxial, and triaxial states of stress and (2) the results 

of finite-element analyses of concrete structures with available 

test data. 

The major findings of the first segment of the study included the 

discovery of a dip in the predicted stress-versus-strain curve of 
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t r i a x i a l  specimens and t h e  r e a l i z a t i o n  t h a t  t h e  modulus of e l a s t i c i t y  

should  b e  a v a r i a b l e  parameter  i n  t h e  endochronic  model. A d i p  a t  

approximate ly  6% s t r a i n ,  which i s  b e l i e v e d  t o  be caused by a s p i k e  i n  

t h e  e q u a t i o n s  c o n t r o l l i n g  ishear compaction, i s  shown i n  F i g .  3 . 1 .  

T y p i c a l  r e s u l t s ,  u s i n g  t h e  endochronic  model t o  p r e d i c t  b e h a v i o r  of 

a u n i a x i a l l y  loaded  specimlen of r e l a t i v e l y  low s t r e n g t h ,  are g iven  i n  

Fig.  3 .2 .  F i g u r e  3.3 i s  a p l o t  of t h e  u n i a x i a l  response  of a high-  

s t r e n g t h  c o n c r e t e .  The endochronic  model g e n e r a l l y  u n d e r e s t i m a t e s  t h e  

modulus of e l a s t i c i t y  of low-strength c o n c r e t e s  much more s e v e r e l y  t h a n  

of h i g h - s t r e n g t h  c o n c r e t e s .  

S t r u c t u r e s  ana lyzed  d u r i n g  t h e  second segment of t h e  s t u d y  i n c l u d e d  

beams t e s t e d  as p a r t  of a n  ORNL s t u d y  of grouted  v e r s u s  nongrouted tendons.  

F i g u r e s  3 .4  and 3.5 show t h e  l o a d  v e r s u s  c e n t e r l i n e  d e f l e c t i o n  f o r  two 

of t h e  beams. I n  b o t h  cases t h e  p r e d i c t i o n s  were r e a s o n a b l e ;  however, 

t h e  a c t u a l  u l t i m a t e  l o a d  w a s  l a r g e r  t h a n  p r e d i c t e d .  

To p a r t i a l l y  v e r i f y  t h e  s u i t a b i l i t y  of t h e  endochronic  c o n c r e t e  

model t o  r e p r e s e n t  complex s t a t e s  of stress i n  PCRVs and r e l a t e d  s t r u c -  

t u r e s ,  an  a n a l y s i s  w a s  made of t h e  ORNL h a l f - d e p t h  1 /15-sca le  Gas-Cooled 

ORNL-DWG 7942449 
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- 
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Fig .  3.1. S t r e s s - S t r a i n  Response of  a T r i a x i a l l y  Loaded Specimen. 
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( ~ 1 0 ~ )  ORNL-DWG 79-42450 

STRAIN (in./in.) 

Fig. 3.2. Stress-Strain Response of a Low-Strength Concrete. 

Fig. 3. 

ORNL-DWG 79-42440 

A STRAIN ( 4 , i )  

STRAIN (2,2) 

0 STRAIN (3,3) 

STRAIN (W in . )  

3 .  Stress-Strain Response of a High-Strength Conc rete. 
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ORNL-DWG 79-42447 

( ~ 4 0 ~ 1  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

DEFLECTION (in.) 

Fig.  3.4. Beam G 3  Versus Endochronic P r e d i c t i o n .  
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Fig .  3.5. B e a m  G4 Versus Endochronic P r e d i c t i o n .  

F a s t  Reac tor  (GCFR) s team-generator  c a v i t y  c l o s u r e  model. T h i s  c l o s u r e  

model had p r e v i o u s l y  been ana lyzed  by u s e  of t h e  ADINA c o n c r e t e  model. 

The r e s u l t s  of b o t h  a n a l y s e s  are shown w i t h  t h e  cor responding  e x p e r i m e n t a l  

d a t a  a t  two gage l o c a t i o n s  i n  F i g s .  3.6 and 3 .7 .  

r e s u l t s  o b t a i n e d  by use  of t h e  ADINA c o n c r e t e  model, n o n l i n e a r  b e h a v i o r  

According t o  t h e  
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Fig. 3.6. Axial Strain on the Outside Surface of the Outer Liner for 
the Half-Depth GCFR Steam-Generator Cavity Closure Model. 
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b e g i n s  a t  a p r e s s u r e  of about  65 MPa, and f a i l u r e  occur s  s h o r t l y  t h e r e -  

a f t e r  a t  about  68 MPa. The endochronic  model a n a l y s i s  p r e d i c t s  t h a t  

n o n l i n e a r  behav io r  w i l l  beg in  n e a r  50 MPa and f a i l u r e  a t  86 MPa. The 

a c t u a l  c l o s u r e  model f a i l e d  a t  97  MPa. These r e s u l t s  i n d i c a t e  t h a t  t h e  

endochronic  model p r e d i c t s  n o n l i n e a r  behav io r  and u l t i m a t e  load  much 

more a c c u r a t e l y  t h a n  d i d  ithe ADINA c o n c r e t e  model. 

3.3.2 Embedded Bar Modeling Technique 

When conduct ing  a f i n i t e - e l e m e n t  a n a l y s i s  of a m u l t i c a v i t y  PCRV, 

i t  i s  e s s e n t i a l l y  imposs ib l e  t o  r e p r e s e n t  each  i n d i v i d u a l  r e b a r  by use  

of t h e  t r u s s  e lement ,  which i s  inc luded  f o r  t h a t  purpose i n  most f i n i t e -  

e lement  codes.  

The c u r r e n t  p r a c t i c e  i s  t o  model t h e  v e s s e l  by use  of r e l a t i v e l y  

l a r g e  i s o p a r a m e t r i c  e l emen t s ,  each  of which may c o n t a i n  p o r t i o n s  of 

s e v e r a l  r e b a r s .  The t r u s s  element i n c o r p o r a t e d  i n  t h e  m a j o r i t y  of 

f i n i t e - e l e m e n t  codes pe rmi t s  t h e  r e b a r  t o  l i e  a long  on ly  t h e  edges of 

t h e  continuum e lements .  Consequent ly ,  most r e b a r s  must be omi t t ed  from 

t h e  a n a l y s i s  o r  combined t o  form s i n g l e  l a r g e  b a r s .  A procedure  

developed a t  ORNL t h a t  a r b i t r a r i l y  pe rmi t s  embedment of o r i e n t e d  r e b a r s  

i n  i s o p a r a m e t r i c  continuum e lements  i s  c u r r e n t l y  be ing  i n c o r p o r a t e d  

i n t o  t h e  ORNL v e r s i o n  of ADINA.  This  procedure  r e q u i r e s  t h e  i n t r o d u c t i o n  

of p o s i t i o n a l  nodes t o  d e f i n e  t h e  l o c a t i o n  of t h e  r e b a r  as w e l l  as an  

a d d i t i o n a l  b a s i s  c o o r d i n a t e  A .  The mapping from t h e  d u a l - b a s i s  system, 

F ig .  3.8,  i s  d e f i n e d  by 

and 

3 3 

where si i s  t h e  p o s i t i o n  v e c t o r  of t h e  i t h  node of t h e  e lement ,  3 i s  

t h e  p o s i t i o n  v e c t o r  of t h e  p o i n t  i n  t h e  g l o b a l  space  cor responding  t o  
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Fig. 3.8. Dual Mapping of Solid Element Containing Embedded Rebar. 

the basis coordinates (<,TI), and Ni(E,n) is the shape function that 

defines the mapping. 

quantities defining the mapping of the rebar. 

-f -+ 
The quantities P(A), z.(A), 2 and pi are corresponding 

The total stiffness for the element is given by 

where 

[ B I T I D l  [BIdl/' Y s [ k .  .] = 
element 
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and 

The m a t r i x  [B] i s  d e f i n e d  i n  t h e  u s u a l  manner as t h e  m a t r i x  t h a t  relates 

element  s t r a i n s  ( € 1  t o  nodal  d i sp lacements  { 6 i l ;  t h a t  i s ,  

and i s  o b t a i n e d  by assuming t h a t  t h e  d isp lacement  f i e l d  is  d e f i n e d  by 

The [D] m a t r i x  relates s t ress  t o  s t r a i n ;  t h a t  i s ,  

The row matr ix  [B] re la tes  t h e  a x i a l  s t r a i n  i n  t h e  b a r  E 

disp lacements  and i s  determined by assuming c o m p a t i b i l i t y  of deformat ion  

between t h e  c o n c r e t e  and t h e  r e b a r .  The q u a n t i t y  5 d e f i n e s  t h e  r e l a t i o n  

between a x i a l  s t r a i n  and a x i a l  f o r c e  i n  t h e  r e b a r .  

t o  t h e  n o d a l  d 

The matrix [ k . . ]  i s  c a l c u l a t e d  i n  t h e  u s u a l  manner, u s i n g  numer ica l  
23 c 

i n t e g r a t i o n  by summing t h e  cor responding  weights  and f u n c t i o n  v a l u e s  a t  

t h e  i n t e g r a t i o n  p o i n t s  of t h e  ( < , n )  c o o r d i n a t e  system; t h a t  i s ,  

S i m i l a r l y ,  t h e  matr ix  [ k . . ]  i s  c a l c u l a t e d  u s i n g  numer ica l  i n t e g r a t i o n  

by summing t h e  cor responding  w e i g h t s  and f u n c t i o n  v a l u e s  i n  t h e  X coord i -  

n a t e  system; t h a t  i s ,  

Zc7 B 
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The d i f f i c u l t y  t h a t  arises is  t h a t  t h e  [E] m a t r i x  i s  d e f i n e d  i n  t e r m s  of 

t h e  b a s i s  c o o r d i n a t e s  (<,q) and t h a t  t h e  v a l u e  of t h e  v a r i a b l e s  correspond- 

i n g  t o  t h e  i n t e g r a t i o n  p o i n t s  A cannot  b e  determined d i r e c t l y .  The 

problem w a s  overcome by mapping t h e  i n t e g r a t i o n  p o i n t s  i n t o  t h e  g l o b a l  

system by u s e  of  Eq.  (8) and i t e r a t i v e l y  s o l v i n g  Eq. ( 7 )  f o r  t h e  cor- 

responding v a l u e s  of 5 and q. 

i 

This  procedure h a s  been implemented and v a l i d a t e d  f o r  c e r t a i n  t es t  

cases. Although t h e  a l g o r i t h m  i s  somewhat complex, t h e  e x e c u t i o n  t i m e s  

are r e a s o n a b l e ,  and i t  o f f e r s  t h e  advantage t h a t  t h e  u s e r  can develop t h e  

d i s c r e t e  f i n i t e - e l e m e n t  m a t r i x  w i t h o u t  r e s t r i c t i o n s  on element  o r i e n t a t i o n s  

o r  on boundary p o s i t i o n s  re la t ive  t o  r e b a r  p o s i t i o n s ,  which i s  p a r t i c -  

u l a r l y  d e s i r a b l e  and almost  n e c e s s a r y  i n  modeling t h e  haunch and steam- 

g e n e r a t o r  c a v i t y  r e g i o n s  of a m u l t i c a v i t y  PCRV. 

3 . 4  CONCRETE PROPERTIES I N  A NUCLEAR ENVIRONMENT 

Analys is  methods developed f o r  PCRVs g e n e r a l l y  have used e i t h e r  a 

p l a s t i c i t y  o r  a h y p e r e l a s t i c i t y  model f o r  s i m u l a t i n g  t h e  c o n c r e t e  non- 

l i n e a r  response  under m u l t i a x i a l  l o a d i n g s .  A review of methods of 

a n a l y s i s  f o r  PCRVs6 h a s  i d e n t i f i e d  t h e  f o l l o w i n g  problem areas a s s o c i a t e d  

w i t h  each of t h e s e  models: (1) t h e  p l a s t i c i t y  model does n o t  adequate ly  

r e p r e s e n t  t h e  y i e l d  f u n c t i o n  and hardening  l a w ,  ( 2 )  t h e  model i m p l i e s  

i s o t r o p i c  material damage t h a t  i s  n o t  g e n e r a l l y  t r u e  f o r  c o n c r e t e ,  

( 3 )  t h e  h y p e r e l a s t i c i t y  model cannot  account  f o r  i r r e v e r s i b i l i t y  under 

l o a d i n g ,  and ( 4 )  a d i f f i c u l t y  i n  a c h i e v i n g  f u n c t i o n a l  r e l a t i o n s  f o r  t h e  

c o e f f i c i e n t s  t h a t  account  f o r  t h e  s t r e s s - i n d u c e d  a n i s o t r o p y  accompanying 

n o n l i n e a r  s t r e s s - s t r a i n  response.  

p r o p e r t i e s  i n  a n u c l e a r  environment7 i n d i c a t e d  t h a t  t h e  d a t a  a v a i l a b l e ,  

f o r  u s e  i n  t h e  re f inement  o f  t h e s e  models o r  i n  t h e  development of new 

c o n s t i t u t i v e  models t o  r e p r e s e n t  b e t t e r  t h e  c o n c r e t e  s t r e s s - s t r a i n  

n o n l i n e a r  behavior  under m u l t i a x i a l  l o a d i n g s ,  are q u i t e  l i m i t e d .  T h i s  

l i m i t a t i o n  i s  e s p e c i a l l y  t r u e  f o r  e l e v a t e d  tempera ture  cases such as 

would b e  encountered under hot -spot  o r  p o s t u l a t e d  a c c i d e n t  c o n d i t i o n s .  

An a s s o c i a t e d  review of c o n c r e t e  
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To p r o v i d e  d a t a  r e q u i r e d  f o r  development of more r e p r e s e n t a t i v e  

c o n c r e t e  c o n s t i t u t i v e  models,  e x p e r i m e n t a l  s t u d i e s  w i l l  b e  conducted.  

These s t u d i e s  are t o  b e  des igned  so t h a t  c o n c r e t e  s t r e s s - s t r a i n  d a t a  

provided  w i l l  b e  r e p r e s e n t a t i v e  of t h e  l o a d i n g s  ( m u l t i a x i a l  and thermal )  

l i k e l y  t o  b e  encountered  i n  a PCRV under b o t h  normal and p o s t u l a t e d  

a c c i d e n t  c o n d i t i o n s .  A c t i v i t i e s  d u r i n g  t h i s  r e p o r t i n g  p e r i o d  w e r e  

r e l a t e d  t o  t h r e e  t o p i c s :  (1.) a l i t e r a t u r e  survey  of p r e v i o u s l y  con- 

duc ted  c o n c r e t e  m u l t i a x i a l  tests, ( 2 )  an overview of f a c i l i t i e s  i n  which 

t h e  m u l t i a x i a l  tests have been conducted,  and ( 3 )  d e s i g n  of a n  e n c l o s u r e  

f o r  hous ing  t h e  m u l t i a x i a l  t.est f a c i l i t y  t o  b e  developed a t  ORNL. 

R e s u l t s  of t h e  l i t e r a t u r e  survey  and t h e  a s s o c i a t e d  c o l l e c t i o n  and 

l o g g i n g  of m u l t i a x i a l  tes t  d a t a  are p r e s e n t e d  i n  Sect .  3 . 3 .  

Although t h e r e  i s  an  obvious need f o r  d a t a  on t h e  m u l t i a x i a l  

b e h a v i o r  of c o n c r e t e ,  o n l y  a few o r g a n i z a t i o n s  are involved  i n  t h i s  

a c t i v i t y .  I n  a n  e f f o r t  t o  reduce d e s i g n  t i m e  and t o  develop an  optimum 

f a c i l i t y  a t  ORNL, e a c h  of t h e s e  o r g a n i z a t i o n s  w a s  v i s i t e d  f o r  d i s c u s s i o n s  

w i t h  t h e  p r i n c i p a l  i n v e s t i g a t o r s .  Inc luded  i n  t h e s e  v i s i t s  were t h e  

U n i v e r s i t y  of Colorado a t  Boulder ,  New Mexico S ta te  U n i v e r s i t y  a t  L a s  

Cruces,  t h e  U n i v e r s i t y  of C a l i f o r n i a  a t  Davis, V i r g i n i a  P o l y t e c h n i c  

U n i v e r s i t y  a t  Blacksburg,  Bundesans ta l t  f u r  M a t e r i a l p r u f u n g  i n  B e r l i n ,  

I n s t i t u t  f i r  Massivbau i n  Munich, I m p e r i a l  Col lege  i n  London, and Taylor  

Woodrow C o n s t r u c t i o n  L t d ,  i n  S o u t h a l l ,  Middlesex. Two major areas of 

c o n t r o v e r s y  t h a t  were a p p a r e n t  d u r i n g  t h e  v i s i t s  were t h e  t y p e  of i n t e r -  

f a c e  t h a t  should  b e  provided  between t h e  t es t  f i x t u r e  and t h e  specimen 

(boundary c o n d i t i o n s )  and t h e  t e c h n i q u e  t h a t  should  b e  used f o r  measure- 

ment of s u r f a c e  deformat ions  ( s t r a i n s ) .  I n t e r f a c e s  used by t h e s e  

o r g a n i z a t i o n s  have ranged from p e r f e c t l y  f l e x i b l e  f l u i d  cushions  t o  

r i g i d  s t e e l  p l a t e s  w i t h  b r u s h  p l a t e n s  p r o v i d i n g  i n t e r m e d i a t e  r e s t r a i n t .  

Methods t h a t  have been used f o r  measurement of d i sp lacements  have 

i n c l u d e d  s t r a i n  gages ,  p r o x i m i t y  d e v i c e s ,  s t ra in-gauge-based d e f o r m e t e r s ,  

l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r s ,  and d i r e c t - c u r r e n t  d i f f e r e n -  

t i a l  t r a n s f o r m e r s .  Each o r g a n i z a t i o n  provided  r e a s o n s  f o r  i t s  s e l e c t i o n  

of i n t e r f a c e  and measurement t e c h n i q u e s .  11, an  e f f o r t  t o  r e s o l v e  t h e  

c o n t r o v e r s i e s  about  t h e  methods of l o a d  a p p l i c a t i o n  and s t r a i n  measure- 

ments ,  most of t h e  above i n s t i t u t i o n s  are  p a r t i c i p a t i n g  i n  a c o o p e r a t i v e  



t e s t i n g  program. The program, under taken  by seven  i n s t i t u t i o n s  i n  t h e  

United S t a t e s ,  Germany, United Kingdom, and I t a l y ,  i s  des igned  s o  t h a t  

any d i f f e r e n c e s  i n  r e s u l t s  o b t a i n e d  from t e s t i n g  mor ta r  and c o n c r e t e  

specimens under a v a r i e t y  of b i a x i a l  and t r i a x i a l  l o a d i n g s  a r e  a t t r i b u t e d  

e n t i r e l y  t o  t h e  t es t  methods employed. To d a t e ,  two p a p e r s  have been 

p r e s e n t e d  on t h e  tes t  A t h i r d  paper  p r e s e n t i n g  a c r i t i q u e  

on t h e  v a r i o u s  tes t  methods i s  b e i n g  d r a f t e d  and w i l l  p r o v i d e  v a l u a b l e  

i n f o r m a t i o n  f o r  d e s i g n  of t h e  ORNL c o n c r e t e  m u l t i a x i a l  t e s t i n g  machine. 

A c t i v i t i e s  r e l a t e d  t o  t h e  development of t h e  c o n c r e t e  m u l t i a x i a l  

t e s t i n g  f a c i l i t y  a t  ORNL d u r i n g  t h i s  r e p o r t i n g  p e r i o d  have been r e l a t e d  

t o  t h e  des ign  of an  e n c l o s u r e  f o r  t h e  m u l t i a x i a l  t e s t i n g  machine t h a t  

i s  t o  b e  developed. The e n c l o s u r e  i s  r e q u i r e d  b o t h  t o  p r o v i d e  s t a n d a r d  

l a b o r a t o r y  c o n d i t i o n s  s o  t h a t  d a t a  o b t a i n e d  w i l l  b e  meaningful  and t o  

p r o t e c t  t h e  complex s e r v o h y d r a u l i c  l o a d i n g  system and p e r i p h e r a l  equip-  

ment from thermal  f l u c t u a t i o n s  and contarninents t h a t  would i m p a i r  t h e i r  

o p e r a t i o n .  T o  d a t e ,  t h e  f a c i l i t y  d e s i g n ,  i n c l u d i n g  e lec t r ica l  and 

h e a t i n g ,  v e n t i l a t i n g ,  and a i r  c o n d i t i o n i n g ,  h a s  been completed,  and t h e  

p l a n s  have been c i r c u l a t e d  f o r  comment. C o n s t r u c t i o n  of t h e  equipment 

e n c l o s u r e  w i l l  b e  i n i t i a t e d  d u r i n g  t h e  n e x t  r e p o r t i n g  p e r i o d .  

3.5 INSTRUMENTATION EVALUATION AND DEVELOPMENT 

Numerous c o n c r e t e  embedment i n s t r u m e n t a t i o n  systems are commercially 

a v a i l a b l e  f o r  use  i n  PCRVs. Because t h e s e  systems are s o  v i t a l  t o  pro- 

v i d i n g  c o n t i n u i n g  a s s u r a n c e  of t h e  s a f e  o p e r a t i o n  of PCRVs, i t  i s  impera- 

t i ve  t h a t  t h e  sys tems p r o v i d e  h i g h l y  r e l i a b l e  i n f o r m a t i o n  o v e r  t h e  

e n t i r e  l i f e  of a PCRV, which may b e  as long  as 40 y e a r s .  To p r o v i d e  

i n f o r m a t i o n  on performance of t h e s e  systems,  i n v e s t i g a t i o n s  are b e i n g  

conducted under c o n d i t i o n s  r e p r e s e n t a t i v e  of t h o s e  t h a t  would b e  

encountered  i n  s e r v i c e .  R e s u l t s  o b t a i n e d  w i l l  be  used (1) t o  e v a l u a t e  

c u r r e n t  commercially a v a i l a b l e  systems and ( 2 )  t o  p r o v i d e  d a t a  f o r  

m o d i f i c a t i o n  of e x i s t i n g  d e s i g n s  and/or  development of new systems.  

i n i t i a l  i n s t r u m e n t a t i o n  s e l e c t e d  f o r  e v a l u a t i o n  w a s  s t r a i n  measuring 

d e v i c e s .  P a r a l l e l  s t u d i e s  are a l s o  b e i n g  conducted t o  e v a l u a t e  t h e  

a p p l i c a b i l i t y  of a c o u s t i c  emiss ion  f o r  moni tor ing  t h e  s t r u c t u r a l  

i n t e g r i t y  of p r e s s u r i z e d  systems,  e s p e c i a l l y  PCRVs. 

The 



136 

3.5 .1  Concre te  Embedment Strain-Gauge E v a l u a t i o n  

An e v a l u a t i o n  of 1 3  commercially a v a i l a b l e  c o n c r e t e  embedment 

s t r a i n  meters w a s  completed d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  Inc luded  i n  

t h e  e v a l u a t i o n  w e r e  (1) an overview of meter performance c r i t e r i a  f o r  

PCRV a p p l i c a t i o n s  and t e c h n i q u e s  f o r  s t r a i n  measurements i n  c o n c r e t e ,  

(2)  a n  assessment  of t h e  r e l i a b i l i t y  of manufac turer -suppl ied  c a l i b r a -  

t i o n  f a c t o r s ,  and (3)  an  e v a l u a t i o n  of t h e  performance of t h e  s t r a i n  

meters under  a v a r i e t y  of c o n d i t i o n s ,  which i n c l u d e d  unloaded,  t h e r m a l l y  

loaded ,  simulated-PCRV l o a d i n g  ( p r e s s u r e  and t h e r m a l ) ,  and extreme envi -  

ronmental  c o n d i t i o n s .  

1 3  t y p e s  of meters s e l e c t e d  f o r  e v a l u a t i o n  were i n v e s t i g a t e d ,  t h e  

f o l l o w i n g  g e n e r a l  c o n c l u s i o n s  w e r e  d e r i v e d :  (1) c a l i b r a t i o n  f a c t o r s  

should  b e  determined ( v e r i f i e d )  f o r  t h e  meters p r i o r  t o  t h e i r  use  by 

embedding samples  of t h e  meters from each f a b r i c a t i o n  b a t c h  i n  tes t  

specimens f a b r i c a t e d  from a r e p r e s e n t a t i v e  c o n c r e t e  m i x ;  ( 2 )  improved 

c o r r o s i o n - r e s i s t a n t  materials and s e a l i n g  t e c h n i q u e s  should  b e  developed 

f o r  meters t h a t  are t o  b e  used i n  PCRV environments;  (3) a need e x i s t s  

f o r  t h e  development of meters t h a t  are capable  of s u r v i v i n g  i n  con- 

cretes a t  tempera tures  i n  e x c e s s  of 66°C f o r  extended p e r i o d s  of t i m e ;  

and ( 4 )  r e s e a r c h  should  b e  conducted on o t h e r  measurement t e c h n i q u e s  

such  as i n d u c t a n c e ,  c a p a c i t a n c e ,  and f l u i d i c .  Documents p u b l i s h e d  i n  

t h i s  r e p o r t i n g  p e r i o d  p r o v i d e  more d e t a i l s  of r e s u l t s  o b t a i n e d  d u r i n g  

e v a l u a t i o n  of c o n c r e t e  embedment s t r a i n  meters. l o  7 

Although only  a l i m i t e d  number of each of t h e  

3.5.2 Acous t ic  Emission 

The s t a t e  of t h e  a r t  of  a c o u s t i c  emiss ion  (AE) h a s  advanced q u i t e  

r a p i d l y  i n  t h e  l a s t  few y e a r s  th rough numerous a p p l i c a t i o n s .  The 

a p p l i c a b i l i t y  of AE f o r  moni tor ing  metal l ic  materials and components 

as w e l l  as t h e  c o r r o s i o n  of me ta l l i c  materials h a s  been w e l l  e s t a b -  

l i s h e d . 1 2 , 1 3  

t h a t  i s  b e i n g  used t o  i n s p e c t  n u c l e a r  power p l a n t  c o o l a n t  systems and 

me ta l l i c  containment  vessels. However, o n l y  l i m i t e d  a p p l i c a t i o n s  of 

AE have been made t o  c o n c r e t e  material  systems.  

I n  f a c t ,  a t  l eas t  one company h a s  developed a n  AE system 
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The l i m i t e d  r e s u l t s  o b t a i n e d  from AE a p p l i c a t i o n s  t o  c o n c r e t e  

material systems i n d i c a t e  t h a t  (1) o n s e t  and f a i l u r e  p r o g r e s s i o n  can b e  

d e t e c t e d ,  ( 2 )  stress wave emiss ion  c h a r a c t e r i s t i c s  may b e  c o r r e l a t e d  

w i t h  t h e  material modulus of  e l a s t i c i t y ,  (3) l o a d i n g  levels  can b e  

e v a l u a t e d  n o n d e s t r u c t i v e l y ,  ( 4 )  f l a w s  may b e  l o c a t e d ,  and (5) t h e  s e n s i -  

t i v i t y  of  A E s  f o r  d e t e c t i o n  of f a i l u r e  p r o c e s s e s  and deformation i n  

materials i s  s u p e r i o r  t o  c o n v e n t i o n a l  techniques .  l4 9 These r e s u l t s  

are s u f f i c i e n t l y  encouraging t o  conclude t h a t  AE may b e  f e a s i b l e  f o r  

i n - s e r v i c e  moni tor ing  of t h e  s t r u c t u r a l  i n t e g r i t y  of PCRVs; however, 

fundamental  l a b o r a t o r y  c h a r a c t e r i z a t i o n  s t u d i e s  on c o n c r e t e  m a t e r i a l  

behavior  are r e q u i r e d  b e f o r e  implementat ing AE t e c h n i q u e s  f o r  t h e  

moni tor ing  of s t r u c t u r e s  as complex as a PCRV. 

3 .5 .2 .1  Acoustic-Emission Labora tory  I n v e s t i g a t i o n  

The a b i l i t y  of AE t o  monitor  s t r u c t u r a l  t es t  members, s p e c i f i c a l l y  

PCRVs,  is  b e i n g  e v a l u a t e d  through l a b o r a t o r y  s t u d i e s .  To develop a 

r e s e r v o i r  of d a t a  on AE, s t ee l  s t r u c t u r e s  as w e l l  as c o n c r e t e  are 

b e i n g  monitored. During t h i s  r e p o r t i n g  p e r i o d ,  t h e  m u l t i c h a n n e l  AE 

s o u r c e - l o c a t i o n  sys tem ( F i g .  3.9) h a s  been used t o  monitor  t h r e e  test 

series: (1) p l a i n  c o n c r e t e  members, ( 2 )  p r e s t r e s s e d  concrete-beam 

members, and ( 3 )  a f lawed,  thick-walled p r e s s u r e  v e s s e l  t e s t e d  under t h e  

Heavy S e c t i o n  S tee l  Technology (HSST) Program. 

3 .5 .2 .2  Monitor ing of P l a i n  Concrete  Specimens 

Three sets of 0.15-m-diam, 0.54-m-long c o n c r e t e  c y l i n d e r s  and 

0.15 x 0.15 x 0.91  m f l e x u r e  pr i sms ,  f a b r i c a t e d  accord ing  t o  ASTM C 192-76, 

w e r e  cast  t o  o b t a i n  AE d a t a  on c o n c r e t e  under compressive and t e n s i l e  

l o a d i n g s .  Four compression c y l i n d e r s  and t h r e e  f l e x u r e  specimens w e r e  

c o n t a i n e d  i n  each specimen set .  The b a s i c  mix d e s i g n  used f o r  specimen 

f a b r i c a t i o n  i s  p r e s e n t e d  i n  Table  3.1. The v a r i a b l e  between mixes w a s  

t h e  water c o n t e n t ,  which w a s  a d j u s t e d  so that: AE d a t a  could be o b t a i n e d  

from low-, medium-, and h i g h - s t r e n g t h  c o n c r e t e s .  

A f t e r  having  undergone c u r i n g  f o r  f i v e  months, t h e  compression 

specimens were prepared  f o r  t e s t i n g  by i n s t r u m e n t i n g  w i t h  two 0.10-m 
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Table 3.1. Concre te  Mix Design 

Mix 
Material S i z e  range  p r o p o r t i o n  

(Wt %) 

Type I1 cement 16.37 

Sand <No. 4 33.55 

Gravel 

Water 

No. 4 t o  20 mm 43.12 

6.96 

gauge-length s t r a i n  gauges p laced  a t  180" i n t e r v a l s  on t h e  c i rcumference  

of each c y l i n d e r  i n  t h e  d i r e c t i o n  of  l o a d i n g .  Two 3O-kHz resonant -  

f requency t r a n s d u c e r s  w e r e  a t t a c h e d  t o  t h e  specimens t o  b e  t e s t e d  a t  a 

l o n g i t u d i n a l  s p a c i n g  of 0.30 m, and two a d d i t i o n a l  50-kHz t r a n s d u c e r s  

were a t t a c h e d  t o  t h e  upper and lower l o a d i n g  p l a t e n s  t o  minimize n o i s e  

from t h e  p l a t e n - c y l i n d e r  i n t e r f a c e  (Fig.  3.10). The t e s t i n g  procedure  

fol lowed f o r  t h r e e  of t h e  c y l i n d e r s  i n  each se t  inc luded:  (1) a d j u s t i n g  

t h e  a m p l i f i e r  g a i n  of t h e  act ive AE t r a n s d u c e r s  f o r  an e q u a l  l e v e l  of 

background n o i s e  of about 0.8 V ( g a i n s  of active t r a n s d u c e r s  l a b e l e d  

9 and B i n  F ig .  3.10 were 9 1  dB and 92 dB, r e s p e c t i v e l y ) ,  ( 2 )  s e t t i n g  

t h e  t h r e s h o l d  v o l t a g e  f o r  d e t e c t i n g  an  AE e v e n t  of about  0.4 V above t h e  

background n o i s e ,  ( 3 )  z e r o i n g  and c a l i b r a t i n g  s t r a i n  and l o a d  t r a n s d u c e r  

responses ,  (4) programming t h e  m u l t i s e n s o r  s o u r c e - l o c a t i o n  AE system f o r  

one-dimensional s o u r c e  l o c a t i o n ,  and (5) l o a d i n g  t h e  c y l i n d e r  t o  

f a i l u r e ,  w i t h  l o a d - s t r a i n  and AE d a t a  o b t a i n e d  throughout .  P r e p a r a t i o n  

f o r  t e s t i n g  t h e  f o u r t h  c y l i n d e r  of each set  w a s  t h e  same as f o r  the t h r e e  

p r e v i o u s  c y l i n d e r s  of each set .  Specimen t e s t i n g ,  however, w a s  d i f f e r e n t .  

Specimens were loaded  t o  f a i i u r e  i n  c y c l e s  i n  which each succeeding  

l o a d  c y c l e  ( a f t e r  an  i n i t i a l  c y c l e  t o  20% of f a i l u r e  l o a d )  w a s  i n c r e -  

mented by 10% of t h e  average  f a i l u r e  stress of t h a t  o b t a i n e d  f o r  t h e  

f i r s t  t h r e e  c y l i n d e r s  t e s t e d  of each  set. A f t e r  complet ion of a l o a d  

c y c l e ,  t h e  l o a d  w a s  reduced t o  22 .2  kN p r i o r  t o  i n i t i a t i o n  of a new 

c y c l e .  R e s u l t s  o b t a i n e d  f o r  t h e  t h r e e  low- (19.5-GPa), medium- (36.8-GPa), 

* 

* 
The s t r a i n  gauges on each c y l i n d e r  were wired i n  series t o  minimize 

t h e  p o s s i h l e  e f f e c t s  of bending. 
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Fig. 3.10. Acoustic-Emission Compression Test Setup. 
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and high-strength (50.8-GPa) cylinders loaded to failure in one cycle 

are presented in Figs. 3.11, 3.12, and 3.13, respectively. The figures 

present AE-event histograms, cumulative AE-event counts,* and normalized 

strain as a function of the percentage-of-failure stress. The effects 

of load cycling on AE activity for the low-, medium-, and high-strength 

concrete are summarized in Tables 3.2 ,  3 .3 ,  and 3.4 ,  respectively. 

Results indicate that, for the specimens loaded to failure in one cycle, 

there was good correlation between low- and medium-strength concrete’s 

AEs and their stress-strain curves; that is, from 0 to 30% ultimate 

strength, the stress-strain curve was essentially linear and AE activity 

was small; from 30 to 70% ultimate strength, the stress-strain curve 

began deviating from linearity because of an increase in bond cracks 

between the aggregate and matrix, and the AE activity increased; and 

above about 70% ultimate failure strength, a rapid deviation of the 
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Fig. 3.11. Acoustic-Emission Compression Test Results: Low-Strength 
Concrete . 
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Table 3.2 .  Number of Events  by Load I n t e r v a l  
f o r  I n c r e a s i n g  Load Cycl ing of Low- 

S t r e n g t h  Concrete  

Number of  v a l i d  e v e n t s  p e r  l o a d  
Load range range i n t e r v a l  f o r  c y c l e  - 

( W  
1 2 3 4 5 6 7 8 9 1 0  

0.0-71.2 
22.2-106.8 
22.2-142.3 
22.2-177.9 
22.2-213.5 
22.2-249.1 
22.2-284.7 
22.2-320.3 
22.2-355.9 
22.2-438.2 

10 0 0 0 0 0 0 0 
2 2 0 0 0 0 1 

0 2 0 0 0 0 
4 1 0 0 0 

3 0 0 0 
4 0 0 

6 0 
5 

0 
0 
0 
0 
0 
0 
0 
0 
1 

8 1  

Table  3.3 .  Number of Events  by Load I n t e r v a l  
f o r  I n c r e a s i n g  Load Cycl ing of Medium- 

S t r e n g t h  Concrete  

Number of v a l i d  e v e n t s  p e r  l o a d  
range i n t e r v a l  f o r  c y c l e  - 

1 2 3 4 5 6 7 8 

0.0-133.4 1 8  1 0 0 0 0 0 0 
22.2-200.2 4 0 0 0 0 0 0 
22.2-266.9 7 0 0 0 0 0 
22.2-333.6 2 0 0 0 0 
22.2-402.6 6 0 0 0 
22.2-469.7 5 3 1 
22.2-536.9 10 2 
22.2-604.1 2 6' 

Load range 
(kN) 

a Floppy-disc e r r o r  a f t e r  t h i s  number of e v e n t s .  

s t r e s s - s t r a i n  curve  from l i n e a r i t y  occurred  because of a r a p i d  i n c r e a s e  

i n  matrix c r a c k i n g ,  and an  a s s o c i a t e d  s h a r p  i n c r e a s e  i n  AE a c t i v i t y  

a l s o  occurred .  

uniform a c t i v i t y  from i n i t i a t i o n  of l o a d i n g  u n t i l  about  85 t o  90% u l t i -  

'mate s t r e n g t h ,  a t  which t i m e  t h e  a c t i v i t y  i n c r e a s e d  s h a r p l y .  R e s u l t s  

o b t a i n e d  f o r  t h e  specimens c y c l i c a l l y  loaded t o  f a i l u r e ,  where in  each 

The h i g h - s t r e n g t h  c o n c r e t e  specimens e x h i b i t e d  r e l a t i v e l y  
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T a b l e  3.4. Number of Events  by Load I n t e r v a l  

!Strength Concre te  
f o r  I n c r e a s i n g  Load Cycl ing  of High- 

Number of v a l i d  e v e n t s  p e r  l o a d  
Load range  range  i n t e r v a l  f o r  c y c l e  - 

( W  
1 2 3 4 5 6 7 8 9 

0.0-186.8 37 0 0 0 0 0 0 0 0 
22.2-302.5 7 5 0 0 0 0 0 0 
22.2-373.7 6 0 0 0 0 0 0 
22.2-467.1 3 3 2 0 0 1 
22.2-560.5 14 5 2 0 3 
22.2-653.9 11 3 1 3 
22.2-742.9 22 1 7  18 
22.2-836.3 113 82 
22.2-851.8 85 

succeeding  l o a d  c y c l e  w a s  a t  a h i g h e r  l o a d  l e v e l ,  i n d i c a t e  t h a t  t h e  

Kaiser e f f e c t *  a p p l i e s  t o  c o n c r e t e  mater ia l  sys tems.  

The 0.15 x 0.15 x 0 . 9 1  m f l e x u r e  specimens,  a f t e r  undergoing c u r i n g  

fo'r f i v e  months, w e r e  p r e p a r e d  f o r  t e s t i n g  by a p p l y i n g  a 0.10-m gauge- 

l e n g t h  s t r a i n  gauge t o  one face of each of t h e  t h r e e  specimens cast  f o r  

t h e  low-, medium-, and h i g h - s t r e n g t h  c o n c r e t e s .  Immediately p r i o r  t o  

t e s t i n g ,  two AE t r a n s d u c e r s  (50-kHz r e s o n a n t  f requency)  w e r e  a t t a c h e d  t o  

t h e  specimens a t  a s p a c i n g  of 0.50 m on t h e  same s u r f a c e  as w a s  t h e  

strain gauge. Each specimen w a s  t h e n  p l a c e d  i n  t h e  f l e x u r e  t es t  s e t u p  

(ASTM C 78-75) shown i n  F ig .  3.14; t h e  s u r f a c e  c o n t a i n i n g  t h e  AE 

t r a n s d u c e r s  and s t r a i n  gauge w a s  p l a c e d  so t h a t  t h e  t r a n s d u c e r s  and gauge 

were l o c a t e d  on t h e  t e n s i l e  s u r f a c e  of t h e  specimen. Major and minor 

spans  f o r  t h e  f l e x u r e  tests w e r e  0.25 and 0.75 m, r e s p e c t i v e l y .  A f t e r  

p l a c i n g  t h e  specimen i n  t h e  f i x t u r e ,  a m p l i f i e r  g a i n s  f o r  t h e  AE t r a n s -  

d u c e r s  w e r e  a d j u s t e d  as d e s c r i b e d  p r e v i o u s l y  ( t r a n s d u c e r  g a i n s ,  9 1  and 

92 dB), l o a d  and s t r a i n  o u t p u t s  were zeroed and c a l i b r a t e d ,  and t h e  AE 

sys tem w a s  programmed f o r  one-dimensional s o u r c e  l o c a t i o n .  The specimens 

w e r e  t h e n  loaded  i n  f l e x u r e  t o  f a i l u r e  w i t h  s t r e s s - s t r a i n  and AE d a t a  

* 
The t h e o r y  t h a t ,  once a load  h a s  been a p p l i e d  t o  a member and t h e  

a s s o c i a t e d  AE a c t i v i t y  r e s u l t i n g  from i t s  a p p l i c a t i o n  ceases, no more 
emiss ion  w i l l  occur  u n t i l  t h e  l o a d  leve l  i s  exceeded,  even i f  t h e  l o a d  
i s  comple te ly  removed. l 6  





146 

o b t a i n e d  throughout  l o a d i n g .  S t r e s s - s t r a i n  c u r v e s  o b t a i n e d  f o r  a l l  t h e  

f l e x u r e  specimens were e s s e n t i a l l y  l i n e a r  up t o  f a i l u r e .  A s  a r e s u l t ,  

AE a c t i v i t y  w a s  a b s e n t  u n t i l  immediately p r i o r  t o  f a i l u r e  when a few 

( < l o )  e v e n t s  occur red .  

3 .5 .2 .3  Monitor ing of  P r e s t r e s s e d  Concrete  B e a m  Members 

The a b i l i t y  of AE t o  l o c a t e  r e g i o n s  of d i s t r e s s  ( c r a c k s )  i n  r e l a -  

t i v e l y  s imple  c o n c r e t e  s t r u c t u r e s  w a s  e v a l u a t e d  by moni tor ing  several 

of t h e  p o s t t e n s i o n e d  grouted  and nongrouted tendon-beam s t r u c t u r a l  

models t e s t e d  under t h e  s t r u c t u r a l  model task (Sec t .  3 . 6 ) .  Specimen 

f a b r i c a t i o n  and t e s t i n g  procedures ,  except  f o r  t h e  i n c l u s i o n  of AE mon- 

i t o r i n g ,  are d e s c r i b e d  i n  ea r l i e r  p r o g r e s s  r e p o r t s .  P r i o r  t o  t e s t i n g ,  

s i x  50-kHz AE t r a n s d u c e r s  were a t t a c h e d  t o  t h e  bottom s u r f a c e  of t h e  

beam t o  be t e s t e d .  Two were a t t a c h e d  n e a r  t h e  major  span  r e a c t i o n  p o i n t s  

and used as slave t r a n s d u c e r s  t o  l o c k  o u t  l o c a l i z e d  r e a c t i o n  n o i s e s .  

The remaining f o u r  t r a n s d u c e r s  were spaced a t  0.6-m increments  t o  monitor  

t h e  c e n t r a l  1.80 m of t h e  beam and t h u s  t o  provide  d a t a  on f l e x u r a l  

c r a c k  l o c a t i o n s .  Transducer  a m p l i f i e r  g a i n s  were a d j u s t e d  f o r  e q u a l  

background-noise o u t p u t  as d e s c r i b e d  p r e v i o u s l y ,  and t h e  d e t e c t i o n  

t h r e s h o l d  v o l t a g e  w a s  a d j u s t e d  t o  about  0 .4  V above ambient background 

n o i s e .  The AE system w a s  programmed f o r  one-dimensional s o u r c e  l o c a t i o n ,  

and t h e  beam w a s  loaded i n  f l e x u r e  t o  f a i l u r e ;  AE s o u r c e - l o c a t i o n  d a t a  

w a s  o b t a i n e d  throughout  t h e  tes t .  The AE grouted-nongrouted tendon-beam 

tes t  s e t u p  i s  p r e s e n t e d  i n  Fig.  3.15. 

Seventeen of t h e  grouted  and nongrouted tendon beams were monitored 

by AE w h i l e  t h e y  were b e i n g  t e s t e d  t o  f a i l u r e . "  

voluminous t o  i n c l u d e  i n  t h i s  r e p o r t ;  r e s u l t s  from only  one grouted  

The r e s u l t s  are t o o  

* 
One of t h e s e  beams c o n t a i n i n g  a grouted  tendon w a s  f a b r i c a t e d  such  

t h a t  a 0.15-m l e n g t h  of tendon i n  t h e  constant-moment r e g i o n  of  t h e  beam 
w a s  d e l i b e r a t e l y  unbonded by c o a t i n g  i t  w i t h  g r e a s e  and wrapping i t  w i t h  
e l e c t r i c i a n ' s  t a p e  p r i o r  t o  g r o u t i n g .  
a t e c h n i q u e  f o r  l o c a t i n g  v o i d s  o r  r e g i o n s  of unbonding i n  grouted  tendon 
e lements ;  however, d u r i n g  g r o u t i n g ,  t h e  g r o u t  p r e s s u r e  w a s  a p p a r e n t l y  
s u f f i c i e n t  t o  f o r c e  t h e  t a p e  t o  one end of t h e  beam s o  t h a t  t h e  beam 
a c t e d  as a c o n t i n u o u s l y  grouted  beam. Tape l o c a t i o n  was v e r i f i e d  by 
sawing t h e  beam a f t e r  t e s t i n g .  

It w a s  hoped t h a t  AE might p r o v i d e  
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! 
:-Emission Grouted-Nongrouted Tendon Beam T e s t  

tendon and one nongrouted tendon beam, which are t y p i c a l  of t h e  o t h e r  

r e s u l t s  ob ta ined ,  are t h e r e f o r e  p re sen ted .  

of even t  a c t i v i t y  as a f u n c t i o n  of l o c a t i o n  a l o n g  t h e  l e n g t h  of t h e  

beam f o r  a nongrouted and a grouted  tendon beam are p resen ted  i n  

Figs. 3.16 and 3.17, r e s p e c t i v e l y .  Superimposed above t h e  AE a c t i v i t y  

p l o t s  are photographs of t h e  beams af ter  t e s t i n g ,  which show agreement 

between c rack  l o c a t i o n s  and a c t i v e  AE areas. 

nongrouted tendon beams i n  which only one o r  two major cracks occurred  

du r ing  t e s t i n g  t o  f a i l u r e ,  AE-determined c rack  l o c a t i o n s  and a c t u a l  

c r ack  l o c a t i o n s  c o r r e l a t e d  q u i t e  w e l l .  I n  grouted  tendon beams t e s t e d  

t o  f a i l u r e ,  f o u r  o r  more major c r a c k s  g e n e r a l l y  formed, and t h e  c o r r e l a -  

t i o n s  between AE-ident i f ied c r a c k  l o c a t i o n s  and a c t u a l  c r ack  l o c a t i o n s  

w a s  n o t  as d e f i n i t e .  

Typ ica l  AE d a t a  i n  t h e  form 

R e s u l t s  i n d i c a t e  t h a t ,  f o r  

(Loca t iona l  accuracy  of t h e  f i r s t  c r a c k  i n  t h e  
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Fig. 3.16. Acoustic-Emission F lexure  T e s t  R e s u l t s :  Nongrouted 
Tendon Beam. 

beam w a s  good, b u t  t h e  accuracy  dec reased  as more c r a c k s  formed.) This 

smearing" of AE-active r e g i o n s  w a s  r e l a t e d  t o  development of several II 

cracks s o  t h a t  i t  w a s  n e c e s s a r y  f o r  a s o u r c e - i n i t i a t e d  stress wave t o  

travel around cracks from t r a n s d u c e r  t o  t r a n s d u c e r  f o r  s o u r c e  l o c a t i o n .  

A s  t h e  c r a c k i n g  matured, t h e  i n i t i a l  main c r a c k s  branched and propagated  

h o r i z o n t a l l y  (Fig.  3 . 1 7 ) .  
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Fig. 3.17. Acoustic-Emission Flexure Test Results: Grouted Tendon 
Beam. 
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iwed Thick-Walled S t e e l  P r e s s u r e  Vessel 

isel V-8 of t h e  HSST b r i c a t e d  

:lass 1 steel  p l a t e .  e l  had an  

I and a n  i n s i d e  d iamerer  01 U . W Y  111. Contained 

.n a ha l f -bead  weld r e p a i r  r e g i o n  i n  which 

;h. 
iu re  c y c l i n g  t o  sharpen  a p a r t - c i r c u l a r  s a w  

Ln t h e  v e s s e l  w a l l  i n  t h e  r e g i o n  of i n t e r e s t  

of t h e  vessel t o  f a i l u r e .  

:ed i n  F ig .  3 . 9  w a s  used t o  moni tor  sha rpen ing  

a notch-pressure-cyc l ing  technique1  f o r  

AE t o  d e t e c t  f l aw  p ropaga t ion  i n  th ick-wal led  

Acoust ic-emission d a t a  w a s  o b t a i n e d  bo th  

i s  shown i n  Fig.  3.18. Three active s e n s o r s  

re la t ive t o  t h e  f l aw  as shown i n  F ig .  3.19, 

F ig .  3.18. I n t e r m e d i a t e  Test Vessel V-8 T e s t  Setup.  
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1 ( 3  2.5,61.1) 
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B 

Fig .  3.19. Sensor -Pos i t ion ing  ITV-8 Flaw Growth T e s t .  

w e r e  used d u r i n g  t h e  tes t .  

t h a t  had been a t t a c h e d  t o  t h e  v e s s e l  by a 5-min epoxy w a s  provided by 

Coupling between t h e  s e n s o r s  and epoxy shoes  

a t h i n  l a y e r  of PYROGEL. Acoustic-emission-system s p e c i f i c a t i o n s  d u r i n g  

t h e  t es t  were as f o l l o w s :  

Transducers:  500-kHz r e s o n a n t  f requency ,  s ingle-ended 
F i l t e r s :  200 t o  800 kHz 
P r e a m p l i f i e r  ga in :  channel  1 -  5 1  dB (91 dB t o t a l ) ,  channel  7 - 

Arrival t i m e  r e s o l u t i o n :  1 ps 
Threshold:  1 V 
AT range s e l e c t o r :  500 us 

49 dB (89 dB t o t a l ) ,  and channel  8 - 48 dB (88 dB t o t a l )  

Cycle count  w a s  monitored throughout  t h e  tes t  by u s e  of  a p a r a m e t r i c  

i n p u t  t o  t h e  AE system. 

d u r i n g  t h e  58,637 f l a w - p r e s s u r i z a t i o n  c y c l e s  r e q u i r e d  t o  grow t h e  f l a w  

Acoust ic-emission moni tor ing  w a s  cont inuous  

t o  t h e  d e s i r e d  12.7 mm, e x c e p t  f o r  two 15-min i n t e r v a l s  t h a t  occur red  a t  

about  44,000 and 52,000 c y c l e s ,  d u r i n g  which equipment problems a r o s e .  

A summary of AE r e s u l t s  o b t a i n e d  d u r i n g  t h e  tes t  i s  g iven  i n  F i g .  3.20. 
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P r e s e n t e d  i n  t h e  f i g u r e  as a f u n c t i o n  of c r a c k  p r e s s u r i z a t i o n  c y c l e s  

are (1) a h is togram of even o c c u r r e n c e  ( p e r  1000 c y c l e s ) ,  (2)  a cumula- 

t i v e  t o t a l  of v a l i d  e v e n t s ,  and ( 3 )  a cumulat ive t o t a l  of e v e n t  v o l t a g e  

magnitudes.  Superimposed on t h e  summation of a c c e p t e d  e v e n t s  graph are 

u l t r a s o n i c  d a t a  r e s u l t s  ( e s t i m a t e d  f l a w  growth) t h a t  w e r e  a l so  o b t a i n e d  

d u r i n g  t h e  test. R e s u l t s  i n d i c a t e  t h a t  (1) t h e r e  i s  an  i n c u b a t i o n  p e r i o d  

of about  33,000 c y c l e s  p r i o r  t o  i n i t i a t i o n  of f l a w  growth; (2)  f l a w  

growth w a s  e r r a t i c ,  as evidenced by p e r i o d s  of lower-event a c t i v i t y  

o c c u r r i n g  a f t e r  h i g h - a c t i v i t y  p e r i o d s ;  and (3)  t h e  ra te  of f l a w  growth 

i n c r e a s e d  as t h e  number of c y c l e s  ( f law l e n g t h )  i n c r e a s e d .  

Three AE s e n s o r s  were a l s o  used t o  monitor  t h e  r e g i o n  of t h e  f l a w  

d u r i n g  p r e s s u r e  t e s t i n g  of t h e  v e s s e l  t o  f a i l u r e .  P o s i t i o n i n g  of t h e  

s e n s o r s  re la t ive t o  t h e  f l a w  i s  shown i n  F ig .  3.21. 

e n t i r e  c y l i n d r i c a l  s e c t i o n  of t h e  v e s s e l  could n o t  b e  accomplished d u r i n g  

Monitor ing of t h e  

t h e  tes t  because t h e  c o o l i n g  e lements  r e q u i r e d  t o  o b t a i n  t h e  vessel tes t  

tempera ture  of -23°C covered most of t h e  s u r f a c e .  Transducers  w e r e  

a t t a c h e d  d i r e c t l y  t o  t h e  vessel by use of a s t r u c t u r a l  a c r y l i c  adhes ive .  

Sensor  l o c a t i o n s  (Sl-S3)  re la t ive t o  t h e  f l a w  and c o o l i n g  e lements  are 

shown i n  Fig.  3.22. Acoust ic-emission s p e c i f i c a t i o n s  d u r i n g  t h e  test 

were as f o l l o w s :  

Transducers:  500-kHz r e s o n a n t  f requency,  d i f f e r e n t i a l  
F i l t e r s :  200 t o  800 kHz 
P r e a m p l i f i e r  ga in :  channel  1 - 49 dB (89 dB t o t a l ) ,  channel  7 - 

A r r i v a l  t i m e  r e s o l u t i o n :  1 u s  
Sensor  a c t i v i t y  c o n s t a n t :  1 m s  
Threshold:  0.90 V 

47 dB (87 dB t o t a l ) ,  and channel  8 - 5 1  dB ( 9 1  dB t o t a l )  

ORNL-DWG 78-21801 

Fig .  3.21. ITV-8 P r e s s u r e  T e s t  t o  F a i l u r e  Sensor -Pos i t ion ing  
R e l a t i v e  t o  20-cm-Long Flaw P a r a l l e l  t o  X - A x i s  and Centered a t  X = 60 c m  
and Y = 5 cm. 
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Ph 78-2608 

Fig. 3.22. Sensor Loca t ions  on T e s t  Vessel. 
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P r e s s u r i z a t i o n  of t h e  vessel  was done h y d r a u l i c a l l y  accord ing  t o  t h e  

pressure-versus- t ime curve  i n  F i g .  3.23 .  Acoust ic-emission d a t a  were 

o b t a i n e d  throughout  t h e  tes t  except  f o r  t h e  p r e s s u r e  i n t e r v a l  from 54.1 

t o  6 2 . 1  ma, where a problem w i t h  t h e  computer occurred t h a t  r e q u i r e d  t h e  

system t o  b e  r e i n i t i a t e d .  

t es t  are summarized i n  F i g s .  3.24 and 3.25 .  F i g u r e  3.24 p r e s e n t s  an 

event h i s t o g r a m  showing t h e  number of accepted  e v e n t s  f o r  each l o a d i n g  

i n t e r v a l  and a summation of e v e n t s  v e r s u s  p r e s s u r e  l e v e l .  

above each l o a d i n g  i n t e r v a l  i s  t h e  frequency of e v e n t  occur rence  (event  

p e r  second) .  Correspondingly,  F ig .  3.25 p r e s e n t s  an  e v e n t  h i s t o g r a m  

showing t h e  peak v o l t a g e  (magnitude) t o t a l s  f o r  t h e  e v e n t s  o c c u r r i n g  i n  

each of t h e  l o a d i n g  i n t e r v a l s  and a summation of peak v o l t s  v e r s u s  

p r e s s u r e  l eve l .  

v o l t a g e  magnitude of t h e  e v e n t s  i n  t h a t  p a r t i c u l a r  i n t e r v a l .  R e s u l t s  

i n d i c a t e  t h a t  p r i o r  t o  f l a w  pop-in, a n  i n c r e a s e  i n  b o t h  event a c t i v i t y  

and t h e  magnitude of e v e n t s  occurs .  A f t e r  pop-in, a p e r i o d  of low- 

l e v e l  a c t i v i t y  fol lowed by a p e r i o d  of i n c r e a s i n g  a c t i v i t y  occurs .  

U n f o r t u n a t e l y ,  r e s u l t s  are  n o t  a v a i l a b l e  f o r  t h e  p e r i o d  immediately 

p r i o r  t o  t h e  second pop-in,  which p e n e t r a t e d  t h e  vessel w a l l  s o  t h a t  t h e  

Acoust ic-emission r e s u l t s  o b t a i n e d  d u r i n g  t h e  

The number 

The number above each l o a d i n g  i n t e r v a l  i s  t h e  average  
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Fig .  3.23 .  P r e s s u r e  Versus T i m e  H i s t o r y :  ITV-8. 
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rapid increase in AE activity just prior to leak could be shown; however, 

the system indicated clearly the presence of the leak (system saturation 
caused by continuous emission). 

The following conclusions are derived from the results of AE mon- 

itoring of the fatigue crack sharpening of the flaw for test vessel 

V-8 and pressure testing of the vessel to failure: 

1. 

2. 

3. 

4. 

5. 

3.6 

acoustic emission was capable of monitoring flaw growth by the 

fatigue crack sharpening process in thick-walled (152.4-min) 

pressure vessels, 

acoustic-emission data may be used to provide an indication of the 

rate of crack extension (event frequency), 

acoustic-emission activity (event frequency) during the flaw 

sharpening test phase correlates with fatigue crack growth data 

observed in weldments (incubation period followed by erratic crack 
growth) , 18 
correlation between ultrasonic data obtained during the test and 

AE results was generally good, and 
acoustic emission indicates both the presence of leaks and the 

onset of crack growth in hydraulically pressurized thick-walled 

steel vessels. 

STRUCTURAL MODEL TESTS 

3.6.1 Grouted-Nongrouted Tendon Study 

Requirements for increased generating capacity of nuclear reactors 

in conjunction with increased operating pressures have pushed the limits 

of steel primary containment vessel design to the point that postweld 

heat treatment is not permitted. This fact has led to the development 

of designs that use concrete for fabrication of the primary containment 

structure. Inasmuch as the structures are required to remain relatively 

crack-free and behave elastically at work stress levels, large quantities 

of reinforcement must be incorporated, which has necessitated the use 

of large-capacity posttensioning tendons that may be either grouted or 

nongrouted. 
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P r e s t r e s s e d  c o n c r e t e  p r e s s u r e  vessels (PCPV) f o r  HTGRs are massive 

c o n c r e t e  s t r u c t u r e s .  They are c o n s t r u c t e d  of  r e l a t i v e l y  h i g h - s t r e n g t h  

c o n c r e t e  t h a t  i s  r e i n f o r c e d  by b o t h  c o n v e n t i o n a l  s teel  and a s t ee l  

p o s t t e n s i o n i n g  system, which c o n s i s t s  of ver t ica l  tendons and circum- 

f e r e n t i a l  w i r e - s t r a n d  windings.  Anchorage of t h e  PCRV t o  t h e  s u p p o r t  

s t r u c t u r e  and f o u n d a t i o n  m a t  i s  e i t h e r  by r e i n f o r c i n g  b a r s  o r  ver t ica l  

tendons o r  by a combinat ion of  t h e  two. Although o n l y  one PCRV h a s  been 

b u i l t  i n  t h e  Uni ted  States, ,  European e x p e r i e n c e  h a s  demonstrated t h a t  

t h e s e  s t r u c t u r e s  are safe and economical.  

C u r r e n t l y  i n  t h i s  c o u n t r y ,  nongrouted tendons are p r i m a r i l y  used as 

t h e  p r e s t r e s s i n g  system f o r  PCRVs because  p r e s t r e s s i n g  l o s s e s  and cor- 

r o s i o n  are d i s c e r n a b l e  through p e r i o d i c  i n s p e c t i o n s ;  however, g r o u t e d  

tendon p r e s t r e s s i n g  sys tems o f f e r  advantages  t h a t  make them p o t e n t i a l l y  

c o s t  e f f e c t i v e  f o r  a p p l i c a t i o n  t o  PCRVs. To a p p r a i s e  t h e  a p p l i c a b i l i t y  

of g r o u t e d  tendon systems f o r  PCRVs, a model s t u d y  w a s  conducted under  t h i s  

t a s k .  Inc luded  i n  t h e  s t u d y  were a l i t e r a t u r e  review and a n  e x p e r i m e n t a l  

i n v e s t i g a t i o n .  L i t e r a t u r e  w a s  reviewed t o :  (1) p r o v i d e  i n s i g h t  on t h e  

b e h a v i o r  of grouted  tendon sys tems,  ( 2 )  e s t a b l i s h  performance h i s t o r i e s  

f o r  s t r u c t u r e s  u s i n g  g r o u t e d  tendons ,  ( 3 )  i d e n t i f y  arguments f o r  and 

a g a i n s t  u s i n g  grouted  tendons ,  and ( 4 )  a i d  i n  t h e  development of t h e  

e x p e r i m e n t a l  i n v e s t i g a t i o n . ,  The e x p e r i m e n t a l  i n v e s t i g a t i o n  w a s  conducted 

i n  f o u r  phases:  (1) grouted-nongrouted tendon b e h a v i o r ,  ( 2 )  p o t e n t i a l  

"new" m a t e r i a l s  f o r  PCRV a p p l i c a t i o n s ,  ( 3 )  e f f e c t i v e n e s s  of o r g a n i c  

p e t r o l a t u m  b a s e  and p o r t l a n d  cement c o r r o s i o n  i n h i b i t o r s ,  and ( 4 )  AE as a 

t e c h n i q u e  f o r  PCRV s t r u c t u r a l  i n t e g r i t y  moni tor ing .  A summary of e x p e r i -  

menta l  r e s u l t s  o n l y  i s  p r e s e n t e d ;  d e t a i l s  may b e  o b t a i n e d  e l sewhere .  1 9 9 2 0  

The re la t ive  b e h a v i o r  of members c o n t a i n i n g  e i t h e r  grouted  o r  non- 

g r o u t e d  tendons w a s  i n v e s t i g a t e d  by t e s t i n g  i n  f l e x u r e  beam s t r u c t u r a l  

members 0.15 m wide by 0.31 m deep by 3.05 m long  t h a t  conta ined  one 

12.7-mn.-diam seven-wire p r e s t r e s s i n g  s t r a n d .  V a r i a b l e s  were p r e s t r e s s i n g  

leve l  (0.5 t o  0 . 7  u l t i m a t e )  and l o a d i n g  ra te  (0 .074 t o  7 4  kN/s) .  R e s u l t s  

show t h a t  grouted  tendon beams have i n c r e a s e d  c r a c k i n g  and u l t i m a t e  

l o a d s  f o r  t h e  same leve l  of p r e s t r e s s i n g ,  e x h i b i t  improved c r a c k  c o n t r o l  

( i n c r e a s e d  number b u t  of smaller w i d t h ) ,  and can s u s t a i n  s i g n i f i c a n t  

l o a d i n g s  i f  an anchorage i s  removed ( s i m u l a t e d  f a i l u r e ) .  For  t h e  load-  
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i n g  rates i n v e s t i g a t e d ,  no s i g n i f i c a n t  e f f e c t  on u l t i m a t e  l o a d  w a s  n o t e d  

f o r  e i t h e r  tendon system, b u t  c e n t e r l i n e  d e f l e c t i o n  a t  maximum l o a d  

i n c r e a s e d  as t h e  l o a d i n g  ra te  i n c r e a s e d .  

F i b r o u s  c o n c r e t e  and polymer s i l i c a  cement systems were i n v e s t i g a t e d  

as c a n d i d a t e  PCPV materials. F lexure  tests of grouted  and nongrouted 

tendon beam e lements  f a b r i c a t e d  from f i b r o u s  c o n c r e t e  (1.5 v o l  % s t ee l  

f i b e r s )  showed t h a t  t h e  a d d i t i o n  of f i b e r s  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  

beam f l e x u r e  s t r e n g t h  b u t  t h a t  t h e  presence  of f i b e r s  d i d  g r e a t l y  i n c r e a s e  

t h e i r  d u c t i l i t y  (energy a b s o r p t i o n  c a p a c i t y ) .  Polymer s i l i c a  cements 

were e v a l u a t e d  as b o t h  c a n d i d a t e  g r o u t  and e leva ted- tempera ture  materials. 

R e s u l t s  o b t a i n e d  from bond p u l l - o u t  and p r e s t r e s s i n g  t r a n s f e r  ( t r a n s -  

miss ion)  l e n g t h  tests show t h a t  t h e  polymer s i l i c a  cements have s i g n i f i -  

c a n t l y  improved bond s t r e n g t h s  of p r e s t r e s s i n g  materials.  Limited d a t a  

from e leva ted- tempera ture  tests, i n  which 25.4-mm cubes of  polymer 

s i l i c a  cement w e r e  s u b j e c t e d  t o  tempera tures  up t o  816°C f o r  p e r i o d s  

r a n g i n g  from 3 t o  56 d ,  i n d i c a t e  t h a t  exposure of t h e  material t o  t e m -  

p e r a t u r e s  up t o  538°C produced s i g n i f i c a n t  (> loo%) i n c r e a s e s  i n  compres- 

s ive  s t r e n g t h  and moduli  compared w i t h  v a l u e s  o b t a i n e d  f o r  specimens 

main ta ined  a t  room tempera ture ;  however, exposures  t o  816°C f o r  g r e a t e r  

t h a n  7 d produced d e c r e a s e s .  These r e s u l t s  i n d i c a t e  t h a t  t h e  f i b r o u s  

c o n c r e t e  h a s  p o t e n t i a l  f o r  reducing  re inforcement  i n  areas where t h e r e  

are stress c o n c e n t r a t i o n s  such  as a t  p e n e t r a t i o n s  and t h a t  t h e  polymer 

s i l i c a  sys tem h a s  a p p l i c a t i o n  where s h o r t  bond development l e n g t h s  

(anchorages)  o r  s t r e n g t h  r e t e n t i o n  a t  e l e v a t e d  tempera ture  i s  r e q u i r e d .  

Specimens o b t a i n e d  from t h e  c e n t e r  ( s t r a i g h t  w i r e  of a seven-wire 

p r e s t r e s s i n g  s t r a n d  and c o a t e d  by e i t h e r  petrolatum-base materials 

c o n t a i n i n g  c o r r o s i o n  i n h i b i t o r s  o r  p o r t l a n d  cement g r o u t )  were s u b j e c t e d  

t o  c o r r o s i v e  environments  (H2S-saturated water, 0 .2  M NH4N03 ,  and 0 . 1  M 
NaC1) t o  de te rmine  t h e  e f f e c t i v e n e s s  of t h e  c o a t i n g s  f o r  p r e v e n t i n g  

c o r r o s i o n .  Specimens were e i t h e r  s t r e s s e d  o r  u n s t r e s s e d  d u r i n g  exposure  

(up t o  164 d ) .  R e s u l t s  demonst ra te  t h e  importance of p r o t e c t i n g  pre-  

s t r e s s i n g  materials and t h e  f a c t  t h a t  b o t h  t h e  petrolatum-base and cement- 

g r o u t  materials provide  p o s i t i v e  e x c l u s i o n  of c o r r o s i v e  environments when 

p r o p e r l y  a p p l i e d .  
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A p r e l i m i n a r y  assessment  of AE as a t e c h n i q u e  f o r  moni tor ing  s t r u c -  

t u r a l  i n t e g r i t y  of PCPVs w a s  conducted by moni tor ing  grouted  and non- 

g r o u t e d  tendon beams t e s t e d  i n  f l e x u r e .  R e s u l t s  show t h a t  t h e  technique  

can  i d e n t i f y ,  l o c a t e ,  and i n d i c a t e  t h e  s e v e r i t y  of f l a w  p r o p a g a t i o n  i n  

p r e s t r e s s e d  c o n c r e t e  s t r u c t u r e s  as w e l l  as d e t e c t  t h e  o n s e t  of f a i l u r e .  

3 .6 .2  PCRV Model Program D e f i n i t i o n  

The PCRV Model Program D e f i n i t i o n  (document 903777,  d a t e d  O c t .  1 7 ,  

1978) reproduced on subsequent  pages w a s  p r e p a r e d  by GA t o  serve as 

guidance f o r  t h e  development of t h e  PCRV model tes t  f o r  t h e  r e f e r e n c e  

900 MW(e) HTGR steam c y c l e  p l a n t .  Although t h e  document r e f e r s  t o  t h e  

test of a s p e c i f i c  c o n f i g u r a t i o n ,  t h e  b a s i c  e lements  are e q u a l l y  

a p p l i c a b l e  t o  PCRVs f o r  t h e  advanced HTGRs as w e l l .  
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GA-1484 
GENERAL ATOMIC COMPANY 

TITLE: 
PCRV Model Program Definition 

Document No. 903777 Issue A 

1, INTRODUCTION 

The prestressed concrete reactor vessel (PCRV) functions as the 
primary containment for the reactor core, the primary coolant system, 
and portions of the secondary coolant system for the High Temperature 
Gas-Cooled Reactor (HTGR) plant. The use of multi-cavity PCRVs to 
house reactors with symmetrical component arrangement is well established. 
Recent HTGR designs incorporate an asymmetric arrangement of major 
cavities in the PCRV. Where the number of main loops permits, the 
center of the core cavity is offset from the geometric center of the 
vessel. The asymmetric layout allows a more effective utilization 
of space in grouping all the steam generators and their associated 
piping over a portion of the PCRV, and facilitates separation of safety- 
related piping frontmain steam piping. 

The PCRV configuration adopted for the reference 900 MW(e) HTGR- 
Steam Cycle (SC) plant is shown in Fig. 1. There are four cylindrical 
cavities for steam generators and three smaller cavities for auxiliary 
circulators in the wall. The cavities are linked by radial ducts 
to the top and bottom plenums of the core cavity. The upper end of 
each steam generator cavity is closed by a concrete plug held down 
by a prestressed concrete retaining ring. 
the refueling penetrations and a number of pits, access shafts and 
pipe chases that extend the full height of the vessel wall. All 
cavities and penetrations have continuous welded steel liners which 
act as primary coolant flow boundary and sealing membrane. The PCRV 
is reinforced both vertically and cirumferentially with deformed 
reinforcing bars. Prestressing of the vessel is accomplished by two 
independent systems. Vertical prestress is achieved by unbonded 
longitudinal tendons. 
consists of multi-layered bands of seven-wire strand, wound under 
tension into channels in the surface of the vessel wall. The PCRV is 
cast integrally with a central pedestal and peripheral ring support structure. 

The purpose of a scaled model test for the 900 MW(e) PCRV is to 

The PCRV top head contains 

The circumferential prestressing system 

confirm the preliminary assessments of the asymmetric PCRV layout 
employing an offset core cavity. The model test results together 
with correlations with analytical predictions w i l l  provide convincing 
demonstration of the adequacy of the PCRV design. 

2 .  OBJECTIVE AND SCOPE 

The objective of the model test program is to demonstrate the overall 
structural response of the asymmetric PCRV to overpressure as meeting 
the ultimate structural capacity criterion of twice the maximum cavity 
pressure (MCP), and to identify the most probable ultimate failure mode 
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The test program should be designed to yield the following 
summary information: 

a) Deflection proEiles of top head and barrel of the model. 

b) Strain distribution in concrete at critical sections and 
strain profiles. 
Representative variations of force in prestressing steel 
during prestressing and pressurization. 
Elastic limit and the onset of non-linear response including 
crack propagation in concrete. 

Yielding of reinforcing and prestressing steels. 

c) 

d) 

e) 
f) Lift-off of closures to steam generator cavities. 
g) Ultimate pressure and mode of failure. 

Instrumentation together with the logging system should be designed 
to obtain adequate test data which can be used in subsequent corre- 
lation with analytical results. 
type of test information should be defined in detail in the test 
specification to be prepared jointly by ORNL and GA. 

The means of obtaining and the 

3. MODEXING PHILOSOPHY' AND REOUIREMENTS 

3.1 Model Scale arid Similitude: The geometric scale factor of the 
PCRV model should allow sufficient instrumentation and realistic 
modeling of significant: features of a multi-cavity PCRV. 
scale should be consistent with that recormended in ASME Code, 
Section 111 Div. 2,for the purpose of pressure tests. 
characteristics of the model concrete should be similar to those 
of the prototype concrete. Typical stress-strain curve of the concrete 
proposed for use in the prototype PCRV is given in Fig. 2. In addition 
to 6" x 12" concrete strength cylinders, 2" x 4" cylindrical specimens 
should be prepared and tested to investigate the effect of size on 
properties. Coppressive strength of model concrete at time of model 
testing should preferably not exceed the design strength of prototype 
concrete at the age of 60 days. Geometric scaling of bonded rebars 
and unbonded tendons on a 'one for one' basis is not considered 
necessary. Model reineorcement and prestressing steels should have 
mechanical properties similar to those used in the prototype vessel. 
For model reinforcement, commercially available deformed wire/ bar 
may be used. 
be modeled. The distribution of prestressing forces and prestress 
levels equivalent to the end of design life condition of prototype 
vessel should be closely reproduced at the time of model testing. 
Modeling of vertical tendon tubes and wire winding channel liner is 
not required. 

The model 

The stress-strain 

The area and distribution of reinforcing steel should 

Exact scaling of cavity thickness may not be necessary. 
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Steel plate of minimum workable 
liners may be modeled by representative steel pipes in the model. 
number and pitch of refueling penetration and effective stiffness 
of the top head should be simulated. The stress-strain characteristics 
of the model cavity and penetration liners should be determined so 
that their contribution to the load carrying capacity can be established. 

thickness may be used. Penetration 
The 

The concrete plugs over the steam generator cavities need not be 
modeled. 
prestressing steel are considered acceptable provided that load trans- 
fer mechanisms are represented in such a manner that the overall 
behavior of the prototype under overpressure cop.dition is accurately 
reproduced. 
over theclosures secured by steel rods passing through the model, once 
lift-off of the closure occurs. Reproducing the structural details of 
penetration lines shear anchors is not necessary. 
the shear traasfer to the concrete should be simulated. 

Closure devices directly held down by model vertical 

This can be acheived by introducing a restraining structure 

The load paths in 

3 . 2  Loading Requirements: The PCRV model should be hydraulically 
pressurized at normal ambient temperature. 
pressurization of the core cavity, steam generator and auxiliary 
circulator cavities, cross ducts, top head penetrations and the lower 
penetrations of steam generator cavities. To minimize the possibility 
of premature leakage of the pressurizing medium, non-scale cavity liners 
in a more flexible material than steel may be used. 
the cavities may be pressurized by means of rubber bags as sealing 
membranes. Pressure tests of the model can be accomplished in t w o  
primary phases. 

Loading should include 

Alternatively, 

(a) 
zation up to a pressure corresponding to MCP of the prototype vessel 
and on the third cycle the pressure is further increased beyond MCP until non- 
linear behavior is indicated. Small increments of pressure should be 
applied in order that the elastic limit of model response can be 
established and that the onset of non-linear response due to concrete 
cracking can be detected. 

Phase I. The model should be subjected to three cycles of pressuri- 

(b) 
increased to a pressure of 2 times MCP will be examined. The over- 
pressure performance of the model will be studied with particular 
attention to crack propagation, yielding of reinforcing and pre- 
stressing steel, and failure mode. Pressure increments include MCP. 
2 MCP and then pressure should be increased incrementally from depressuri- 
zation up to failure. Failure is considered to occur when further increment 
of pressure is not possible due to excessive leakage of pressurizing medium 
and structural damage. 
the test resulting from premature leakage at pressure level below 2 MCP. 

Phase 11. The response of the model under pressure incrementally 

Action should be taken to preclude termination of 



164 

GENERAL ATOMIC COMPANY 
GA-1484 

'ITLE: 
PCRV Model Program Definition 

Document No. 903777 Issue A 

3 . 3  Boundary Conditions: The effect of the foundation mat on 
the PCRV response to pressure loading should be considered. 
central pedestal and peripheral ring support with the base slab should 
be included as part of the PCRV model in order to examine their 
contribution to pressure resisting capacity of the bottom head. 
boundary conditions at the lower ends of the peripheral vertical 
tendons can be satisfied by anchoring at the side of the ring support or at 
the bottom of the base slab. 

The 

The 

4 .  REVIEW RESPONSIBILITY 

To ensure that the model accurately represents a prototype with 
characteristics similar to those of the current PCRV design for the 
reference 900 MW(e) HTGR .plant, close interfacing between ORNL and 
GA should be maintained during the model design phases of the test 
program. Budgets and funding for the model program should include 
provisions for continued review by GA through design and testing 
phases to assure consistency between the model and prototype. 

5.  SCHEDULE 

The recommended schedule for the PCRV model test program is given 
in Table 1. The schedule is based on milestones of PSAR submittal 
in FY-80 and completion cf final PCRV design report in FY-84 for the 
reference 900 MW(e) SC plant. Major milestones for model test program 
are established to ensure that maximum benefits are derived from model 
test results to support C:A design effort. 
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TABLE 1. RECOMMENDED SCHEDULE FOR PCRV MODEL TEST PROGRAM 

WORK ITEM 

MODEL DESIGN 
(including detailed model 
drawings, model material, 
testing and qualification) 

TEST FACILITY DESIGN 

DETAILED TEST PROCEDURE 

MODEL FABRICATION 

PRESSURE TESTS 

FINAL TEST AND 
EVALUATION REPORT 
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I T S T E A M  GENERATOR 

I L C A H E  CAVITY 
ACCESS TO COOLING 
WATER HEADER P I T  

P L A N - P C R V  TOP H E A D  

Fig. i ( a )  FXRV CONFIGURATION 

YIL 1 
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REFUELING 
PENETRATIONS 

VERTICAL SECTION A-A 

Fig. 4 (b) PCRV CONFIGURATION 
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STRAIN (pin. / in . )  

Fig. 2 Typicd Stress-Strain Curve for Prototype Concrete 
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3 . 7  L I N E R  AND PENETRATION STUDIES - R. K. Nanstad and D. A. Canonico 
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- KIR- 29.43 = 1.344 e x p  b.0261 (T-RTNDT +88.9d - 

WHERE - - 
KIR = REFERENCE STRESS INTENSITY 

FACTOR 

IS PERMITTED, "C 

TEMPERATURE 

- T : TEMPERATURE AT WHICH KIR 

RTNoT = REFERENCE NIL DUCTILITY 

- 

- - 

- - 

- 

- - 

I I I I d 

The PCRV f o r  t h e  HTGR c o n t a i n s  s e v e r a l  s t ee l  p e n e t r a t i o n s  and 

c l o s u r e s ,  which are p a r t  of t h e  l i n e r  system. 

t h e  requi rements  of Appendix G t o  Div. I ,  S e c t .  I11 of t h e  ASME Boi ler  

and Pressure Vessel Code, were d i s c u s s e d  i n  d e t a i l ,  e s p e c i a l l y  r e g a r d i n g  

t h e  KIR ( r e f e r e n c e  f r a c t u r e  toughness)  curve  and RTN,, ( r e f e r e n c e  n i l -  

d u c t i l i t y  tempera ture)  requi rement .  The materials of  i n t e r e s t  t o  t h e  

l i n e r  t e s t i n g  program as w e l l  as specimens and tes t  procedures  are a l s o  

d i s c u s s e d  i n  p r e v i o u s  r e p o r t s .  

I n  p r e v i o u s  a n n u a l  r e p o r t s  

F u r t h e r  r e s u l t s  of Charpy impact and f r a c t u r e  toughness  tests f o r  

t h e  A 508, c lass  1, and A 537, classes 1 and 2 ,  b a s e  materials are 

p r e s e n t e d  i n  t h i s  r e p o r t  a l o n g  w i t h  t h e  i n i t i a l  r e s u l t s  of tests on 

weldment W - 3  (A 508, c l a s s  1, t o  A 537, class 2 ) .  

The KIR c u r v e  h a s  been d i s c u s s e d  i n  p r e v i o u s  r e p o r t s  and i s  pre-  

s e n t e d  a g a i n  i n  t h i s  r e p o r t  i n  F i g .  3 . 2 6 .  

p l o t t e d  r e l a t i v e  t o  t h e  RTNDT, which depends on t h e  material  b e i n g  

The curve  i s  normalized and 

Fig.  3.26. Reference F r a c t u r e  Toughness Curve from ASME Code. 
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t e s t e d .  Thus t h e  c u r v e  can b e  o v e r l a i d  on a graph  of f r a c t u r e  toughness  

v e r s u s  a c t u a l  t es t  tempera ture ,  p rovided  t h a t  i t  i s  p l o t t e d  w i t h  r e s p e c t  

t o  t h e  RTNDT of t h e  p a r t i c u l a r  h e a t  of t h e  material  b e i n g  e v a l u a t e d .  

I n  t h e  case of b a s e  materials,  specimens were removed from t h e  

( 1 / 4 ) t  x t l o c a t i o n .  The l o n g i t u d i n a l  a x i s  of t h e  specimen i s  o r i e n t e d  

t r a n s v e r s e l y  t o  t h e  major working d i r e c t i o n ,  and t h e  n o t c h  i s  perpen- 

d i c u l a r  t o  the s u r f a c e .  For  weldment W-3, specimens are o r i e n t e d  t r a n s -  

v e r s e l y  t o  t h e  d i r e c t i o n  of welding.  

p a r a l l e l  t o  t h e  major  working d i r e c t i o n  of t h e  b a s e  materials.  A macro- 

s c o p i c  view of t h e  weldment c r o s s  s e c t i o n  i s  shown i n  F ig .  3.27. The 

d i r e c t i o n  of weld ing  i s  p e r p e n d i c u l a r  t o  t h e  photograph. The h e a t -  

a f f e c t e d  zones (HAZ)  are e v i d e n t  on b o t h  s i d e s  of t h e  weld metal, and 

t h e  weld r o o t  i s  q u i t e  pronounced. Because of t h e  r e l a t i v e l y  narrow 

weld r o o t ,  t h e  p o s s i b i l i t y  of carbon d i l u t i o n  (from t h e  b a s e  m e t a l )  of 

t h e  weld m e t a l  mot iva ted  t h e  s t u d y  of  b o t h  r o o t  and b u l k  weld metal 

p r o p e r t i e s .  Weldment W-3 was f a b r i c a t e d  from A 508, class 1 ( f o r g i n g  F l ) ,  

and A 537, c l a s s  2 ,  p l a t e  material. The weld r o o t  w a s  made w i t h  t h e  

sh ie lded-meta l -a rc  p r o c e s s  (lo%), and t h e  weld w a s  completed w i t h  t h e  

f lux-core-arc  p r o c e s s  (90%).  The weldment w a s  g iven  a pos tweld  h e a t  

t r e a t m e n t  a t  566 t o  621'C :for 5 h .  

The d i r e c t i o n  of weld ing  i s  

F u r t h e r  r e s u l t s  from Charpy impact tests w i t h  v a r i o u s  b a s e  materials 

have r e s u l t e d  i n  e x t e n d i n g  t h e  c u r v e s  t o  h i g h e r  t e m p e r a t u r e s ,  as shown 

i n  F i g .  3.28. The two quenched and tempered materials,  A 508, class 1, 

and A 537, class 2 ,  show s i m i l a r  impact  toughness  p r o p e r t i e s .  The two 

h e a t s  of A 537,  c lass  1, s t ee l  are somewhat d i f f e r e n t  i n  t h e i r  b e h a v i o r ,  

e s p e c i a l l y  a t  t h e  h i g h e r  t e m p e r a t u r e s ,  where P2 e x h i b i t s  an unexpla ined  

i n c r e a s e  i n  energy  a b s o r p t i o n .  Both P2 and P 4  e x h i b i t  t h e  " i n t e r m e d i a t e  

s h e l f "  phenomenon, a t  which p o i n t  t h e  materials e x p e r i e n c e  100% s h e a r  

f r a c t u r e .  Thus t h e  f u r t h e r  i n c r e a s e  i n  absorbed energy a t  h i g h e r  t e m -  

p e r a t u r e s  r e p r e s e n t s  a s i g n i f i c a n t l y  i n c r e a s e d  energy-absorbing c a p a b i l i t y  

a f t e r  a t t a i n m e n t  of  f u l l  s h e a r  f r a c t u r e .  The force- t ime traces shown i n  

F ig .  3 . 2 9  f o r  two d i f f e r e n t  P2 specimens show t h a t  t h e  s i g n i f i c a n t  

change i n  energy  a b s o r p t i o n  ( i n t e g r a t e d  area under t h e  curve)  o c c u r s  

a f te r  maximum l o a d  when d u c t i l e  t e a r i n g  i s  t h e  f r a c t u r e  mode. 
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I n i t i a l  r e s u l t s  from Charpy impact tests of weldment W-3 are shown 

i n  F ig .  3.30. The impact toughness  f o r  t h e  p l a t e  and t h e  f o r g i n g  HAZ 
are v e r y  s i m i l a r  over  t h e  e n t i r e  tempera ture  range.  The weld m e t a l  

shows lower toughness  t h a n  t h e  HAZ w i t h  r e s p e c t  t o  t h e  upper s h e l f  

l e v e l s  as w e l l  as t h e  t r a n s i t i o n  tempera ture .  A noteworthy o b s e r v a t i o n  

i s  t h e  d i f f e r e n c e  between t h e  toughness  of t h e  b u l k  weld m e t a l  and t h e  

r o o t  weld metal. A s  mentioned p r e v i o u s l y ,  t h e  r o o t  weld l o c a t i o n  is 

b e i n g  examined because of i t s  p r o b a b l e  i n c r e a s e d  carbon c o n t e n t .  The 

impact toughness  r e s u l t s  s u p p o r t  t h i s  s u g g e s t i o n ,  and f u r t h e r  toughness  

t e s t i n g  as w e l l  as chemical  a n a l y s e s  w i l l  b e  conducted. 
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Regarding f r a c t u r e  toughness  t e s t i n g ,  r e s u l t s  f o r  t h e  f o r g i n g  and 

p l a t e  mater ia ls  w e r e  p r e s e n t e d  and d i s c u s s e d  i n  t h e  p r e v i o u s  r e p o r t .  

A d d i t i o n a l  t e s t i n g  h a s  been performed ( p r i m a r i l y  a t  h i g h e r  t e m p e r a t u r e s )  

t o  e x t e n d  t h e  c u r v e s  of f r a c t u r e  toughness  v e r s u s  tempera ture  f o r  t h e s e  

materials,  and t h e  r e s u l t s  are shown i n  F i g s .  3 .31 through 3.33. I n  no 

case d i d  t h e  r e c e n t  r e s u l t s  a f f e c t  t h e  r e l a t i o n s h i p  of f r a c t u r e  toughness  

t o  t h e  KIR curve .  

I n i t i a l  r e s u l t s  of slow-bend precracked  Charpy (PCC ) f r a c t u r e  V 
toughness  tests f o r  weldment W-3 are shown i n  F ig .  3.34. Tests of t h e  HAZ 

from t h e  f o r g i n g  (A 508, c lass  1) and p l a t e  (A 537, c lass  2) g i v e  r e s u l t s  

v e r y  similar t o  t h o s e  of t h e  b a s e  m e t a l s  ( F i g s .  3 .31  and 3.33, r e s p e c t i v e l y ) .  

The weld metal f r a c t u r e  toughness  i s  s u b s t a n t i a l l y  lower t h a n  t h a t  of  HAZ. 

The c u r v e s  are p r e l i m i n a r y ,  however, and a d d i t i o n a l  t e s t i n g  i s  r e q u i r e d  

b e f o r e  c o n c l u s i o n s  can  b e  drawn. The weld r o o t  h a s  n o t  y e t  been t e s t e d  

f o r  f r a c t u r e  toughness  p r o p e r t i e s .  
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Steel (Plate P4) Measured and Precracked Charpy (PCC,) and Compact 
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Static and Dynamic Fracture Toughness of A 5 3 7 ,  C1. 2 ,  
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4. STRUCTURAL MATERIALS 

J. R. DiStefano 

4.1 INTRODUCTION 

The overall objective of the ORNL structural-materials program is 
to assist in developing the data required to optimize and validate the 

design of safe, reliable components for current and advanced Gas-Cooled 

Reactor (GCR) systems. The ORNL program, together with the generic- 

materials program at the General Atomic Company (GA) and the advanced 

materials program at General Electric ( G E ) ,  forms the national structural 

materials program in support of gas-cooled reactors. 

Three main task areas are included in the ORNL program: (1) helium 
effects, (2) welding development, and ( 3 )  steam corrosion. Mechanical- 

properties, corrosion, and thermal-stability studies are included in the 

helium-effects task area. The types of mechanical-properties tests being 

conducted on both base metal and weldments are tensile, creep, low-cycle 

fatigue, creeplfatigue, creeplcrack growth, and fatiguelcrack growth. 

In the ORNL program, particular attention is focused on the determination 

of time-dependent mechanical properties. Corrosion testing was recently 

initiated and includes special-effects studies, such as determining the 

influence of thermal instability as a result of carburization on creep 

rate. 

The welding development program is aimed at providing information 
on the influence of process variables and filler metals on weldability. 

The program also includes the assessment o f  component-design reliability. 

During the past year our studies were focused on the effect of weld 

dilution on transition joints made of 2-114 Cr-1 Mo steel. 
Steam-corrosion studies are primarily aimed at evaluating long-term 

compatibility of potential steam-generator materials with superheated 

steam. During the past year we have also investigated the effect of 

small caustic concentrations in steam on the stress-corrosion resistances 

of a l l o y  800H. 
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Recent  i n d i c a t i o n s  are  t h a t  emphasis on developing  gas-cooled 

r e a c t o r s  may b e  s h i f t e d  t o  advanced systems.  With t h i s  change i n  

emphasis,  w e  expec t  t o  de-emphasize some of t h e  d e t a i l e d ,  des ign-  

i n s p i r e d  exper iments  and t o  broaden t h e  v a r i e t y  of materials t e s t e d .  

W e  have r e c e n t l y  i n i t i a t e d  a program t o  e v a l u a t e  s t r u c t u r a l  ceramics 

f o r  GCR a p p l i c a t i o n s .  So f a r ,  work h a s  been c o n c e n t r a t e d  on p r e p a r a t i o n  

of a n  e x p e r i m e n t a l  p l a n .  S t u d i e s  w i l l  i n c l u d e  stress r e l a x a t i o n ,  s t a t i c  

f a t i g u e ,  f r a c t u r e  mechanics ,  and material  c h a r a c t e r i z a t i o n s .  

4 . 2  MECHANICAL PROPERTIES -- C .  R. Brinkman 

4 . 2 . 1  Creep T e s t i n g  of B a s e  Metals and Weldments - H. E. McCoy and 

B. McNabb 

Creep tes ts  are b e i n g  c a r r i e d  o u t  i n  a i r  and High-Temperature G a s -  

Cooled Reac tor  (HTGR) hel ium environments .  A d d i t i o n a l  equipment w a s  

i n s t a l l e d  d u r i n g  t h e  p a s t  y e a r  t o  b r i n g  t h e  t o t a l  t e s t i n g  c a p a c i t y  up 

t o  34 cont ro l led-envi ronment  and 2 2  air-environment  c r e e p  frames.  

T h i s  t e s t  equipment w a s  d e s c r i b e d  p r e v i o u s l y . ’  Tests are be ing  con- 

duc ted  p r i m a r i l y  on H a s t e l l o y  X and 2 - 1 / 4  C r - 1  Mo s teel  b a s e  metals, 

w i t h  lesser e f f o r t s  on H a s t e l l o y  S ,  I n c o n e l  617 ,  Incoloy  800H, and 

9 C r - 1  Mo s tee l .  T r a n s v e r s e  weld specimens of H a s t e l l o y  X and 

Hastelloy X joined to IncoLoy 800H are being tested. These test m a t e -  

r i a l s  w e r e  d e s c r i b e d  p r e v i o u s l y .  ’ 
The s t a t u s  of t h e  b a s e - m e t a l  c r e e p  program w a s  summarized i n  a 

t o p i c a l  r e p o r t . 2  

behavior  of t h e  a l l o y  t o  t e s t  t i m e s  of 20,000 h i s  n o t  d e t e c t a b l y  

d i f f e r e n t  i n  a i r  and hel ium, a l t h o u g h  c a r b u r i z a t i o n  o c c u r s  i n  t h e  he l ium 

environment.  The f r a c t u r e  s t r a i n  v a l u e s  i n  hel ium a t  elevated tempera- 

t u r e s  w e r e  s l i g h t l y  lower t h a n  t h o s e  i n  a i r ,  b u t  t h e  main concern  i s  t h e  

r e d u c t i o n  i n  room-temperature d u c t i l i t y  i n  t h e  hel ium environment.  The 

k i n e t i c s  of  c a r b u r i z a t i o n  become r a p i d  above about  850°C. Creep tests of 

2 - 1 / 4  C r - 1  Mo s tee l  showed t h a t  t h e  c r e e p  s t r e n g t h  w a s  less i n  hel ium t h a n  

i n  a i r  because  of d e c a r b u r i z a t i o n .  The k i n e t i c s  of d e c a r b u r i z a t i o n  become 

q u i t e  r a p i d  above about  600°C. T h i s  l o s s  of c r e e p  s t r e n g t h  as a r e s u l t  of 

d e c a r b u r i z a t i o n  is  t h e  p r o p e r t y  change of most concern.  

Creep tests on H a s t e l l o y  X showed t h a t  t h e  c r e e p  

Limited c r e e p  



tests are i n  p r o g r e s s  on 9 C r - 1  Mo s t ee l ,  I n c o l o y  800H, H a s t e l l o y  S ,  and 

I n c o n e l  617; t h e  t e s t i n g  h a s  n o t  p r o g r e s s e d  s u f f i c i e n t l y  t o  show s i g n i f i -  

c a n t  d i f f e r e n c e s  i n  c r e e p  s t r e n g t h s  of t h e  materials i n  a i r  and i n  

helium environments.  The tests, however, have a f f i r m e d  t h a t  I n c o n e l  617 

i s  c o n s i d e r a b l y  s t r o n g e r  t h a n  H a s t e l l o y  X. Helium c o m p a t i b i l i t y  tests 

on u n s t r e s s e d  w i r e s  of a n  Ni-7% Cr-12% Mo-4% Fe-2% T i  a l l o y  (modif ied 

H a s t e l l o y  N)  have been encouraging i n  t h a t  t h e  a l l o y  has  completely 

r e s i s t e d  c a r b u r i z a t i o n  d u r i n g  exposure t o  helium f o r  1028 h a t  871°C. 

Creep tests on weldments are  only  p a r t i a l l y  completed,  b u t  s u f f i c i e n t  

tes t  r e s u l t s  are a v a i l a b l e  t o  show several impor tan t  t r e n d s .  W e  j o i n e d  

H a s t e l l o y  X t o  i t s e l f  w i t h  H a s t e l l o y  X and H a s t e l l o y  S f i l l e r  m e t a l s  by 

u s i n g  t h e  gas- tungs ten  arc  (GTA) and t h e  sh ie lded-meta l  arc (SMAW) 

p r o c e s s e s .  Samples were c r e e p  t e s t e d  i n  t h e  as-welded c o n d i t i o n  a f t e r  

ag ing  f o r  2,000 and 10,000 h.  The c r e e p  tests were conducted i n  HTGR 

hel ium, b u t  a g i n g  w a s  c a r r i e d  o u t  i n  argon.  The r u p t u r e  l i v e s  of t h e  

t r a n s v e r s e  specimens w e r e  g e n e r a l l y  e q u i v a l e n t  t o  t h o s e  of: H a s t e l l o y  X 

b a s e  m e t a l  and never  f e l l  s h o r t  of t h e s e  v a l u e s  by more than  a f a c t o r  

of 2 .  Specimens made by t h e  SMAW p r o c e s s  c o n s i s t e n t l y  had r u p t u r e  l i v e s  

s h o r t e r  t h a n  t h o s e  made by t h e  GTA p r o c e s s ,  and i n  b o t h ,  t h e  f r a c t u r e s  

a lmost  always occurred  i n  t h e  weld metal. Minimum f r a c t u r e  s t r a i n s  of 

3% were noted  f o r  t h e  SMAW d e p o s i t s  t e s t e d  a t  649"C, whereas minimum 

v a l u e s  f o r  H a s t e l l o y  X f i l l e r  metal d e p o s i t e d  by t h e  GTA p r o c e s s  were 

6.5% and t h o s e  f o r  Hasce l loy  S d e p o s i t e d  by t h e  GTA p r o c e s s  w e r e  10%. 

Creep tests were a l s o  r u n  on t r a n s v e r s e  specimens of H a s t e l l o y  X- 
I n c o l o y  800H weldments. These t w o  m a t e r i a l s  w e r e  j o i n e d  by (1) Inco 8 2  

f i l l e r  m e t a l  by t h e  GTA p r o c e s s  and (2) Inco  weld A f i l l e r  metal by t h e  

SMAW p r o c e s s .  F a i l u r e s  c o n s i s t e n t l y  occurred  i n  t h e  Incoloy  800H 

b a s e  m e t a l  o r  i n  t h e  h e a t - a f f e c t e d  zone (HAZ) of t h e  Incoloy  800H end 

of t h e  weld. Thus, f a i l u r e  t i m e s  c o r r e l a t e d  w e l l  w i t h  t h o s e  f o r  t h e  

Incoloy  800H end of t h e  weld. F r a c t u r e  s t r a i n  v a l u e s  w e r e  a s  low a s  

2% b u t  were a r t i f i c i a l l y  low because about  two- th i rds  of t h e  gauge l e n g t h  

c o n s i s t e d  of r e l a t i v e l y  s t r o n g e r  material t h a t  deformed v e r y  l i t t l e  

d u r i n g  t h e  c r e e p  test .  A t  t h e  p o i n t  of f r a c t u r e  t h e  r e d u c t i o n  i n  area 

w a s  a t  least  15%. Tests of a l l -weld  metal specimens are  needed t o  

de te rmine  t h e  c r e e p  p r o p e r t i e s  of t h e  weld d e p o s i t .  
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4 . 2 . 2  Low-Cycle F a t i g u e  and Creep F a t i p u e  - 3. P .  S t r i z a k  

F a t i g u e  tests on 2-114 C r - 1  Mo s t ee l  were conducted i n  hel ium a t  

t h e  i m p u r i t y  l eve ls  shown i n  Table  4 .1 .  T e s t  specimens came from a h e a t  

( 3 P 5 6 0 1 )  of  commercial ASME SA-387 g r a d e  D p l a t e ,  which w a s  g i v e n  an  

i s o t h e r m a l  anrleal  h e a t  t r e a t m e n t  p r i o r  t o  specimen f a b r i c a t i o n .  Chemical 

composi t ion ,  h e a t - t r e a t m e n t ,  t e n s i l e ,  f a t i g u e ,  and c r e e p - f a t i g u e  (hold  

t ime)  d a t a  t h a t  were o b t a i n e d  i n  a i r  have been p u b l i s h e d . 3 y 4  

r e v e r s e d ,  push-pul l ,  s t r a i n - - c o n t r o l l e d  f a t i g u e  t e s t i n g  o f  t h e  hourg lass -  

shaped tes t  specimens w a s  performed i n  accordance w i t h  ASTM g u i d e l i n e s .  

A d d i t i o n a l  d e t a i l s  concern ing  e x p e r i m e n t a l  t e c h n i q u e s  can be found 

e l sewhere .3  

d a t a  g e n e r a t e d  i n  a i r  are compared i n  Table  4 . 2 .  

F u l l y  

R e s u l t s  of tests conducted i n  t h e  above environment and 

Table  4 . 1 .  Composi t ional  L i m i t s  of T e s t  Gasesa 

Impur i ty  Level  no ted  (ppm) 

150-184 
b a t m  

'L1 

12-16 

"J5 

a 

b 

Test  chambers o p e r a t e  a t  184 kPa. 

Gas passed through f u r n a c e  a t  5 O O O C  t o  r e a c t  0 2  w i t h  

M u l t i p l y  ppm x 1 . 8 2  
t o  o b t a i n  p a t m ;  by 0.184 t o  o b t a i n  Pa .  

H 2 .  E s t i m a t e  based on e q u i l i b r i u m .  

R e s u l t s  o f  envi ronmenta l  cont inuous-cyc le ,  zero-hold-time tests 

conducted a t  538°C are  compared i n  F i g .  4 . 1 .  

t inuous-cyc le  tests g e n e r a t e d  i n  a i r  were d e l e t e d ,  and a " b e s t  f i t "  of 

t h e  a i r - d a t a  l i n e  c o v e r i n g  t h e  range  of lo3 t o  l o 6  c y c l e s  t o  f a i l u r e  i s  

shown i n  t h e  f i g u r e .  

impure he l ium a re  compared w i t h  t h o s e  t e s t e d  i n  a i r  (Table  4 . 2 ,  Fig .  4.1), 
i t  i s  a p p a r e n t  t h a t  t h e  cyc:tic l i ves  of specimens t e s t e d  i n  impure hel ium 

e i t h e r  exceed o r  are  equiva:Lent t o  t h o s e  t e s t e d  i n  a i r .  

Most of t h e  d a t a  from con- 

When t h e  c y c l i c  l i v e s  of specimens t e s t e d  i n  

The s l i g h t  



T a b l e  4 .2 .  Comparison of R e s u l t s  of  C o n t i n u o u s  C y c l i n g  and C r e e p - F a t i g u e  t e s t s ”  f o r  2-114 Cr-1 Mo S t e e l ”  
Conduc ted  i n  A i r  and a S i m u l a t e d  HTGR Helium Environment  

Env i ronmen t  Specimen numberc 

r o t a 1  
s t r a i n  Hold 
r a n g e ,  pe r iodd  

*E t (h )  
(%)  

A i r  
Impure H e  
A i r  
Impure He 
A i r  
Impure He 
A i r  
A i r  
Impure He 
A i r  
Impure He 
A i r  
Impure He 
A i r  
Impure He 
A i r  
Impure H e  
Impure tie 
Impure H e  
Impure H e  
Impure H e  
Impure H e  

A i r  
Impure H e  
A i r  
Impure He 
A i r  
Impure He 
A i r  
Impure He 

MIL-21 
ITL-132 
MIL-15 
LTL-131 
MIL-14 
I T L 1 3 0  
MIL-17 
ITL-134 
lTL-136 
MIL-10 
ITL-111 
I TL- 106 
ITL-101 
MIL-12 
ITL-109 
ITL-127 
ITT-27 
ITL- 2 0 2 
ITL- 138  
ITL-102 
ITlr lOG 
ITL-108 

MIL-44 
ITL-123 
MIL-36 
MIL-125 
MIL-27 
ITL-126 
MIL-65 
ITL-124 

2 . 0  
2.0 
2.0 
2 . 0  
2 . 0  
2.0 
2 . 0  
1 .0  
1 . 0  
0 . 5  
0 .5  
0 . 5  
0 . 5  
0 .5  
0 .5  
0 . 5  
0 .5  
0 .5  
0.5 
0 .4  
0.35 
0 . 3  

0.5 
0.5 
0 .5  
0 .5  
0.5 
0.5 
0.5 
0 .5  

0 . 0  
0 . 0  
0.5T 
0.5T 
0 . 5 c  
0 . 5 c  
0.5TC 
0 . 0  
0.0 
0 . 0  
0 . 0  
0.1T 
0.1T 
0 .1c  
0.1c 
O.1TC 
0.1TC 
e, f 
& e ,  J’, n 
0 . 0  
0.0 
0 . 0  

0 .0  
0 .0  
0.1T 
0.1T 
0 .1c  
0 . 1 c  
O.1TC 
0.1T6 

S t r e s s  

V a l u e s  a t  Nj.12 

S t r e s s  a m p l i t u d e s  (bll’a) 

__ __ . -. __ 
S t r a i n  ranges  ( a )  

range, ____ ~ 

A 0  Peak Re laxed  E l a s  t i c ,  
AE (MPa) - -~ 

518  
6 2 1  
494 
638 
529 
615  
480 
510 
545  
391 
5 10 
436 
436 
368 
417 
406 
412 
399 
428  
4 2 8  
425 
411  

444 
483  
417 
450 
424 
4 5 8  

474 
4 1 8  

T e n s i l e ,  
(’t 

Compress ive ,  T e n s i l e ,  
0 rl zr 

Comp re  s5 i v e  , 
” 

v r z  

246 
300 
233 
308 
268 
297 
2 34 
259 
259 
192 

200 
195  
1 9 1  
211  
208 
1 9 5  

219 
205 
206 
196 

248 

184 

220 
235 
202 
204 
21  1 
229 
204 
225 

T e s t s  c o n d u c t e d  a t  538°C 

272 
321 
261 107 
3 10 1 4 3  
261 

245 I10  
252 
286 
19 9 
261 
2 36 157 
241  136 
1 7 1  
206 
198 165  
217 149 
215 
209 
223 
219 
2 15 

318 

T e s t  conduc ted  a t  4 8 1  

224 

215 158 
246 1 5 3  
213  
229 
214 1 6 5  

248 

245 181 

130  

114  
148 

122 
137 
1 2  1 
174 

175  

179  
196  

1 9 8  

c 

_.__ 

0 .334  
0 .400  
0 . 2 3 7  
0 .305  
0 .256  

0 .144  
0 .329  
0.351 
0.252 
0.329 
0.254 
0 .243  
0 .202  
0.202 
0.184 
0 .208  

0.212 
0 . 2 7 6  
0 .274  
0 .265  

0 .287  

0 . 2 1 8  

0 .263  
0 .286  
0 .221  
0 .236  
0.228 
0.253 
0.204 
0 .223  

. __ 
P l a s t i c ,  

Ai,, 

1.666 
0 .600  
1 .763  
1 . 6 9 5  
1.744 
1 .713  

0 .671  
0.649 
0 . 2 4 8  
0.177 
0.246 
0.257 
0 .298  
0 .298  
0 .716  
0.292 
0.282 
0 .288  
0.124 
0.076 
0 .035  

1.856 

0 .237  
0.214 
0.279 
0.264 
0.274 
0.247 
0.296 
0.277 

881 
1 ,059  

640 
546 
714 
715 
583 

2 ,377  
5 , 9 1 3  

16 ,036  
21 ,643  
1 5 , 4 5 0  

4 ,496  
11 ,220  
1 ,954  
2 ,950  
7 ,192  

10 ,466  
89 ,137  

5 ,860  

180, 925 
247 ,851  

51 ,656  
69,742 
20,147 
1 8 , 1 5 4  

6 ,111  
14 ,740  

3,420 
5 , 4 8 1  

2 . 4  
3 . 1  

322.2 
273 .3  
359 .0 
358.0 
534.5 

3 . 5  
8.8 

11.0 
15 .0  

1 , 5 5 5 . 6  
5 x 9 . 9  
453.0 

1 , 1 2 9 . 3  
392.0 
592.4 
254.9 
365 .5  
49 .5  
8X.0 

101 .6  

36.0 
48.6 

2 ,029 .0  
1 ,826 .5  

615.0 
1 ,484 .0  

686 .0  
1 , 0 0 9  .O 

- 
“ F u l l y  r e v e r s e d ,  a x i a l ,  p u s h - p u l l  s t r a i n - c o n t r o l l e d  f a t i g u e  tests employ ing  a t r i a n g u l a r  waveform w i t h  a s t r a i n  r a t e  

bHeat 3P5601, i s o t h e r m a l l y  annea led .  

CHourg la s s - shaped  gauge a r e a  w i t h  a r a d i u s - t o - d i a m e t e r  r a t i o  o f  6 and a minimum d i a m e t e r  of 5 . 0 8  nun f o r  ITL spec imens  a n d  6 .35  nun 

dT 

e V a r i a b l e  s t r a i n  rate tests,  i . e . .  t e n s i l e  g o i n g  s t r a i n  rate ;T z c o m p r e s s i v e  g o i n g  s t r a i n  ra te  GC. 
f S l o w / f a s t  test ,  i.e., ;T = 4 x 10-5/s and  i C  = 4 x 

g F a s t / s l o w  test ,  i . e . ,  ;T = 4 x and  ;C = 4 x 10-5/s. 

of 4 x e x c e p t  
a s  n o t e d .  

f o r  MIL spec imens .  

h o l d  p e r i o d  a t  peak  t e n s i l e  s t r a i n  a m p l i t u d e ;  C E c o m p r e s s i o n ;  TC I b o t h  T and  C.  
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N', CYCLES TO FAILURE 

F i g .  4 . 1 .  Comparisort of Continuous-Cycle S t r a i n - C o n t r o l l e d  F a t i g u e  
Data from Tests Conducted on 2-114 C r - 1  Mo a t  538°C. 
i n f l u e n c e  of impure hel ium i n  comparison w i t h  an  a i r  environment i s  

L i t t l e  o r  no 

a p p a r e n t  . 

i n c r e a s e  i n  f a t i g u e  l i f e  i n  t h e  hel ium environment may b e  caused 'by low 

oxygen r a t h e r  t h a n  by t h e  d e c a r b u r i z a t i o n  t h a t  o c c u r s  a f t e r  prolonged 

exposure a t  h i g h  t e m p e r a t u r e s  i n  t h i s  environment ( F i g .  4 . 2 ) .  

D R N L  D W G  7 8  4428A 

0 2  

0 593 "C 
0 538OC 
A 482 'C 
A 649 "C 

z w 

a z 
0 

lz 
u 

m 
a 

0 1 o2 I o3 1 o4 0 1 0' 

EXPOSURE TIME (hr) 

F i g .  4 . 2 .  Carbon Contents  of 2-114 C r - 1  Mo S tee l  Exposed t o  HTGR 
H e  1 ium . 
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C y c l i c  l ives  of s t r a i n - c o n t r o l l e d  t e s t s  conducted i n  b o t h  impure 

helium (Table  4.2) and a i r  are  compared i n  F ig .  4 .3  f o r  s e v e r a l  s t r a i n -  

t i m e  waveforms. 

0.5% and a t  t empera tures  of e i t h e r  482 o r  538°C. 

A l l  tes ts  w e r e  conducted a t  a s i n g l e  s t r a i n  range  of 

From a comparison of 

t h e  c y c l i c  l i v e s  o f  t h e  specimens t e s t e d  i n  a i r ,  i t  is  a p p a r e n t  t h a t  

(1) hold  p e r i o d s ,  t h a t  i s ,  0 .1  h,  reduce t h e  c y c l i c  l i f e  below t h a t  of 

t h e  cont inuous-cycle  o r  no-hold-time tes t  r e s u l t s ,  (2)  compressive h o l d s  

a re  more damaging t h a n  t e n s i l e  h o l d s ,  and (3)  combined t e n s i l e  and com- 

p r e s s i v e  h o l d s  of e q u a l  d u r a t i o n  are more damaging t h a n  e i t h e r  t e n s i l e  
o r  compressive h o l d s .  A comparison of t h e  r e p r e s e n t a t i v e  r e s u l t s  of 

2%-s t ra in- range  tests conducted i n  a i r  (Table  4 . 2 )  makes i t  a p p a r e n t  t h a t  

t h e s e  t r e n d s  are  a l s o  t r u e  a t  t h e  h i g h e r  s t r a i n  r a n g e s ,  except  f o r  t h e  

i n d i c a t i o n  t h a t  t e n s i l e  h o l d s  are  e q u a l l y  o r  s l i g h t l y  more damaging t h a n  

compressive h o l d s .  S i m i l a r l y ,  tests conducted i n  impure helium showed 

r e d u c t i o n s  i n  l i f e  when hold p e r i o d s  w e r e  in t roduced  i n t o  each c y c l e  

( F i g .  4 . 2 ) .  However, i n  c o n t r a s t  t o  t h e  a i r  d a t a ,  t e n s i l e  h o l d s  were 

s l i g h t l y  more damaging t h a n  compressive h o l d s  (F ig .  4 .2  and Table  4 . 2 ) .  

Accordingly,  w e  concluded t h a t  environment p l a y s  a r o l e  i n  de te rmining  

t h e  mode of t h e  more damaging hold  p e r i o d .  

Data i n d i c a t e  t h a t  t h e  mechanical  s t r a i n - c y c l e  i n t e r a c t i o n ,  o r  

t h e  mean stress development r e s u l t i n g  from hold  p e r i o d s ,  may a l s o  h e l p  

F i g .  4.3.  Tests Conducted i n  Helium w i t h  C o n t r o l l e d  I m p u r i t i e s  
Show Improved C y c l i c  L i f e t i m e s  f o r  Several Waveforms i n  Comparison w i t h  
A i r .  T e n s i l e  hold t i m e s  o n l y ,  however, appear  t o  be a n  except ion .  



t o  e x p l a i n  why one mode of hold  i s  more damaging t h a n  a n o t h e r .  

and Coff i n 6  c h a r a c t e r i z e d  t h e  low-cycle f a t i g u e  and hold-time behavior  

of cas t  Rene 80 and found t h a t  compressive hold  t i m e s  were more damaging 

t h a n  t e n s i l e  ho ld  t i m e s .  This  behavior  w a s  q u a l i t a t i v e l y  e x p l a i n e d  i n  

terms of t h e  c a p a c i t y  of t h e  material  t o  s u s t a i n  a mean stress a t  c y c l e  

l i ves  beyond t h e  t r a n s i t i o n  f a t i g u e  l i f e ;  t h a t  i s ,  t h e  e l a s t i c  s t r a i n  

range  was g r e a t e r  t h a n  t h e  p l a s t i c  s t r a i n  range.  

p o s t u l a t e d  t h a t ,  i n  t h i s  m a t e r i a l ,  compressive hold  t i m e s  were p a r t i c -  

u l a r l y  d e l e t e r i o u s  a t  l o w - s t r a i n  r a n g e s  because t e n s i l e  mean stresses 

t h a t  would enhance c r a c k  growth rates could  b e  main ta ined .  

t r a n s i t i o n  l i f e  of 2-1/4 C r - 1  Mo s t ee l  t e s t e d  a t  482°C w a s  about  

10,000 c y c l e s  s o  t h a t  Specimens t e s t e d  a t  a s t r a i n  range  of 0.5% o r  

less c l e a r l y  had e l a s t i c  s t r a i n  ranges  i n  excess of t h e  p l a s t i c  s t r a i n  

r a n g e s .  I n  t h e  case of 2-1,'4 C r - 1  Mo s tee l  t e s t e d  a t  538"C, t h e  t r a n -  

s i t i o n  p o i n t  o c c u r r e d  a t  about  10,000 c y c l e s  w i t h  a t o t a l  s t r a i n  range  

of about  0.39%. I f  t h e  mean stress p o s t u l a t e  were e n t i r e l y  c o r r e c t ,  

one would e x p e c t  t o  see t h e  h y s t e r e s i s  loop  s h i f t s  shown i n  F ig .  4 .4 .  

An examinat ion  of t h e  l a r g e  d a t a  base4y7 g e n e r a t e d  f o r  t h i s  material  

r e v e a l e d  t h a t ,  indeed ,  i n  n e a r l y  a11 cases when a t e n s i l e - o n l y  h o l d  

p e r i o d  w a s  imposed, a s m a l l  mean compressive stress developed.  However, 

when a compressive-only hold  c y c l e  w a s  imposed, i t  d i d  n o t  n e c e s s a r i l y  

r e s u l t  i n  a mean t e n s i l e  stress; t h a t  i s ,  no c o n s i s t e n c y  w a s  a p p a r e n t .  

A d d i t i o n a l  long-term tests i n  b o t h  a i r  and hel ium, as w e l l  as m e t a l l o -  

g r a p h i c  o b s e r v a t i o n s  of  f a t i g u e d  specimens , are c u r r e n t l y  under  way. 

We hope t h a t  t h e s e  tests w i l l  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  about  why 

compressive h o l d s  are more damaging t h a n  t e n s i l e  h o l d s  a t  l o w - s t r a i n  

r a n g e s .  

Lord 

These workers  

The c y c l i c  

4.2.3 F a t i g u e  Crack Growth - T .  Weerasooriya 

S u b c r i t i c a l  c r a c k  growth s t u d i e s  were conducted on H a s t e l l o y  X,  

H a s t e l l o y  X weld m e t a l ,  2-:L/4 C r - 1  Mo s t ee l ,  and HA2 of  2-1/4 C r - 1  Mo 

steel/ERNiCr-2 weldments. Details  of r e s u l t s ,  chemical  composi t ions ,  

and mechanica l  p r o p e r t i e s  of tests conducted on 2-1/4 C r - 1  Mo s teel  

have been  r e p o r t e d ; 8  r e s u l t s  are summarized h e r e .  
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W L D  PERIODS IN STRAIN CONTROL CAN LEAD TO SHIFTS IN THE MEAN STRESS 

COMPRESSIVE HOLD 
U 

TENSILE 
MEAN STRESS 

TENSILE HOLD 
U 

-HOLD 
PERIOD PERIOD 

- E  

COMPRESSIVE 
MEAN STRESS 

Fig. 4.4. Representative Hysteresis Loops Occurring During 
Elevated-Temperature, Strain-Controlled Fatigue Tests. 

4.2.3.1 Hastelloy X and Hastelloy X Weld Metal 

The objective of this program is to study the fatigue creck growth 

behavior of Hastelloy X and Hastelloy X weld metal in the temperature 
range of 25 to 871°C. 

of frequency on fatigue crack-growth properties of Hastelloy X weld 
metal. The Hastelloy X used for testing was solution annealed. All 
tests were conducted by use of an R value (ratio of minimum to maximum 

load) of  0.05. 

Some tests were performed to determine the effect 

Results of the tests performed to evaluate the effect of temperature 

on the fatigue crack-growth rates (FCGRS) of Hastelloy X weld metal are 

presented in Fig. 4.5. These tests were conducted in air on 1 T  compact 

tension (CT) specimens at a constant R value of 0.05 and a constant 
frequency of 1 Hz. The FCGR increased with increasing temperature for 

Hastelloy X weld metal, 
of base metal in Figs. 4.6 and 4.7; at both 538 and 649"C, the rate in 
the base metal was higher than the rate in the weld metal. 

The FCGRs of weld metal are compared with those 
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F i g .  
Rates of 

4 . 5 .  The E f f e c t  o f  Temperature on t h e  F a t i g u e  Crac 
H a s t e l l o y  X Weld Metal. 

.k-Growth 
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and Hastelloy X Weld Metal at 538°C. SPES, specimens. 
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Fig. 4 . 7 .  Comparison of Fatigue Crack-Growth Rates of Hastelloy X 
and Hastelloy X Weld Metal at 649°C. SPES, specimens. 
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Figure  4 .8  shows t h e  e f f e c t  of specimen geometry on t h e  FCGR of 

base  metal. For t h i s  comparison, a 0.5T CT specimen w a s  used.  Th i s  

CT specimen i s  small compared w i t h  t h e  remaining l igament  wid th ,  c r a c k  

l e n g t h ,  and t h e  p l a s t i c  zone s i z e .  In  t h i s  c a s e ,  t h e r e f o r e ,  t h e  

c a l c u l a t e d  AK v a l u e s  may be  i n a c c u r a t e .  

4 .2 .3 .2  2-114 C r - 1  Mo Stee l  

F a t i g u e  crack-growth tests performed on 2-114 C r - 1  Mo s t ee l  are 

r e p o r t e d  elsewhere.8 F igu re  4 .9  shows t h e  e f f e c t  of environment.  The 

FCGRs are h i g h e r  i n  a i r  and steam than  i n  HTGR hel ium and vaccum envi- 

ronments.  

t h e  c r a c k  t i p  i n  t h e  vacuum and helium environments .  

Th i s  e f f e c t  can be a t t r i b u t e d  t o  t h e  e x c l u s i o n  of oxygen from 

The s imula t ed  HTGR hel ium used i n  t h i s  s tudy  i s  n o t  comple te ly  

i n e r t ,  as r e f l e c t e d  by t h e  FCGRs observed i n  HTGR hel ium, which are 

h i g h e r  t han  t h e  FCGRs observed i n  vacuum. The r e s u l t s  i n  steam a l s o  

show t h a t  HTGR hel ium i s  even l e s s  i n e r t  t h a n  impure helium. Only a 

s m a l l  r e d u c t i o n  i n  t h e  FCGR i n  steam was observed over  t h a t  i n  a i r ,  

whereas rates i n  vacuum o r  HTGR hel ium were much lower than  i n  a i r .  

S i m i l a r  c o r r o s i o n  p roduc t s  were produced i n  both  steam and a i r  environ-  

ments;  however, less c o r r o s i o n  occurred  i n  steam because of a lower 

e f f e c t i v e  oxygen p o t e n t i a l . 8 y 9  

i s  b e l i e v e d  t o  be  r e s p o n s i b l e  f o r  t h e  lower observed crack-growth 

rates i n  steam compared w i t h  t h o s e  i n  an a i r  environment.  

Th i s  lower oxygen p o t e n t i a l  i n  steam 

The crack-growth model, 

is  proposed f o r  2-114 C r - 1  Mo s tee l ,  where da/dN = c r a c k  growth ra te  

(mmlcycle) 

D K ( M P a 6 )  = AX/= , 
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F i g .  4 .8 .  Specimen Geometry E f f e c t  on t h e  F a t i g u e  Crack-Growth 
Rates of H a s t e l l o y  X a t  5 3 8 O C .  
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Fig. 4.9. Effect of Environment on Fatigue Crack-Growth Rare of 
2-1/4 Cr-1 Mo Steel at 593°C. 

and 

log A0 = -10.106 + 1.359 x 10-5T2 - 1.432 x 10-8T3 

where T = temperature, "C; and V = frequency, Hz. This model predicts 

the log(da/dN) values with a standard deviation of 0.253. 
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4 .2 .3 .3  Heat-Affected Zone of 2-1/4 C r - 1  Mo Steel-ERNiCr-3 Weld Metal 

T e s t s  were conducted t o  e v a l u a t e  t h e  FCGR i n  t h e  HAZ of 2-1/4 C r - 1  Mo 

steel-ERNiCr-3 weldments i n  a i r .  I n  t h i s  program t h e  e f f e c t  of f requency  

on t h e  FCGR i n  HAZ w a s  s t u d i e d .  The tempera ture  was k e p t  c o n s t a n t  a t  

510°C, and t h e  R v a l u e  was k e p t  c o n s t a n t  a t  0.05. 

F i g u r e  4.10 shows t h e  e f f e c t  of f requency  on FCGR i n  t h e  HAZ of 

2-1/4 C r - 1  Mo s t e e l .  The FCGR i n c r e a s e s  w i t h  dec reas ing  f requency  because  

of a n  i n c r e a s e  i n  envi ronmenta l  a t t a c k  a t  t h e  c r a c k  t i p .  Th i s  e f f e c t  i s  

a l s o  e v i d e n t  i n  t h e  FCGRs f o r  2-1/4 C r - 1  Mo s teel  base  metal.8 

4 . 1 1  compares t h e  FCGRs i n  b a s e  me ta l  (2-1/4 C r - 1  Mo s t e e l )  and i n  weld 

metal (ERBiCr-3). The FCGli of t h e  HAZ l i e s  between t h e  s c a t t e r  bands 

of t h e  FCGRs of 2-1/4 C r - 1  Mo steel  base  m e t a l  and ERNiCr-3 weld metal. 

F i g u r e  

4 . 2 . 4  Thermal S t a b i l i t y  - H. E. McCoy 

The p r o p e r t y  changes of H a s t e l l o y  X and Incone l  617 d u r i n g  exposure  

t o  i n e r t  g a s  a t  e l e v a t e d  t empera tu res  are  s i g n i f i c a n t .  The r e s u l t s  of 

t e n s i l e  t es t s  on material  aged 2500 and 10,000 h a t  538, 704, and 871°C 

have been r e p 0 r t e d . l  

materials,  s a m p l e s  w i l l  be  aged f o r  20,000 h a t  538, 704, and 871OC; 

t h u s  f a r ,  t h e  samples  have been aged f o r  17,000 h .  A f t e r  ag ing ,  t e n s i l e  

and impact  tes ts  w i l l  be  r u n  a t  ambient tempera ture ,  and t e n s i l e  tes ts  

w i l l  b e  r u n  a t  t h e  tempera ture  used f o r  ag ing .  

To f u r t h e r  c h a r a c t e r i z e  t h e  behavior  of t h e s e  

Because of t h e  c a r b u r i z a t i o n  of materials i n  impure he l ium,  t h e  com- 

b ined  e f f e c t s  of ag ing  and c a r b u r i z a t i o n  need t o  be e v a l u a t e d .  T e s t  

samples  of H a s t e l l o y  X and Incone l  617 base  metal and w e l d s  are b e i n g  

exposed t o  HTGR helium. The t h r e e  chambers i n  t h i s  program o p e r a t e  a t  

538,  704, and 871OC and c o n t a i n  144 c reep  and t e n s i l e ,  48 f a t i g u e ,  and 

18  crack-growth specimens.  C u r r e n t l y ,  t h e  samples  have been aged f o r  

7000 h of t h e  t a r g e t  t imes  of 10,000, 20,000, and 50,000 h .  A f t e r  

a g i n g ,  t h e  samples w i l l  E'e removed and t e s t e d  t o  e v a l u a t e  t h e  mechanical  

p r o p e r t y  changes.  
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4.2.5 Corros ion  - H. Inouye 

The o b j e c t i v e  of t h i s  s u b t a s k  i s  t o  p r o v i d e  a b a s i c  unders tanding  

of t h e  c o r r o s i o n  behavior  of s t r u c t u r a l  a l l o y s  i n  GCR helium. Our 

approach i s  t o  a n a l y z e  and i n t e r p r e t  e x i s t i n g  d a t a ,  t o  i d e n t i f y  s t u d y  

areas r e q u i r i n g  more i n f o r m a t i o n ,  and t h e n  t o  conduct tes ts  des igned  t o  

provide  t h e  r e q u i r e d  d a t a .  For  example, p rev ious  i n v e s t i g a t o r s  have 

determined t h a t  c a r b u r i z a t i o n  i s  one of t h e  major problems a s s o c i a t e d  

w i t h  t h e  c o r r o s i o n  of c a n d i d a t e  a l l o y s .  

a g r e e  t h a t  t h e  e x t e n t  of t h e  c a r b u r i z a t i o n  must b e  p r e d i c t a b l e  and 

c o n t r o l l a b l e  over  t h e  p r o j e c t e d  l i f e  of t h e  s t r u c t u r e .  R e l i a b l e  e x t r a -  

p o l a t i o n s  are n o t  c u r r e n t l y  p o s s i b l e ,  however, because t h e  k i n e t i c s  are 

n o t  w e l l  e s t a b l i s h e d ,  and conf idence  i n  t h e  i d e n t i f i c a t i o n  of  t h e  

c o n t r o l l i n g  v a r i a b l e s  i s  i n s u f f i c i e n t .  

o b j e c t i v e  i s  summarized. 

These i n v e s t i g a t o r s  g e n e r a l l y  

The p r o g r e s s  achieved toward our  

An unders tanding  of c o r r o s i o n  behavior  and, s p e c i f i c a l l y ,  k i n e t i c  

p r o c e s s e s  r e q u i r e s  a c c u r a t e  a n a l y s i s  and c o n t r o l  of i m p u r i t i e s  i n  t h e  

hel ium. To de termine  t h e  test  g a s  composi t ion,  a b s o l u t e  s t a n d a r d s  

(Table  4.3) were i n i t i a l l y  used t o  c a l i b r a t e  a Bendix model 2300 g a s  

Table  4 . 3 .  C a l i b r a t i o n  S tandards  f o r  Impur i ty  Gases i n  Helium 

Gas s p e c i e s  S tandard  Procedure 

Vapor p r e s s u r e  of H20(s) Hygrometer r e a d i n g  v e r s u s  
P (s) between -15 and 
H20 

-110°C 

H 2 0  

H2O H 2  Fe + H 2 0  * FeO + H2 E q u i l i b r a t e  a t  v a r i o u s  P 
l e v e l s  and tempera tures  

E q u i l i b r a t e  a t  v a r i o u s  
tempera tures  

co Fe + C 0 2  * FeO + CO E q u i l i b r a t e  a t  v a r i o u s  C 0 2  
l e v e l s  and tempera tures  

H ~ / C H L + / C O / C O ~ ~  D i l u t e  g a s  mixture  w i t h  
p u r e  hel ium t o  g i v e  con- 
s t a n t  P 

CH4 

C 0 2 ’  %O’ Or H 2  

50.48/30.20/17.20/2.12 ( v o l  %). a 
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chromatograph and a Panametrics 2000 hygrometer.  

i n s t r u m e n t s  were t h e n  used t o  a n a l y z e  and e s t a b l i s h  a r e f e r e n c e  g a s  com- 

p o s i t i o n .  A comparison of t h e  t e s t  g a s  w i t h  t h e  r e f e r e n c e  g a s  now f i x e s  

t h e  composi t ion  of  t h e  t e s t  g a s  and e l i m i n a t e s  t h e  t e d i o u s  c a l i b r a t i o n  

procedure .  F i g u r e  4.12 i s ,  a schemat ic  of t h e  a p p a r a t u s  used t o  o b t a i n  

t h e  d a t a  t h a t  f o l l o w .  

These c a l i b r a t e d  

ORNL-DWG 70-22472 R 

BP 

I= SPECIMENS H =HYGROMETER PROBE 

F i g .  4 .12 .  Schematic: Diagram f o r  T e s t i n g  Corros ion  Specimens i n  
GCR Helium. 

Where p o s s i b l e ,  a l l  components e x t e r n a l  t o  t h e  f u r n a c e  were con- 

s t r u c t e d  of  high-vacuum s t a i n l e s s  steel f i t t i n g s  and metal  g a s k e t s ,  

whereas  t h e  h e a t e d  components such as t h e  double-walled r e t o r t  and t h e  

thermocouple  probe  w e r e  c o n s t r u c t e d  of p o r c e l a i n .  

specimens suspended on two 0.32-cm-diam n i c k e l  r o d s  are  measured w i t h  a 

The t e m p e r a t u r e s  of 

t r a v e l i n g  Pt /Pt-10% Rh thermocouple.  

a r a t e  of  1 l i t e r  p e r  minute  w i t h  t h e  metal-bel lows pump i n  a c l o s e d  

system. 

The test  g a s  i s  r e c i r c u l a t e d  a t  

I ts  composi t ion  i s  determined by b l e e d i n g  t h e  r e q u i r e d  i m p u r i t y  

i n t o  h i g h - p u r i t y  he l ium a n d / o r  by v e n t i n g  a t  a ra te  of about  100 cm3/min 

t o  t h e  g a s  chromatograph. Based on  t h e  dimensions of t h e  r e t o r t ,  t h e  

g a s  v e l o c i t y  i s  c a l c u l a t e d  a s  105 cm/min and t h e  r e s i d e n c e  t i m e  as less 
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t h a n  1 min. T h i s  procedure  minimizes  e r r o r s  i n  t h e  gas  composi t ion  

r e s u l t i n g  from i m p u r i t y  d e p l e t i o n  o r  g e n e r a t i o n  and a v o i d s  t h e  l a c k  of 

composi t ion c o n t r o l  i n  premixed g a s e s .  

The c a r b u r i z a t i o n  behavior  of a t  least  1 3  h e a t s  of H a s t e l l o y  X i n  

s i x  d i f f e r e n t  environments  up t o  7000 h h a s  been summar ized . loY1l  

t h e  l a r g e  number of d a t a  p o i n t s ,  t h e  c a r b u r i z a t i o n  k i n e t i c s  remain p o o r l y  

d e f i n e d  by a maximum of two exposure times f o r  any p a r t i c u l a r  h e a t  o r  

by o n l y  one exposure t i m e  a t  t h r e e  tempera tures .  To o b t a i n  t h e  r e q u i r e d  

d a t a ,  a series of c o r r o s i o n  tests f o r  exposures  of 700,  1200,  2000, and 

3000 h t o  phase I V  hel ium (500H2/50CHq/33CO) h a s  been scheduled .  The 

tests w i l l  be  conducted a t  f i v e  exposure tempera tures  between 750 and 

950°C. 

D e s p i t e  

Table  4.4 l i s t s  t h e  carbon c o n t e n t s  of H a s t e l l o y  X specimens 

exposed t o  504H~/49CH~/38C0/0.036CO~*O.3H~O/3N~ ( i n  microatmospheres) 

f o r  1200 h .  Each 0.635-cm-diam by 2.22-cm-long specimen w a s  machined 

t o  s i x  s u c c e s s i v e l y  smaller d iameter  specimens about  0.32 c m  long .  These 

were t h e n  s e c t i o n e d  and ana lyzed  f o r  carbon.  The specimen ends  were 

n o t  ana lyzed  b u t  were r e s e r v e d  f o r  o t h e r  tes ts .  Values  f o r  specimens 

l i s t e d  i n  l i n e  A of Table  4.4 r e p r e s e n t  t h e  f i n a l  carbon c o n t e n t s  of 

t h e  unmachined specimens,  and t h e  v a l u e s  f o r  specimens i n  l i n e  F are 

assumed t o  r e p r e s e n t  t h e  s t a r t i n g  carbon c o n t e n t .  The carbon i n c r e a s e s  

f o r  t h e  l i n e  A specimens were conver ted  t o  a c a r b u r i z a t i o n  r a t e  assuming 

t h a t  AC/A ‘L fi (AC i s  t h e  change i n  carbon c o n t e n t  of t h e  specimen, A is 

t h e  c r o s s - s e c t i o n a l  a r e a ,  and t i s  t h e  t i m e ) .  When t h e  l o g  of t h i s  ra te  

i s  p l o t t e d  versus 1/T, an a c t i v a t i o n  energy of 10 .5  kcal /mol  i s  sugges ted  

f o r  tempera tures  above 854°C and 43.7 kcal /mol  f o r  tempera tures  below 

854°C. 

zt 

The carbon c o n t e n t  i n  each  of t h e  s i x  l a y e r s  w a s  c a l c u l a t e d  as  t h e  

d i f f e r e n c e  between t h e  carbon c o n t e n t s  of specimens of a g iven  d iameter  

and t h e  n e x t  smaller d iameter  ( e . g . ,  carbon i n  L1  = (carbon A -  carbon B ) /  

(wt A - w t  B ) .  F i g u r e  4.13 shows d a t a  t y p i c a l l y  o b t a i n e d  by t h i s  procedure ,  

and t h e  presence  of a s t e e p  carbon g r a d i e n t  near t h e  s u r f a c e  i s  confirmed. 

zt 
Time-compensated agerage  of 33 ar.alyses.  
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Tab le  4.4 Carbon Conte.nta of H a s t e l l o y  X Specimensb Exposed 
f o r  1200 h t o  Phase I V  Helium t h e n  Machined 

t o  Var ious  D i a m e t e r s  

Carbon (wt ppm) 
Specimen D iame t e r a t  exposure  t empera tu res  - 

No. ( 4  
823°C 854°C 902°C 946°C 

A 0.635 950 1056 1100 1178 

B 0.627 944 979 1058 1140 

C 0.610 894 864 988 1089 

D 0.574 827 85 3 9 12 1024 

E 0.533 815 817 880 912 

F 0 .381  798 80 2 80 2 810 

a 
b 

Determined by t h e  combustion-gas chromatograph method. 

The o r i g i n a l  dimensions of t h e  specimens were 0.635 cm 
d iame te r  by 2.223 cm long .  The H a s t e l l o y  X w a s  from t h e  Cabot 
Corp., Heat No. 2600-4-4284, 1.2-cm-thick p l a t e .  Its cornposi- 
t i o n  w a s  21.79 C r y  19.06 Fe, 8.82 Mo, 2.40 Coy 0 .63  W ,  
0.35 S i ,  0.59 Mn, and 0.06 C .  P r e p a r a t i o n  s p e c i f i c a t i o n s  were 
1 1 7 7 " C ,  15  min i n  he l ium,  water quench, machine and p o l i s h  t o  
0.635 c m  d i ame te r .  
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A comparison of  t h e  carbon p r o f i l e s  f o r  exposures  a t  828 and 946°C i s  

p resen ted  i n  F ig .  4.14. The s u r f a c e  carbon is  a t  a maximum a t  854"C, 

and as expec ted ,  t h e  p e n e t r a t i o n  dep th  i n c r e a s e s  w i t h  t h e  exposure  

tempera ture .  

ORNL-DWG 70-22473 
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F i g .  4.14. Carbon G r a d i e n t  i n  H a s t e l l o y  X a t  Var ious  Temperatures .  
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CENTER OF SPECIMEN 

Tests i n  p r o g r e s s  i n c l u d e  t h e  d e t e r m i n a t i o n  of t h e  1200-h c a r b u r i z a -  

t i o n  behav io r  of I n c o l o y  800H and LRO-1 and the e x t e n s i o n  of the  phase  

I V  he l ium exposures  t o  300 h. 

4 .3  WELDING DEVELOPMENT - J.  F. King 

The u s e  of d i s s i m i l a r  m e t a l  welds  i s  impor t an t  i n  c e r t a i n  components 

of a GCR. I n  j o i n t s  t h a t  c o n t a i n  a f e r r i t i c  s teel ,  i t  is impor t an t  t o  

s e l e c t  a f i l l e r  metal t h a t  p r e v e n t s  o r  minimizes  carbon m i g r a t i o n  from 

t h e  s t ee l  t o  t h e  weld. 

metals are p r e f e r r e d  i n  t h e s e  j o i n t s  f o r  e l e v a t e d  t empera tu re  s e r v i c e .  

Cons ide rab le  work h a s  been and i s  be ing  conducted t o  c h a r a c t e r i z e  t h e  

It h a s  been shown1* t h a t  n icke l -based  f i l l e r  
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mechanical  p r o p e r t i e s  of e s s e n t i a l l y  u n d i l u t e d  n icke l -based  weld metals. 

An i n v e s t i g a t i o n  of  t h e  e f f e c t  o f  weld d i l u t i o n  on n icke l -based  weld 

metals f o r  d i s s i m i l a r  metal j o i n t s  looked a t  t h e  e f f e c t  of d i l u t i o n  on 

a g i n g  c h a r a c t e r i s t i c s  of  t h e  weldments and t h e  shor t - te rm c r e e p  

p r o p e r t i e s .  

4 . 3 . 1  D i l u t i o n  E f f e c t s  on Weld Creep P r o p e r t i e s  

Comparative c r e e p  tests were made t o  i n d i c a t e  t r e n d s  i n  t h e  e f f e c t  of 

weld d i l u t i o n  on  t h r e e  n icke l -based  weld metals. 

ENiCrFe-3 and ENiCrFe-2 s h i e l d e d  metal-arc e l e c t r o d e s  and ERNiCr-3  

f i l l e r  metal, f o r  which t h e  nominal chemical  composi t ions  are p r e s e n t e d  

i n  T a b l e  4 . 5 .  Two sets of weld d e p o s i t s  were produced by u s i n g  t h e s e  

materials, The f i r s t  se t  w,as made from u n d i l u t e d  b a s e  material: t h e  

second s e t  w a s  d i l u t e d  w i t h  t h e  2 - 1 / 4  C r - 1  Mo steel  b a s e  material .  Weld 

d i l u t i o n  i n  t h e s e  d e p o s i t s  was about  20 t o  30%. We produced c r e e p  

specimens from t h e  two t y p e s  of weld d e p o s i t s  f o r  each  of t h e  t h r e e  

weld metals. 

These a l l o y s  were 

Table  4 . 5 .  Chemical Composition of F i l l e r  Metals Used 
i n  T h i s  I n v e s t i g a t i o n  

Chemical composi t ion (wt % >  
F i l l e r  m e t a l  - 

N i  C r  Mn Fe Cb T i  Mo 

ERNiCr-  3 67 20 3 3 2.5 0.75 

ENiCrFe- 3 67 15 8 8 2.5 1 

E N i  C r  Fe- 2 68 15 1 . 5  9 2.5 2 

R e s u l t s  showed t h a t ,  f o r  ERNiCr-3 and ENiCrFe-3 tes ted a t  649°C i n  

a i r ,  weld d i l u t i o n  r e d u c e s  t h e  c r e e p - r u p t u r e  l i f e  compared w i t h  a p u r e  

u n d i l u t e d  sample ( F i g s .  4.15 and 4 . 1 6 ) .  Because of small sample s i z e ,  

o n l y  t h e  d i f f e r e n c e s  observed among specimens are i m p o r t a n t .  

d e f i n i t e  t r e n d  w a s  e s t a b l i s h e d  f o r  ENiCrFe-2 weld metal. 

No 

Reduct ion  i n  c r e e p - r u p t u r e  l i f e  of t h e  weld metal as demonstrated 

i n  t h e s e  tes ts  shows t h e  importance of weld d i l u t i o n  i n  d i s s i m i l a r  metal 
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welds c o n t a i n i n g  a f e r r i t i c  steel. Weld d i l u t i o n  should  b e  c o n t r o l l e d  t o  

low levels i f  a v a i l a b l e  mechanical  p r o p e r t y  d a t a  on n icke l -based  weld 

metal are  used t o  d e t e r m i n e  t h e  performance of j o i n t s  by d e s i g n  a n a l y s i s  

t e c h n i q u e s .  

4 .3 .2  Fus ion  L i n e  Aging 

Fus ion  l i n e  a g i n g  c h a r a c t e r i s t i c s  of t h r e e  n icke l -based  weld metals 

were examined f o r  d i s s i m i l a r  metal j o i n i n g  a p p l i c a t i o n s  t h a t  i n v o l v e  

f e r r i t i c  s teel  as one of t h e  members. Of s p e c i f i c  i n t e r e s t  w a s  d e t e r -  

mining i f  carbon m i g r a t i o n  from t h e  f e r r i t i c  s teel  t o  t h e  weld v a r i e d  

f o r  t h e  t h r e e  weld metals. 

by u s i n g  ENiCrFe-3, ERNiCr -3 ,  and ENiCrFe-2 e l e c t r o d e s  and f i l l e r  metals. 

Welding c o n d i t i o n s  w e r e  c o n t r o l l e d  t o  produce h i g h  and low weld d i l u t i o n  

w i t h  e a c h  a l l o y .  Specimens, of each  sample t y p e  w e r e  aged a t  566 and 

621°C f o r  v a r i o u s  p e r i o d s  of time up t o  5000 h.  M e t a l l o g r a p h i c  examina- 

t i o n s  w e r e  made a t  500, 1000, and 5000 h.  

We made weld d e p o s i t s  on 2-1/4 C r - 1  Mo s teel  

Aging c h a r a c t e r i s t i c s  of  a l l  samples w e r e  found t o  be s imilar .  

N e i t h e r  weld d i l u t i o n  n o r  weld m e t a l  composi t ion appeared t o  have a 

s i g n i f i c a n t  e f f e c t  on f u s i o n  l i n e  ag ing  c h a r a c t e r i s t i c s .  P r e c i p i t a t e s ,  

assumed t o  b e  c a r b i d e s ,  w e r e  observed a long  g r a i n  boundar ies  i n  t h e  weld 

m e t a l  n e a r  t h e  f u s i o n  l i n e ,  The p r e c i p i t a t e s  were more p r e v a l e n t  i n  

samples  aged a t  621 t h a n  at: 566"C, as expec ted .  However, carbon d i f f u -  

s i o n  from t h e  f e r r i t i c  s t ee l  w a s  n o t  s u f f i c i e n t  t o  show any a p p a r e n t  

carbon d e p l e t i o n  i n  t h e  HAZ. 

The low d i l u t i o n  specimens of ERNiCr-3 weld m e t a l  aged a t  621OC 

produced t h e  semicont inuous g l o b u l a r  phase  i n  t h e  f e r r i t i c  s t ee l  

a d j a c e n t  t o  t h e  weld f u s i o n  l i n e .  

i n  a n  i n v e s t i g a t i o n  of a f a i l e d  t r a n s i t i o n  j o i n t  t a k e n  from a c o a l - f i r e d  

u t i l i t y  b o i l e r .  The f r a c t u r e  of t h i s  j o i n t  p rogressed  through t h e  r e g i o n  

of t h i s  phase  a f t e r  a service l i f e  of 1 7  y e a r s .  

t h i s  phase  w a s  observed t o  form a f t e r  1000 h of a g i n g  and t o  be more 

p r e v a l e n t  a f t e r  5000 h .  No evidence  of t h i s  phase w a s  observed p r i o r  t o  

1000 h of ag ing .  F i g u r e  4.17 i s  a photomicrograph of t h e  semicont inuous 

g l o b u l a r  phase .  

T h i s  phase w a s  r e p o r t e d  p r e v i o u s l y 1 3  

I n  t h e  c u r r e n t  s t u d y ,  



Fig .  4.17. Fus ion  Line  Between ERNiCr-3  Weld Metal and 2-1/4 C r - 1  
No S t e e l  A f t e r  500 h Aging a t  621OC. 

Our s t u d y  h a s  shown t h a t ,  f o r  t h e  t h r e e  f i l l e r  metals most c o m o n l y  

used f o r  t r a n s i t i o n  weld j o i n t s  made of f e r r i t i c  steel, no s i g n i f i c a n t  

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

5000 h of ag ing .  

phase  t h a t  i s  observed i n  welds  made of ERNiCr-3 weld metal; t h e  a c t u a l  

imDortance of t h i s  uhase t o  t h e  service life of a transition i n i n t  i a  

One p o s s i b l e  excep t ion  i s  t h e  p re sence  of t h e  g l o b u l a r  

4.4 STEAM CORROSION - J. C. Griess, J. H. DeVan, and W. A .  Maxwell 

The purpose  of  t h i s  t a s k  i s  t o  de te rmine  t h e  c o r r o s i o n  behav io r  of 

s e l e c t e d  materials i n  superhea ted  steam under  bo th  normal and f a u l t e d  

c o n d i t i o n s  and t o  e v a l u a t e  t h e  e f f e c t  of h i g h  h e a t  f l u x e s  a c r o s s  

c o r r o d i n g  s u r f a c e s .  A l l  t e s t i n g  is  performed by t h e  NUS Corpora t ion ,  

under nuhcnntrnrt tn CIRNT. R +  thP R a r i - n w  P l ~ n t  n i  t h n  l i ’ l n v 4 r i -  Dnr-nr 
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C o r p o r a t i o n  i n  S t .  P e t e r s b u r g ,  F l o r i d a .  The steam used i n  t h e s e  tests 

comes d i r e c t l y  from t h e  s u p e r h e a t e r  c i r c u i t  of t h a t  p l a n t .  

4 . 4 . 1  I n c o n e l  617 Loop 

I n  t h i s  loop  a v a r i e t y  of d i f f e r e n t  a l l o y s  are exposed t o  p u r e  

s u p e r h e a t e d  steam a t  482 and 538OC. 

r e s u l t s  o b t a i n e d  a f t e r  12,000 h of t e s t i n g  were summarized. S i n c e  t h a t  

t i m e  t h e s e  d a t a  were ana lyzed ,  and t h e  r e s u l t s  were f o r m a l l y  r e p o r t e d . 1 5  

The test  was cont inued  d u r i n g  t h e  y e a r ,  and t h e  specimens were examined 

a f t e r  15,000 and 18,000 h.  One o t h e r  examinat ion is scheduled ( a f t e r  

21,000 h)  b e f o r e  t e r m i n a t i o n  of t h e  tes t  a t  25,000 h .  

I n  l a s t  y e a r ' s  annual  r e p o r t 1 4  tes t  

R e s u l t s  of t h e  examinat ion d u r i n g  t h e  y e a r  showed no new t r e n d s .  

A f t e r  18,000 h o n l y  2-1/4 C r - 1  Mo s t ee l  and some exper imenta l  9 C r  s teels  

t e s t e d  a t  538OC had exper ienced  oxide  e x f o l i a t i o n .  

r e t a i n e d  t h e i r  c o r r o s i o n  p r o d u c t s  comple te ly  and cont inued  t o  g a i n  weight  

s lowly .  

a c c o r d i n g  t o  p a r a b o l i c  r e a c t i o n  k i n e t i c s  f o r  about  t h e  f i r s t  5000 h ,  a f t e r  

which t h e  rate became c o n s t a n t .  S ince  then  two a d d i t i o n a l  d a t a  p o i n t s  

have been o b t a i n e d  f o r  each specimen, and e x c e p t  f o r  t h o s e  specimens 

t h a t  o b v i o u s l y  l o s t  ox ide ,  t h e  weight-gain d a t a  s t i l l  i n d i c a t e  low 

c o n s t a n t  c o r r o s i o n  rates - i n  a l l  cases less t h a n  10 pm/year. 

A l l  o t h e r  specimens 

I n  l as t  y e a r ' s  r e p o r t I 4  i t  w a s  no ted  t h a t  most a l l o y s  corroded 

During FY 1979 t h i s  test  w i l l  b e  completed and a f i n a l  r e p o r t  w i l l  

b e  i s s u e d .  

4.4.2 I n c o n e l  625 Loop 

In c o o p e r a t i o n  w i t h  p e r s o n n e l  a t  GAY a tes t  w a s  run  i n  t h e  I n c o n e l  

625 loop  t o  de te rmine  t h e  e f f e c t  of a v e r y  low c o n c e n t r a t i o n  of sodium 

hydroxide d i s s o l v e d  i n  superhea ted  steam on t h e  c o r r o s i o n  of Incoloy  

800H. I n  t h i s  test u n s t r e s s e d  specimens and specimens s t r e s s e d  t o  90% 

of t h e  ASME d e s i g n  y i e l d  stress were exposed t o  538OC steam c o n t a i n i n g  

20 t o  30 ppb sodium (as NaOH) f o r  3991 h.  The steam p r e s s u r e  was 

10.5 MPa. 

The complete r e s u l t s  of t h i s  experiment  have been publ i shed .16  

summary, t h e r e  were no s i g n s  of stress c o r r o s i o n  c r a c k i n g  o r  o t h e r  forms 

I n  



of l o c a l i z e d  a t t a c k ,  b u t  t h e  p r e s e n c e  of  c a u s t i c  i n  t h e  steam produced 

a s l i g h t l y  more c o r r o s i v e  environment t h a n  d i d  p u r e  steam under  t h e  

same c o n d i t i o n s ;  however, t h e  h i g h e s t  average  c o r r o s i o n  ra te  observed 

d u r i n g  t h e  3991-h tes t  w a s  o n l y  6 . 1  pm/year. 

t i o n s  as h igh  as t h o s e  i n  t h i s  test are expec ted  t o  ex is t  i n  t h e  steam 

of an  o p e r a t i n g  power r e a c t o r  o n l y  o c c a s i o n a l l y  and f o r  b r i e f  p e r i o d s ,  

w e  concluded t h a t  such  e x c u r s i o n s  w i l l  have no s i g n i f i c a n t  e f f e c t  on 

t h e  i n t e g r i t y  of Incoloy  800H s u p e r h e a t e r  tubes .  

Because c a u s t i c  concent ra -  

4 .4 .3  Heat-Transfer  Corros ion  Test Loop 

During FY 1978 t e s t i n g  i n  t h i s  loop  w a s  suspended and t h e  loop  was 

removed from t h e  power p l a n t .  During t h e  c u r r e n t  f i s c a l  y e a r ,  t h i s  

program was r e e s t a b l i s h e d ,  and t h e  loop h a s  been r e i n s t a l l e d  a t  t h e  Bartow 

Power P l a n t .  P r e l i m i n a r y  c a l i b r a t i o n  of the loop  and i n s t r u m e n t a t i o n  

and f a b r i c a t i o n  of specimens have begun, and tests should  s ta r t  d u r i n g  

February 1979.  I n i t i a l  tests w i l l  e v a l u a t e  t h e  b e h a v i o r  of 2-1/4 C r - 1  Mo 

s tee l  a t  h e a t  f l u x e s  50% g r e a t e r  t h a n  i n  p r e v i o u s  tests (189 vs  126 kW/m2), 

Subsequent tes ts  w i l l  compare t h e  b e h a v i o r  of 9 C r  s t e e l  w i t h  

2-1/4 C r - 1  Mo s tee l .  
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5 .  HTGR GRAPHITE STUDIES 

W .  P .  E a t h e r l y  and J. A. Conl in  

5 . 1  GRAPHITE CREEP EXPERIMENT 

5 . 1 . 1  G r a p h i t e  Creep Capsules  - R. L .  Senn 

Capsule OC-2 w a s  f a b r i c a t e d  and i n s e r t e d  i n  t h e  Oak Ridge Reac tor  

(ORR) p o s i t i o n  E-5 on June  28, 1978, f o r  a two-cycle (110-d) i r r a d i a t i o n .  

This  c a p s u l e  c o n t a i n e d  a number of changes t o  c i rcumvent  t h e  problems 

encountered w i t h  c a p s u l e  OC-1.  The two p r i n c i p a l  changes were (1) 

improved al ignment  of t h e  p r e s s u r e  l i n k s  t h a t  a p p l y  t h e  compression l o a d  

t o  t h e  samples and (2) s u b s t i t u t i o n  of a pneumatic load-measuring d e v i c e  

f o r  t h e  l i n e a r  d i f f e r e n t i a l  t r a n s f o r m e r s  t h a t  f a i l e d  i n  OC-1. The 

programming and d i s p l a y  c a p a b i l i t i e s  of t h e  Data A c q u i s i t i o n  and C o n t r o l  

System (ORRDACS) were a l s o  improved and extended.  

The experiment  w a s  o p e r a t e d  a t  a nominal 600°C, w i t h  t h e  r e a c t o r  

power a t  28 MW r a t h e r  t h a n  t h e  normal 30 MW because of t h e  summer h e a t .  

The movable thermocouples t h a t  s c a n  t h e  c e n t e r l i n e  of t h e  unloaded 

samples o p e r a t e d  almost  p e r f e c t l y  throughout  t h e  i r r a d i a t i o n  and t h u s  

p e r m i t t e d  set  p o i n t s  f o r  t h e  c o n t r o l  thermocouples t o  b e  updated as 

n e c e s s a r y .  The sample tempera tures  were consequent ly  c o n t r o l l e d  t o  

600°C, w i t h  a t o t a l  range  of +18". 

movable thermocouple motion w a s  t r a c e d  t o  t h e  jamming of  t h e  motor d r i v e  

t r a i n ,  which w a s  r e p l a c e d  d u r i n g  r e a c t o r  shutdown. Other  untoward 

e v e n t s  d u r i n g  t h e  i r r a d i a t i o n  w e r e  s e v e r a l  r e a c t o r  s e t b a c k s ,  which w e r e  

t r a c e d  t o  n o i s e  on t h e  ORRDACS e l e c t r i c a l  l i n e s .  The s e t b a c k s  occur  

a u t o m a t i c a l l y  i f  t h e  computer s e n s e s  an  over- temperature  and are meant 

t o  p r o t e c t  t h e  e x p e r i m e n t a l  samples from thermal  a n n e a l i n g  of t h e  

r a d i a t i o n  damage. 

A temporary l o s s  of t h e  s o u t h  

The c a p s u l e  was removed on October  16 ,  1978, w i t h  a peak accumulated 

f l u e n c e  of 2 x 1 O 2 I  neutrons/cm2 (E >0.18 MeV). 

cons idered  t o  b e  wholly s u c c e s s f u l .  

The i r r a d i a t i o n  i s  

The c a p s u l e  OC-3 assembly w a s  completed; i n s e r t i o n  i s  planned f o r  

January  1979. This  c a p s u l e  w i l l  b e  o p e r a t e d  a t  900°C f o r  a scheduled  

209 
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two-cycle i r r a d i a t i o n .  

OC-1 t o  accumulate  a planned t o t a l  peak f l u e n c e  of 3 x 1O2I neutrons/cm2.  

The samples  are be ing  r e c y c l e d  from experiment  

5.1.2 Neu t ron ic s  A n a l y s i s  f o r  OC-2 Experiment - W .  E .  Thomas 

Ana lys i s  of t h e  OC-2 exper iment  i n  ORR f a c i l i t y  E5 w a s  q u i t e  l i m i t e d  

du r ing  t h e  r e p o r t  p e r i o d .  

f o r  a r ea r r anged  co re  c o n f i g u r a t i o n  were compared w i t h  p r e v i o u s  f l u x e s  

f o r  a "normal" ORR c o r e .  T h e  purpose  of t h e  comparison w a s  t o  p rov ide  

in fo rma t ion  on f a s t  neu t ron  f l u x  ( E  > 183 KeV) d i s t r i b u t i o n  i n  t h e  

somewhat "nonconvent ional"  loaded  c o r e  t h a t  e x i s t e d  p r i o r  t o  OC-2 

o p e r a t i o n .  Wi th in  t h e  E-5 f a c i l i t y ,  ax ia l  d i s t r i b u t i o n  o f  f a s t  n e u t r o n  

f l u x  w a s  s imilar f o r  t h e  two c o r e s ,  about  10% h i g h e r  f o r  t h e  nonconven- 

t i o n a l  c o r e  [ i . e . ,  $3.5 x 

n e u t r o n s  m-2 s-l f o r  t h e  peak a t  ~ 7 6  mm below t h e  h o r i z o n t a l  midplane of 

t h e  r e a c t o r  (HMP)]. Our c a . l c u l a t i o n  a l s o  showed a s imilar  t r e n d  f o r  

n u c l e a r  h e a t i n g  i n  g r a p h i t e  ($9 W/g maximum i n  t h e  nonconvent iona l  c o r e  

v e r s u s  $8 W/g maximum i n  a normal ORR c o r e ) .  

a r r anged  t o  p rov ide  a more normal f u e l  d i s t r i b u t i o n  p r i o r  t o  OC-2 

o p e r a t i o n .  The i r r a d i a t i o n  p e r i o d  ended October 16 ,  1978; 18 of t h e  

20 n e u t r o n  dos ime te r  packages were recove red  du r ing  d isassembly  of t h e  

exper iment  i n  t h e  h o t  ce l l .  F lux  moni tors  w i t h i n  each  package are y e t  

t o  be  counted.  

F lux  r e s u l t s  from a 3-D VENTURE' c a l c u l a t i o n  

n e u t r o n s  mV2 v e r s u s  $ 3 . 2  x lo1*  

Fue l  e lements  w e r e  

5 . 1 . 3  Graph i t e  Creep Data - C .  R. Kennedy 

The g r a p h i t e  samples  from experiment  OC-2 w e r e  t r a n s f e r r e d  t o  

t h e  l a b o r a t o r y  and measurements i n i t i a t e d  i n  l a t e  October .  The samples  

looked i d e n t i c a l  t o  t h e i r  p r e i r r a d i a t i o n  appearance.  De te rmina t ions  of  

dimensions,  we igh t s ,  eddy-current  c o n d u c t i v i t i e s ,  s o n i c  v e l o c i t i e s ,  

and s o n i c  a t t e n u a t i o n s  w e r e  completed,  and d a t a  r e d u c t i o n  i s  i n  p r o g r e s s .  

A s  expec ted ,  t h e  p r e l i m i n a r y  i n d i c a t i o n  i s  t h a t  t h e  c reep  a t  6 O O 0 C  i s  

less t h a n  a t  900°C b u t  t h a t  t h e  changes i n  e l a s t i c  c o n s t a n t s  and con- 

d u c t i v i t i e s  are much g r e a t e r .  

d u c t i v i t i e s  by v o l t a g e  drop are i n  p r o g r e s s .  

Thermal expans ion  and e l ec t r i ca l  con- 
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5 .1 .4  Creep Bench Test (125OOC) - H. C .  Roland 

The bench tes t  f o r  t h e  125OOC c r e e p  c a p s u l e  d e s i g n  w a s  f i n a l l y  

completed,  and measurements were i n i t i a t e d  i n  November. The d e l a y s  

were caused by d i f f i c u l t i e s  i n  o b t a i n i n g  and machining t h e  hol low 

t u n g s t e n  c y l i n d e r  t h a t  acts  as b o t h  a r a d i a t i o n  r e f l e c t o r  and a gamma- 

r a y  s u s c e p t o r .  The s i t u a t i o n  w a s  f u r t h e r  complicated by t h e  i n a b i l i t y  

of t h e  h e a t e r  manufacturer  t o  f a b r i c a t e  5/6-in.-diam h e a t e r  r o d s  and t h e  

consequent  r e d e s i g n i n g  of t h e  experiment  t o  accommodate 3/8-in.-diam 

r o d s .  

5 . 2  KERNFORSCHUNGSANLAGE GRAPHITE IRRADIATIONS I N  HFIR 

5 .2 .1  Capsule  C o n s t r u c t i o n  - R. L.  Senn 

Capsule  HTK-1, t h e  f i r s t  of t h e  German g r a p h i t e  c a p s u l e s ,  w a s  

i n s e r t e d  i n  t h e  High F l u x  I s o t o p e  Reac tor  (HFIR) t a r g e t  p o s i t i o n  G-5 

on March 28, 1978, f o r  a f i v e - c y c l e  i r r a d i a t i o n .  The c a p s u l e  w a s  removed 

on J u l y  24, 1978, w i t h  a peak accumulated f l u e n c e  of 10.7 x 1 O 2 I  neutrons/cm2 

( E  > 0.18 MeV), e q u i v a l e n t  t o  6.4 x 1021 neutrons/cm2 EDN. 

showed s i g n i f i c a n t  a c t i v i t y  up t o  2 R/h p e r  sample a t  c o n t a c t .  

t h i s  a c t i v i t y ,  t h e  samples could  b e  handled s u c c e s s f u l l y  and were 

r e i n s e r t e d  i n t o  c a p s u l e  HTK-2, which w a s  p l a c e d  i n t o  t a r g e t  p o s i t i o n  B-1 

on September 1 4 ,  1978. The planned s i x - c y c l e  i r r a d i a t i o n  should  b e  com- 

p l e t e d  about  February 1, 1979. 

The samples 

D e s p i t e  

5.2.2 P r e i r r a d i a t i o n  C h a r a c t e r i z a t i o n  - C .  R .  Kennedy 

Each of t h e  b l o c k s  of German g r a p h i t e s  w a s  mapped t o  determine areas 

of u n i f o r m i t y  and r e p r e s e n t a t i v e n e s s .  These mappings inc luded  eddy- 

c u r r e n t  c o n d u c t i v i t i e s ,  x-radiography, x-ray d e n s i t o m e t r y ,  and b o t h  

l o n g i t u d i n a l  and s h e a r  s o n i c  moduli .  

t h e  e x c e p t i o n  of t h e  two e x t r u d e d  g r a d e s ,  ATR-2E and UKAEA-11. The 

German grade  ATR-2E showed s t r o n g  f low l i n e s  i n  t h e  d i r e c t i o n  of e x t r u s i o n ,  

and t h e  UKAEA g r a p h i t e  had a low mean d e n s i t y  and e x h i b i t e d  a low-densi ty ,  

h i g h - r e s i s t i v i t y  r e g i o n .  

The b l o c k s  were q u i t e  uniform w i t h  
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Samples were s e l e c t e d  t o  r e p r e s e n t  mean and extreme p r o p e r t i e s  of 

t h e  b locks ,  w i t h  r e p r e s e n t a t i v e  material g e n e r a l l y  from t h e  c e n t e r  of 

t h e  b i l l e t  and n o n r e p r e s e n t a t i v e  material from t h e  edges.  The e x c e p t i o n  

w a s  t h e  UKAEA b lock ,  from which a l l  samples w e r e  s e l e c t e d  t o  avo id  t h e  

low-densi ty  r eg ion .  

Values  f o r  t h e  e l a s t i c  c o n s t a n t s  from s o n i c  measurements are g iven  

i n  Table  5.1, and t h e  Young's moduli  as compared w i t h  t h e  Kernforschungs-  

a n l a g e  (KFA) d a t a  are shown i n  F ig .  5.1. With t h e  excep t ion  of t h e  

q u e s t i o n a b l e  UKAEA b lock ,  which i s  d i f f e r e n t  from t h e  b lock  used by 

KFA, t h e  d a t a  are i n  e x c e l l e n t  agreement .  

Table  5.1. E l a s t i c :  Cons tan t s  from Sonic  Measurements 

Grade 
E l a s t i c  

c o n s t a n t s  V483 V356 ATR-2R ATR-2E ASR-1R ASR-2R UKAEA-11 

10.49 
10.24 

4.33 
4.21 
2.07  

1.70 

0.18 
0.14 
0.14 

9.90 
9.68 

10.69 

9.61 
4.56 
4.78 
1.13 

1.01 

0.10 

0.11 
0.09 

10.47 

9.44 

10.90 
9.33 

3.87 
4.07 
2.76 
2.33 

0.21 

0.20 

0 .17  

9.86 
8.54 

9.08 
10.66 

3.98 
3.73 

1.62 

1.82 

0.15 

0.14 
0.17 

8.59 
10.04 

11.01 
9.41 

4.13 

4.39 
2.23 

1.90 

0.17 
0.17 

0.14 

10.31 
8.88 

9.36 
7.70 

3.48 
3.82 
1.71 

1.50 

0.16 

0.16 
0.14 

8.85 
7.30 

8.69 
9.42 

3.64 
3.54 
1.61 

1.76 

0.15 

0.09 
0.17 

8.29 
8.82 

Data on f l e x u r a l  s t r e n g t h ,  b r i t t l e - r i n g  s t r e n g t h ,  e l e c t r i c a l  resis- 

t i v i t y ,  and the rma l  expansion have been determined on t h e  seven  g rades .  

The b r i t t l e - r i n g  d a t a  have been extended from our  normal 17.8-mm-diam 

r i n g  t o  a 10-mm-diam r i n g ,  which i s  comparable t o  t h e  r i n g s  t o  be  

i r r a d i a t e d .  Data on a number of a r c h i v a l  samples i n  t h e  two geometr ies  

as w e l l  as t h a t  on t h e  Gernan g r a p h i t e s  are g iven  i n  Table  5.2 a long  w i t h  
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Table  5 .2 .  F r a c t u r e  S t r e n g t h  T e s t i n g  of G r a p h i t e  
- 

F r a c t u r e  s t r e n g t h s  ( m a )  

1 7 . 8  mm HFIR 

bend bend r i n g  r i n g  
Grade Dens i ty  O r i e n t a t i o n  KFA ORNL b r i t t l e  b r i t t l e  

KFA g r a d e s  

V483 1.75 WIGa 31.4 
A/Gb 30.5 

V356 1.76 WIG 32.2 
A/G 29.4 

ATR-ZR 1.74 W I G  24.4 
A/G 22.4 

ATR-2E 1 .82  W /  G 23.5 
A/G 18.5 

ASR-1R 1 .82  W/G 26.0 
A / G  23.0 

ASR-2R 1.72 W/G 19.4 
A/G 15 .8  

UKAEA- 11 1.75 WIG 
A/G 

H451 

H451 

A681 

AXM-5Q 

AXF-5Q 

AT J- S 

H337 

AGOT 

SA45 

1 .74  

1 .70  

1 .64  

1 .68  

1 .80  

1.85 

1.99 

1.74 

1.55 

HTGR g r a d e s  

33.8 40 .1  46.5 
32.4 

37.4 39.7 48.3 
31.8 

25 .1  32.5 43.7 

22.6 
19 .9  31.8 41.4 

26.6 35.4 45.4 

20.2 26.4 39 .1  

20 .3  
19.9 27.4 

30.7 

24.9 
18 .2  

Misce l l aneous  g r a d e s  

I S O C  3 7 . 2  

Is0 60.7 

Is0 79.2 

W I G  47.0 

Is0 42.7 

A/G 

Is0 

9.6 

11 .6  

32.8 

27.7 

41 .1  

36.8 

48 .3  

7 7 . 1  

102.5 

5 6 . 1  

56.5 

20.8 

13 .6  

a 

bA/G, a g a i n s t  g r a i n .  
e 

WIG,  w i t h  g r a i n .  

I so ,  i s o t r o p i c .  



214 

a 
LL 
Y 

Fig.  5.1. ORNL and Ke.rnforschungsanlage Dynamic Moduli A r e  i n  
Good Agreement. 

KFA and o u r  f l e x u r a l  s t r e n g t h s .  The f l e x u r a l  s t r e n g t h s  from t h e  two 

l a b o r a t o r i e s  are p l o t t e d  i n  F i g .  5 .2 .  Agreement i s  e x c e l l e n t ,  w i t h  t h e  

s l i g h t l y  h i g h e r  ORNL v a l u e s  a t t r i b u t a b l e  t o  a s l i g h t l y  smaller stress 

volume (Weibul l  e f f e c t ) .  T h i s  s t ress-volume e f f e c t  i s  more marked i n  

t h e  r i n g s ,  f o r  which t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  geometry. 

C l e a r l y ,  however, t h e  s m a l l  r i n g s  g i v e  a good measure of s t r e n g t h .  

M e t a l l o g r a p h i c  examinat ion  of p o l i s h e d  s u r f a c e s  h a s  a l s o  been 

performed;  V 4 8 3  and V 3 5 6  are t h e  f i n e s t  g r a i n e d  and most c r y s t a l l i n e .  

Grades ATR-2R (molded) and ATR-2E are s t r u c t u r a l l y  s i m i l a r  and have a 

l a r g e  g r a i n  s i z e  t h a t  a p p e a r s  t o  b e  agglomera tes .  Grades ASR-1R and -2R 

are even c o a r s e r  g r a i n e d  and a g a i n  have an  appearance of agglomera tes  

and an  i n t e r m e d i a t e  d e g r e e  of c r y s t a l l i n i t y .  The UKAEA-11 material  

i s  q u i t e  d i f f e r e n t ;  i t  h a s  ex t remely  low c r y s t a l l i n i t y  and i n c l u d e s  

much t h a t  i s  s t r u c t u r e l e s s .  
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ORNL BEND STRENGTH (MPa) 

Fig. 5.2. KFA Bend Strengths Correlate Well with ORNL Bend 
Strengths. 

5.2.3 Irradiation Results from HTK-1- C .  R. Kennedy 

The data package on the HTK-1 irradiation has been completed, and 

typical results are given in Figs. 5 . 3  through 5 . 9 .  Of note is the 

correlation of the initial densification rate as related to porosity and 
thermal-expansion deficiency. This correlation implies that these 

graphites will behave in a "normal" pattern, although one cannot extrap- 
olate this initial rate to predict necessarily the graphite lifetime. 

We have normally measured sonic velocities at frequencies of 0.5 and 
1 MHz because graphite is much more transparent to lower frequencies. 
However, the small size of the HFIR samples precludes these frequencies 
because of the "near-field" effect generated by the piezo-electric 

crystal. Measurements could be made successfully at 2 - 1 / 4  MHz; sonic 

attenuation could also be determined. 

given in Fig. 5.5, assuming isotropy. 
Typical sonic Young's moduli are 
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ORNL-DWG 79-9728 

" 
0 1 2 3 4 5 

FLUENCE, EDN (n/crn2) 

Fig. 5.3. Dimensional Changes of Graphite Grade V-483 on Irradiation 
at About 5 5 0 O C .  

ORNL-DWG 79-9729 

2 .o 2.5 3.0 3.5 4.0 4.5 5.0 
( 2.0-p)(27-CTEm1 1, DE N SI FI CAT I ON FACTOR 

Fig. 5 . 4 .  Initial Densification Rate as Related to the "Densifica- 
tion Factor." 
volumetric thermal expansion x lo6. 

The symbol P represents bulk porosity and CTEvol the 
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Fig .  5 .5 .  Changes i n  Sonic  Young's Modulus of G r a p h i t e  Grades 
ATR-2E and ATR-2R on I r r a d i a t i o n  a t  About 550°C. 

F ig .  5.6. F r a c t u r e  Stress  as Re la t ed  t o  t h e  F a c t o r  Sonic  V e l o c i t y  
V Divided by Square  Root of  A t t e n u a t i o n  C o e f f i c i e n t  a. 
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F i g .  5 . 7 .  Change i n  Sonic  V e l o c i t y  Divided by Square Root of 
A t t e n u a t i o n  C o e f f i c i e n t  as a Funct ion  of I r r a d i a t i o n .  T h i s  q u a l i t y  should  
b e  p r o p o r t i o n a l  t o  f r a c t u r e  s t r e n g t h .  

ORNL-DWG 79-9724 

ASR-ER 

0 i 2 3 4 5 
FLUENCE, EDN (n/crn2) 

F i g .  5.8. Change i n  Eddy-Current R e s i s t i v i t y  R a t i o  as a Funct ion  
of F luence .  
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ORNL-DWG 79-9730 

VOLUMETRIC CTE ("C-4) 

Fig .  5 .9 .  Change i n  Thermal Expansion C o e f f i c i e n t  as R e l a t e d  t o  
I n i t i a l  ( U n i r r a d i a t e d )  C o e f f i c i e n t .  

From f r a c t u r e  mechanics t h e r e  should  b e  a monotonic r e l a t i o n s h i p  

between t h e  f r a c t u r e  s t r e n g t h  and t h e  s o n i c  v e l o c i t y  d i v i d e d  by t h e  

s q u a r e  r o o t  of t h e  a t t e n u a t i o n  c o e f f i c i e n t .  

i s  r e l a t e d  t o  Young's modulus, and a t t e n u a t i o n  is  a measure of t h e  

background "flaw" f i e l d .  These g r a p h i t e s  show t h i s  r e l a t i o n s h i p  (F ig .  

5 . 6 ) .  

t h e  d a t a  are t o o  s c a t t e r e d  t o  b e  c o n c l u s i v e ,  b u t  no major change i n  

s t r e n g t h  o c c u r s  a t  t h i s  p o i n t .  

That i s  t o  s a y ,  t h e  v e l o c i t y  

The e f f e c t  o f  i r r a d i a t i o n  on t h i s  q u a n t i t y  i s  shown i n  Fig.  5 .7 ;  

5 . 3  REFERENCE 

1. D.  R. Vondy e t  a l . ,  VENTURE A Code BZock f o r  Solving MuZtigroup 
Neutronics ProbZems A p p Z y i n g  the Finite-Difference Diffusion- 
Theory Approximation to Neutron Transport, ORNL-5062 (October 

1975) .  





6. EVALUATION OF PEBBLE-BED-TYPE HTR 

D. E.  B a r t i n e ,  D .  R. Vondy, and B. A. Worley 

6 . 1  INTRODUCTION 

Both t h e  d e s i g n  and t h e  mode of o p e r a t i o n  of t h e  h igh - t empera tu re ,  

gas-cooled,  graphi te -modera ted  pebble-bed r e a c t o r  concept  are under  

s t u d y  t o  p r o j e c t  r e a c t o r  performance.  Ore use  and f u e l  c o s t  are of 

pr imary i n t e r e s t ,  w i t h  des ign  c o n s t r a i n t s  b e i n g  s a t i s f i e d .  The concept  

could  b e  used f o r  e l e c t r i c a l  energy  and process-hea t  p roduc t ion  o r  f o r  

a combinat ion of t h e  two. The concept  could  make an  u n u s u a l l y  h i g h  

energy-conversion e f f i c i e n c y  p o s s i b l e ,  which is  of s p e c i a l  i n t e r e s t .  

With cont inuous  f u e l i n g ,  t h e  concept  can have t h e  advantage  of a h i g h e r  

fue l - conve r s ion  r a t i o  and a v a i l a b i l i t y  than  do concep t s  that r e q u i r e  

t h e  u s e  of c o n t r o l  r o d s  t o  o f f s e t  t h e  r e a c t i v i t y  swing accompanying 

p e r i o d i c  r e f u e l i n g .  An i n t e r i m  r e p o r t  w a s  i s s u e d  on t h e  e a r l y  assessment 

of b reed ing  c a p a b i l i t y , l  and a r e p o r t  documenting r e c e n t  e f f o r t  is  i n  

p r e p a r a t i o n .  T h i s  work i s  under  a t e c h n i c a l  i n f o r m a t i o n  exchange 

umbre l la  agreement w i t h  t h e  F e d e r a l  Republ ic  of Germany. 

Reac tor  performance c a l c u l a t i o n s  have been made which emphasize 

d e s i g n s  f o r  t h e  b r e e d e r  o r  near -breeder  t h a t  u s e s  233U f u e l ,  t h e  p re -  

b r e e d e r  t h a t  u s e s  235U f u e l  t o  produce 2 3 3 U  f u e l ,  t he  n o n p r o l i f e r a t i o n  

o p e r a t i o n  (throwaway) t h a t  u ses  medium- o r  low-enriched-uranium f e e d ,  

and t h e  b u r n e r  (throwaway) o r  c o n v e r t e r  ( r e c y c l e )  t h a t  u ses  f u l l y  

e n r i c h e d  uranium feed .  

The l o c a l  c a p a b i l i t y  f o r  s o l v i n g  problems by computer h a s  been 

enhanced f o r  s p e c i f i c  a p p l i c a t i o n  t o  t h e  c o n t i n u o u s l y  f u e l e d  c o r e ,  and 

development of methods c o n t i n u e s .  Emphasis i n  t h e  c o n t i n u i n g  e f f o r t  of 

a n a l y s i s  i s  on: comparison of t h e  pebble-bed and f i x e d - f u e l  p r i s m a t i c  

conceDts: r e sonance - sh ie ld ing ,  con t ro l - rod ,  and the rma l  h y d r a u l i c s  

c a l c u l a t i o n s ;  benchmarking methods; and assessment  of d e s i g n s  and modes 

of o p e r a t i o n .  
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6 .2  ANALYSIS METHODS - M. A .  Bjerke ,  D.  R.  Vondy, R .  M .  W e s t f a l l ,  

and B. A. Worley 

The pebble-bed r e a c t o r  p r e s e n t s  an  a n a l y s i s  c h a l l e n g e ,  e s p e c i a l l y  

because ,  w i t h  once-through cont inuous  f u e l i n g ,  t h e  n e u t r o n  f l u x  d i s t r i -  

b u t i o n  i s  skewed toward t h e  t o p ,  where t h e  f r e s h  f u e l  i s  l o c a t e d .  We 

d i s c u s s  h e r e  our  s p e c i f i c  e f f o r t  t o  enhance l o c a l  a n a l y s i s  c a p a b i l i t y .  

An e f f o r t  h a s  a l s o  been d i r e c t e d  t o  m u l t i p l e  p l a n t  symbios is  c a l c u l a t i o n s .  

6 . 2 . 1  Neut ronics  and Expos= 

M o d i f i c a t i o n s  w e r e  made t o  t h e  VENTURE, BURNER, and r e l a t e d  codes 

t o  p e r m i t  d i r e c t  s o l u t i o n  of t h e  s t e a d y - s t a t e ,  c o n t i n u o u s - f u e l i n g  

problem f o r  t h e  c r i t i c a l  r e a c t o r .  One- and two-dimensional problems 

are s o l v e d  r o u t i n e l y  by t h e  a p p l i c a t i o n  of  t h e  f i n i t e - d i f f e r e n c e ,  

d i f f u s i o n - t h e o r y  r e p r e s e n t a t i o n  of n e u t r o n  t r a n s p o r t .  

were found t o  be n e c e s s a r y  f o r  s t a b i l i z i n g  t h e  tendency of t h e  g l o b a l  

two-dimensional n e u t r o n i c s  and exposure  i t e r a t e  s o l u t i o n s  t o  o s c i l l a t e .  

C a p a b i l i t y  t o  f o l l o w  l o n g  p l a n t  h i s t o r i e s  w i t h  r e c y c l e  w a s  a l s o  

implemented by a p p l y i n g  a s imple  m u l t i b a t c h - p o i n t  r e a c t o r  model. 

S p e c i a l  t e c h n i q u e s  

6.2.2 Cross  S e c t i o n s  

A method f o r  t r e a t i n g  mul t ihe te rogeneous  sys tems w a s  developed f o r  

resonance  s e l f - s h i e l d i n g  c a l c u l a t i o n s .  A s  a p p l i e d  t o  t h e  Pebble-Bed 

Reac tor  f u e l  e l e m e n t s ,  t h e  method d e t e r m i n e s  t h e  double-space s h i e l d i n g  

e f f e c t s  t h a t  r e s u l t  from t h e  p r e s e n c e  of c o a t e d  k e r n e l s  i n  a g r a p h i t e  

m a t r i x  surrounded by a dense o u t e r  g r a p h i t e  s h e l l .  More t h a n  a s i n g l e  

p e b b l e  t y p e  and/or  a s i n g l e  k e r n e l  t y p e  can b e  t r e a t e d  i n  an  i t e r a t i v e  

p r o c e s s ,  which r e b a l a n c e s  t h e  s u r f a c e  n e u t r o n  c u r r e n t  s o u r c e s .  Micro- 

s c o p i c ,  ce l l -averaged  c r o s s  s e c t i o n s  are c a l c u l a t e d  f o r  the resonance  

n u c l i d e s ,  dependent on p e b b l e  t y p e  i f  d e s i r e d .  The method i s  b e i n g  

implemented i n  t h e  l o c a l  c r o s s - s e c t i o n  p r o c e s s i n g  system. 
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6 . 2 . 3  Thermal Hydraul ics  

The primary work i s  b e i n g  done under c o n t r a c t  by t h e  Technology 

f o r  Energy Corpora t ion .  

been used f o r  t e s t i n g  and i s  b e i n g  coupled t o  t h e  l o c a l  c o r e  p h y s i c s  

codes.  A two-dimensional code developed a t  t h e  Los Alamos S c i e n t i f i c  

Labora tory  i s  b e i n g  modif ied and enhanced t o  s a t i s f y  t h e  b a s i c  needs  

and w i l l  b e  coupled t o  t h e  c o r e  p h y s i c s  codes.  The a n a l y s i s  e f f o r t  i s  

d i r e c t e d  a t  assessment  of t h e  c o o l a n t  f low c h a r a c t e r i s t i c s  and pre-  

d i c t i o n  of tempera tures  i n  t h e  pebbles  and i n c l u d e s  c o n s i d e r a t i o n  o t  t h e  

e f f e c t  of exposure and tempera ture  h i s t o r y .  

A one-dimensional c a l c u l a t i o n a l  procedure  h a s  

6 . 3  PERFORMANCE CHARACTERISTICS OF SPECIFIC FUEL CYCLES - D. R. Vondy 

and B. A .  Worley 

6 . 3 . 1  Burner Opera t ion  

The Pebble-Bed Reac tor  concept  can b e  used as a b u r n e r  t h a t  i s  

f u e l e d  w i t h  f u l l y  e n r i c h e d  35U,  w i t h  subsequent  "throwaway" of s p e n t  

f u e l .  C a l c u l a t i o n s  have been made o v e r  a wide range  of v a l u e s  of t h e  

key parameters  t o  assess performance. One r e c y c l e  of f e r t i l e  p e b b l e s  

w i t h o u t  r e p r o c e s s i n g  a p p e a r s  t o  b e  f e a s i b l e ,  a l t h o u g h  t h e  r e d u c t i o n s  i n  

o r e  consumption and f u e l  c o s t  w e r e  found t o  b e  small .  D i f f u s i o n  t h e o r y  

i s  used i n  t h e  pr imary a n a l y s i s  e f f o r t ,  b u t  c a l c u l a t i o n s  have been made 

w i t h  t h e  d i s c r e t e  o r d i n a t e s  and Monte C a r l o  methods t o  s t u d y  t h e  e f f e c t s  

from r e f l e c t i o n  around t h e  g a s  space  o v e r  t h e  c o o l a n t  i n l e t  r e g i o n  and 

c o n t r o l - r o d  i n s e r t i o n .  

6 .3 .2  Conver te r  Opera t ion  w i t h  Recycle 

The r e p r o c e s s i n g  of d i s c h a r g e d  pebbles  and t h e  r e c y l i n g  of f u e l  

would minimize o r e  requi rements .  

t h e  minimum f u e l - c o s t  value by i n c r e a s i n g  t h e  convers ion  r a t i o ,  b u t  

t h e r e  i s  a c o s t  p e n a l t y ,  The convers ion  r a t i o  i s  i n c r e a s e d  by reducing  

t h e  exposure  (burnup) and d e c r e a s i n g  t h e  carbon-to-heavy-metal r a t i o .  

Table  6 . 1  i s  a summary of t h e  r e s u l t s  o b t a i n e d .  

O r e  consumption can be reduced from 



Table 6.1. Summary of Ore Requirements and Fuel Cycle Costs 
For Cases Studied 

Ore requirement Fuel cost 
[kg U,O,/MW(e) installed] [ mill/kW (e) h ] 

Exposure Conversion 
[MW(t)d/kgl ratio Consumption Commitment Low (indirect) Reference 

128 

113 

97 

82 

66 

51 
36 

20 

0.60 

0.63 

0.66 

0.69 

0.72 

0.75 

0.78 

0.81 

2,450 

2,290 

2,120 

1,950 

1,780 

1,610 

1,450 

1,280 

2,700 

2,600 

2,500 

2,410 

2,320 

2,230 

2,150 

2,080 

4.3 

4.2 

4.2 

4.3 

4.4 
4.7 

5.3 

7.0 

5.4 

5.3 

5.3 

5.4 

5.5 

5.9 

6.5 

8.3 

N 
N c- 
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The ore commitment to operate the reactor through its life is 

reduced much less than is the consumption by decreasing the exposure. 

The cost penalty to reduce the ore consumption 34% is estimated at 2 4 % ,  

but to reduce it 2 6 % ,  the cost would be increased only 12%. 

6 .3 .3  Denatured Fuel 

An incentive exists to use a 235U-238U feed mixture with low to 

medium enrichments for proliferation-resistant purposes. The feed fuel 

cannot be used directly for weapons production, and the discharged fuel 

can be stored without reprocessing. For throwaway cycles, the optimum 

cost and ore use occur at high burnups and at high carbon-to-heavy-metal 

ratios. 

fertile thorium pebble feed stream for radial blanketing is much more 

cost effective than is use of lower-enriched feed without thorium. 

The use of medium-enriched fissile feed ($0.20 235U) with a 

Parameter studies have been performed over a range of carbon-to- 

heavy-metal ratios, burnups, and enrichments for use in assessing 

reactor performance. Axial and radial blankets that use a flowing 

stream of pebbles containing thorium were examined. Recycle of the 

fertile (thorium) pebbles without reprocessing reduces the 2351J feed 

requirements by as much as 6%. 

6.3.4 Breeder Operation 

With a short residence time and a low carbon-to-heavy-metal ratio, 

it seems possible to achieve a break-even fuel balance; production 

would equal consumption, with consideration of processing losses. A 

significant cost penalty is associated with net breeding, and the 

amount of net fuel production would be small. The conditions required 

for breeding lead to a high system fissile inventory. These conditions 

significantly increase both processing and indirect costs. 

6.3 .5  Prebreeder Operation 

The concept can use 2351J fuel to produce 233U fuel. Thus the system 

for one breeder reactor could be supplied with a fuel inventory annually 
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from t h e  o p e r a t i o n  of about  15 p reb reede r  p l a n t s .  

s c e n a r i o s  t h a t  contempla te  d e p l e t i o n  of our  o r e  supply  i n d i c a t e  t h a t  t h e  

p reb reede r  may p lay  a r o l e  i n  compe t i t i on  w i t h  b r e e d e r s  t h a t  have h i g h e r  

c o s t s .  

Energy supply  

The f l e x i b i l i t y  of t he  Pebble-Bed Reac tor  concept  can  b e  e x p l o i t e d .  

A s h o r t  r e s i d e n c e  t i m e  of f u e l e d  pebbles  is  necessa ry  t o  e f f e c t  a h i g h  

p r o d u c t i o n  of 233U, whereas a long  r e s i d e n c e  t i m e  of t h e  f u e l e d  pebbles  

i s  needed t o  reduce  t h e  f u e l  c o s t .  One r e c y c l e  of t h e  f u e l e d  pebbles  

w i t h o u t  r e p r o c e s s i n g  shows advantage ,  b u t  a n  a s s o c i a t e d  i n c r e a s e  i n  t h e  

peak pebb le  power d e n s i t y  iand t empera tu res  may l i m i t  f e a s i b i l i t y  t o  

on ly  p a r t i a l  r e c y c l e .  

6 .4  ORE UTILIZATION AND FUEL COSTS - D. R. Vondy and B.  A. Worley 

A summary of t h e  r e s u l t s  of t h e  r e c e n t  a n a l y s i s  e f f o r t  cove r ing  t h e  

r ange  of pr imary modes of o p e r a t i o n  is g iven  i n  Table  6.2.  

6.5 REFERENCES 
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Table 6.2. Performance Summary for the. Pebble-Bed Reactor Concept a t  a Net Plant Efficiency of 0.4‘ 

Nominal 

Ore requirement Fuel cost Fissile inventory External Fissile 

fissile commitment [kg U30s/installed MW(e)] [ mill/kW(e)h ] Average Peak pebble [ kglinstalled 
Nominal fueled 

carbon to  pebble conversion pebble exposure W W l  feed I kgjinstalled 
Service and 

power 
ratio (kw) L k ~ ~ ~ ~ ’  Plant System [ k g / W ( e )  Y ~ I  W(e)l Consumption 

technology level heavy metal residence 
(atomic) (full 

power years) 

Commitment Low indlrect Reference 

Low technology 

Low technology 
Reference 450 
High technology 

Low technology 
Reference 
High technology 

LOW cost 
Low technology 
Reference 
High technology 

Low technology 
Reference 
High technology 

Low ore 

Low cost 
Reference 
High performance 

Low cost 
Intermediate 
High conversion 
Breakeven 
Breeder 

600 

450 
450 
450 

250 
25 0 
250 

250 
250 
250 

175 
175 
175 

175 
175 
175 

250 
175 
110 
90 
80 

2.0 

2.5 
2.5 
2.5 

3.8 
3.8 
4.2 

3.8 
3.8 
4.2 

2.0 
2.0 
2.0 

2.5 
1.5 
3.0 

4.2 
1.5 
2.0 
1.5 
1.5 

0.52 

0.53 
0.56 
0.54 

0.55 
0.58 
0.57 

0.64 
0.66 
0.68 

0.75 
0.78 
0.81 

0.70 
0.73 
0.71 

0.710 
0.890 
0.990 
1.023 
1.036 

1.8 

2.5 
5.1 
5.5 

2.6 
4.0 
4.4 

2.1 
3.0 
3.4 

3.5 
5 .o 
5.3 

2.9 
3.5 
4.5 

3.7 
2.5 
2.5 
2.8 
2.7 

Burner, lowenriched uranium 

130. 1.2 1.4 0.97 23.2 

Burner, mediumenriched (denatured) uranium fuel 

110. 1.3 1.5 0.81 20.0 
180. 1.1 1.3 0.75 18.0 
200. 1.1 1.3 0.65 15.7 

Burner, fully enriched uranium 

90. 1.3 1.5 0.73 17.9 
225. 1.3 1.5 0.68 16.8 
250. 1.4 1.6 0.60 15.1 

Converter, fully enriched uranium, recycle 

95. 1.3 2.0 0.45 11.4 
225. 1.3 2.0 0.42 10.8 
250. 1.4 2.1 0.40 10.4 

36. 1.6 2.7 0.41 10.8 
90. 1.6 2.7 0.36 9.7 

100. 1.7 2.8 0.32 8.7 

Rebreeder, fully enriched uraniumb 

45. 2.0 2.8 0.60 16.3 
79. 1.9 3.0 0.70 18.8 

135. 2.2 2.8 0.70 11.6 

Near breeder, breeder, U233 fuel 

250. 1.1 1.6 0.28 7.6 
50. 1.1 2.3 0.1 1 4.7 
40. 3.0 5.6 0.030 6.3 
26. 3.8 8.1 8.1 
24. 4.6 9.8 9.8 

4,900 

4,200 
3,900 
3,300 

3,800 
3,500 
3,100 

2,220 
2,100 
1,980 

1,750 
1,540 
1,330 

3.1 10 
3,630 
3.630 

5,250 

4,500 
4,200 
3,600 

4,100 
3,900 
3,500 

2,620 
2,500 
2,380 

2,450 
2,240 
2,030 

3,760 
4,330 
4.280 

6.3 

5.4 
5.1 
4.8 

5.2 
4.6 
4.6 

4.5 
4.2 
4.0 

5.7 
5.3 
5.1 

4.6 
5.1 
4.8 

4 .O 
5 5  
5.6 
7.9 
9.0 

7.0 

6.1 
5.8 
5.5 

5.9 
5.5 
5.3 

N 
h) 
w 5.6 

5.3 
5.1 

6.9 
6.5 
6.4 

5.8 
6.3 
5.9 

5.1 
6.8 
8.0 

11.3 
13.0 

‘Burner and converter load factor 0.75; prebreeder, near breeder, and breeder a e  hlgh technology; load factor, 0.85; ore eNKhment tails, 0.002, 30-year plant Me. 
bBreeder fuel generation for these cases in kg/MW(e) yr (net); 0.28,0.36, and 0.38. 
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