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1.0 INTRODUCTION 

(U) The successes of the NERVA technology program have led to a steady increase in per

formance requirements. These have been matched by a steady'upgrading of reactor capab i l 

i t ies. From the early tests, the KIWI series and NRX-A2, which demonstrated reactor l i f e 

times of a few minutes before the fuel came apart, the improvement has been remarkable. 

NRX-A6 was operated for the planned 60 minutes and st i l l had sufficient react ivi ty to 

expect another hour's operation. XE-Prime confirmed these data. In keeping with historical 

precedent, new, more d i f f i cu l t goals have been set: a multiple restart capabi l i ty and longer 

cumulative operating time, 60 operating cycles of 10 minutes duration are desired. 

(U) A complete reactor design review was made as a result of the new goals. Many design 

changes and many materials changes have been specif ied. After a study in which seven fuel 

element candidates were evaluated, a carbide/graphite composite fuel concept was selected. 

The first phases of the plan to develop this fuel are reported in this document. Since cor

rosion protection mechanisms similar to those used in the graphite based dispersion fuel 

elements w i l l apply to the composite fuel , the fuel testing and analysis in progress is to be 

completed. Pre-reactor test performance of PW-2 fuel (graphite base) is also discussed in 

the fo l lowing pages. 

2.0 PW-2 FUEL PERFORMANCE 

(U) The fuel produced for the PW-2 test reactor is generally similar to previous NERVA 

fuels: a dispersion of coated UC2 particles in a graphitic matrix wi th carbide surface 

coatings. However, modifications have been introduced in the properties of the graphite 

and in the mechanical interaction between matrix and coating to give satisfactory perfor

mance under the new, more stringent, cyc l i c reactor operating conditions. 

(U) The rationale for the changes can be explained by discussion of the correlation of 

fuel corrosion behavior wi th "resistance parameter," R . Incremental resistance measurements 
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are made on fuel elements at various stages of the fabrication process. An element ready 

for coating has an essentially uniform value of resistance (on the order of 3.1 m - / ^ / i n . ) 

for each inch of its length. After the coating operation, the fuel element's incremental re 

sistance curve reflects the coating thickness prof i le as shown in Figure 2 . 1 . If i t is assumed 

that the matrix and the coating act as parallel conductors in the measuring circui t , then the 

component of the measured resistance, R, attr ibutable to the coating is found from: -r- = 
1 1 "̂  coating 
— - — . I f the coating were free of cracks, its resistance would be a function of 
R R matrix 

the coating thickness and the resistivity of the carbide. The difference between this ideal 

value, RQ, and the experimentally determined Rgoatina '* defined as the resistance para

meter Rp. 

(U) The physical interpretation of Rp depends on the nature of the matr ix/coating inter

face. When the coating is adherent, in continuous intimate contact with the matrix, Rp is 

a function of the number of cracks in the coating. It reflects the divergence of the current 

path from the coating, through the matrix, and back to the coating which occurs at cracks. 

Variat ion in crack size in adherent coatings is assumed negl igible. 

(U) For non-adherent coatings, the interpretation is similar except that the effect ive crack 

size becomes the distance between points of matr ix/coat ing contact. Thus, Rp becomes a 

measure of both the number of cracks and the degree of coating non-adherence. 

(CRD) Since early in the NERVA fuel development program i t has been evident that corrosion 

at the in let end (low temperature) and intermediate regions of the fuel elements was predom

inantly by direct hydrogen attack on the matrix through coating cracks. A t the high temper

ature out let end the predominant mechanism has been carbon diffusion through the coating 

to the coolant stream. These generalities st i l l hold, but a new problem has been added by 

the requirement for cyc l ic operation: cracks or defects not present in the as-coated fuel 

develop as a result of mechanical coating/matr ix interaction during cyc l ing. This effect 

has been observed pr inc ipal ly in the high intermediate to hot regions (stations 30 to 45). 

Note: - /T- = ohms 
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(U) Thus, a strategy can be established to minimize corrosion losses. In the low and i n 

termediate temperature regions an adherent coating with a low crack density is desirable. 

This configuration would be characterized by a low value of R . In the region in which 

"defect" corrosion occurs, the coating should be non-adherent to minimize mechanical 

interactions, and, thick, diffusion resistant coatings should be used at the hot end. Since 

the latter two regions overlap, the structure, in practice, must combine non-adherence and 

diffusion resistance. This structure would be characterized by a relat ively high value of 

Rp. 

(CRD) The success of this approach can be seen in the corrosion test data. In six thermal 

cycles, each including 10 minutes at e lec t r ica l ly simulated fu l l power conditions, crack 

corrosion was minor or absent when Rp values were less than 2 m-ohms/in. in the station 

0-35 region; and hot end defect corrosion was inversely related to R and tended to be 

absent when Rp was greater than 4 m-ohms/in. in the hot end. The data i l lustrat ing these 

trends are summarized in Figures 2.2 (station 0-25), 2.3 (stations 25-35), and 2.4 (stations 

35-50). 

(CRD) The desirable configurations were achieved by the use of high expansion graphites for 

the matrix. By this means, the CTE of the matrix was brought near to that of the coating 

minimizing the number of cracks formed in fuel element regions that operate at temperatures 

below the coating deposition temperature. The in i t ia l NbC coating was deposited with 

carbon provided by methane in the coating gas stream to provide an adherent coating. 

These techniques provided midband protection adequate to el iminate the need for molybdenum 

overcoating in the coolant channels. 

(CRD) A layer of ZrC was deposited over the in i t ia l NbC coating at the hot end (see Figure 

2.1). The deposition conditions were such that the carbon was provided by diffusion from the 

NbC/matr ix interface through the NbC. This left a gap between the now non-adherent 

coating and the matrix in this region. 
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(CRD) The corrosion test data for fuel elements representative of each batch produced for 

PW-2 is summarized in Figure 2.5. The cross-hatched portion of each bar represents the 

weight loss of the low to intermediate temperature region of the element (stations 0-35). 

The clear portion of each bar represents the hot end weight loss. In general, the overall 

weight losses shown are equivalent to or better than those of the NRX-A6 or XE-Prime 

reactor fuels reported previously. However, the thermal cycl ing conditions under which 

the PW-2 fuel was tested are more severe than those to which previous fuels were subjected 

even through the total time at temperature is the same. 

(CRD) Some elements were tested (under cyc l ic conditions) for times longer than 60 minutes 

and showed hot end corrosion rates in the second hour that were 2,5 to 10 times higher than 

the rates in the first hour. The increased corrosion rates were due to the occurrence of 

gross defect corrosion in the 30 to 50 inch region which became evident only in the second 

hour of testing. 

(U) The bulk of the fuel of which these tests is representative was used in the assembly of 

the PW-2 reactor which is now at the Nevada Test Site await ing test. 

3.0 COMPOSITE FUEL DEVELOPMENT 

(U) The PW-2 fuel described in the previous section was shown to have inadequate cor

rosion resistance for operation beyond six 10-minute cycles. With an operational require

ment of 60 ten-minute cycles in mind the possibilities for an improved fuel element were 

surveyed. The decision was made to develop a carbide/graphite composite fue l : a semi-

continuous skeleton of (U, Z r ) C solid solution carbide in a continuous matrix of graphit ic 

material. These fuel elements are intended to be similar to previous fuels in geometry, the 

use of carbide protective coatings, and in manufacturing methods, i.e., extrusion, 

(U) An in i t ia l manufacturing capabi l i ty has been established based on LASL developed 

technology. In addit ion, an extensive program has been in i t iated to: 
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A. Develop and procure advanced raw materials. 

B, Develop process parameter/property relationships and define advanced raw 

materials/process interactions. 

The objectives of this program are to improve fuel element thermal stress, to increase fuel 

element corrosion resistance under cyc l ic operating conditions, and to provide maximum 

stabi l i ty in the solid solution fuel phase. 

(U) Changes in a l l of the raw materials used in fuel element manufacture are under con

sideration. Graphite flours, lampblacks, and various binders are being developed by the 

suppliers of these products in conjunction with the project. As with the dispersion fuel 

elements, the object ive is to match the fuel body CTE as closely as possible to that of the 

protective coating for maximum corrosion protection. However, higher thermal expansion 

rates can be expected to decrease resistance to thermal stresses. Therefore, increased fuel 

strength, density, and thermal conductivi ty, and decreased elastic modulus must compensate. 

(U) The current technology introduces the fuel phase as UO2 and ZrC powders in the ex 

trusion mixture. Carbothermic reaction and diffusion during post-extrusion heat treatment 

of the fuel elements lead to the formation of the desired solid solution fuel phase. Di f fer

ences in the properties of the resulting composites have been observed as a function of 

the sources of the UO2 and ZrC. However, the most significant effort in this area involves 

the use of solid solution carbide powder as the starting material. This approach leads to a 

composite body wi th a higher carbon density, hence a higher react iv i ty, permitting substantial 

reductions in the U concentration. A suitable, single-phase solid solution carbide fuel powder 

has been developed by a supplier on a subcontract basis. 

(U) New vapor deposited coating materials are being developed on subcontract at Battel le 

Columbus Laboratories. The intent of this work is to reduce carbon losses at the hot ends of 

fuel elements occurring by diffusion. Carbon diffusion barriers identi f ied by BCL are WC 

and the nitrides, carbonitrides, and borides of zirconium. 

" ^ 10 
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(U) Carbide layer growth data indicate that the carbon diffusion rate in WC may be about 

1.5 orders of magnitude lower than in ZrC. In addit ion to diffusion studies, the compatib

i l i t ies between various coatings and the fuel matrix, and between coatings and other coat

ings (since the diffusion barrier may require protection against hydrogen) are under consid

erat ion. 

(U) The raw materials variations and process parameters are related to fuel materials prop

erties through small tubular extruded samples. This sample configuration was selected to 

conserve experimental materials avai lable only on a laboratory scale and st i l l al low sufficient 

numbers of samples to be tested for statistical interpretation of the data. The 1/4 inch 0 , D , 

by 1/10 inch I,D. tubular specimens are compatible with a variety of non-destructive and 

destructive tests used to characterize the fuel materials. 

(CRD) Full size fuel elements are also being produced and tested. In corrosion tests, elements 

made with an intermediate CTE graphite flour (GLC 1074) showed weight losses in 12 ten 

minute test cycles comparable to the PW-1 fuel element weight losses in 6 ten minute cycles. 

(CRD) In addit ion, the composite fuel elements manufactured from intermediate CTE graphite 

flour (GLC 1074) showed superior performance to similar elements made from low CTE graphite 

flour (S-97). The S-97 elements showed a pronounced midband weight loss (at approximately 

station 10) whi le the GLC 1074 elements had no midband peak. After a total of 120 minutes 

of test, the S-97 elements had station 0-25 weight losses of 4 grams versus 0,45 grams for the 

GLC 1074 elements. The midband weight loss peaks and corresponding microstructures of 

these element types are compared in Figure 3 .1 . 

(CRD) Metal lographical ly, the corrosion at station 10 in S-97 elements originated at bore 

coating cracks and was seen as attack on graphite flour particles. Midband corrosion was 

not metallographically observable in GLC 1074 elements. 

(CRD) The hot end weight losses in the two types of element were similar. Metallographic 

studies showed that these losses occurred through two mechanisms, minor defect corrosion in 

the 30 to 40 inch region and diffusion corrosion in the 40 to 50 inch region. An additional 

-A1inW?ii««iltm^ppMtw<wwWi»i» 11 
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FIGURE 3.1 (U) Comparison ot Midband Corrosion in S-97 and GLC 1074 Elements (C-RD) 
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contribution to the hot end losses was due to corrosion of the external surfaces of unknown 

or ig in . The overall weight loss profiles are compared in Figure 3,2, 
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