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ABSTRACT 

FABRICATION DEVELOPMENT OF FULL-SIZED COMPONENTS 
FOR GCFR CORE ASSEMBLIES* 

J. R. Lindgren, P. W. Flynn, and L. C. Foster 
General Atomic Company 

San Diego, California 

This paper presents the status of the development of fu,.l-sized 
components for gas-coolei fast reactor (GCFR) core assemblies. Methods 
for ribbing of the fuel rod cladding, fabrication of grid spacers of 
two different designs, drawing of assembly flow ducts, and fabrication 
of fission gas collection manifolds by several methods are discussed. 

INTRODUCTION 

The fabrication development for full-sized GCFR core assemblies 
at General Atomic Company (GA) and its vendors to date has been con
centrated on: 

.1. Ribbing of the fuel rod cladding (to improve heat transfer 

from the fuel rod to the coolant). 

2. Two different designs/concepts of grid spacers (modified 

hexagonal and rhombic). 

3. Assembly flow ducts. 

· *~Jork supported by the Department of Energy, Contract DE-AT03-76SF71 023 . 



4. Fission product manifolds (which collect fission gases from 
the individual fuel rods in the assembly into a fission gas 
collection/venting system). 

The fabrication technology for full-sized components for GCFR core 
. assemblies has been reported previously (Ref~ 1). The methods described 
here are different from those reported in Ref. 1 . 

. RIBBING 

. 
One of the methods described earlier for ribbing of the cladding 

was thread grinding, in which the rod is supported by a backup whee·l 
at the location where it is being progressiv.ely ground with a profiled 
rib grinding wheel. The current method is different in that it is an 
adaptation of centerless grinding. A longitudinal cross section of 
ribs formed by the centerless grinding adaptation is shown in Fig. 1. 
The ribs formed are within the required tolerances with respect to 
dimensions and shape. Also, the centerless grinding adaptation allows 
ribbing of long lengths of tubing with no interruptions or indexing 
r~quired. In addition, the ~quipment to perform the ribbing is con
siderably less expensiVe than that for the previously used thread 
grinding method. 

GRID SPACERS 

Full-sized grid spacers were fabricated for the steel melting and 
relocation test (SHART) under a subcontract to Los Alamos Scientific 
Laboratory (LASL). The modified hexagonal design grid spacers were 

fabricated from solid 316 stainless steel plate by wire electro
discharge machining (EDM). One of the five grid spacers is shown 
in Fig. 2. The conformance to dimensional tolerances was extremely 
good, except in one spacer in which material movement from residual 
stresses occurred during· fabrication. 
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An alternate rhombic grid spacer design is currently being evaluated 

for two reasons: 

1. The rhombic spacer design appears to be more acceptable in 

the presence of differential irradiation-induced fuel rod 
and,spacer swelling rates. 

2. The cost of manufacture of the rhombic grid spacers is 

potentially considerably lower than that for the EDM hexag
onal spacer design. 

The rhombic spacer is fabricated by first forming the web straps 

(pads, embossed areas, tabs, and slots, followed by trimming and machin
ing corner pieces), assembling in a -welding fixture, and welding by 

I ·. 

pulsed gas tungsten arc welding. Finally the proper pad location and 

finish are achieved by conventional plunge Eot-1. This method of fabri

cation combines the relatively lower cost of forming and welding (com
pared to wire EDt-1) with the extrerne accuracy of dimensional control 

possible by using EDM for the final finishing. An assembled rhombic 

grid spacer is shown in Fig. 3. The rhombic grid spacer is currently 

being evaluated for long-term dimensional stability at operating tem

perature. It is expected that even lower fabrication costs can be 

achieved with a modified version of the rhombic spacer. 

FLOW DUCTS 

While similar in design and in the material used; the core assembly 

hexagonal flow ducts for the GCFR are considerably larger than those 

for the liquid metal fast breeder reactor (LMFBR). Consequently, at 

the time when full-sized GCFR ducts were needed for the.SMART tests, 

no ducts of 20% cold-worked 316 stainless steel of the GCFR size had 

ever been fabricated. Also, it was not known whether existing duct 
forming equipment waul d be adequate. However, the two ducts for St-1ART 

were successfully fabricated as follows: 
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1. Type 316 stainless steel schedule 80 pipe was machined on 
the inside surface and then on the outside surface so that 
the outside surface was concentric to the inside surface 
and the wall thickness was near that required for drawing. 
The inside surface was then honed to provide the final wall 
thickness and surface finish for drawing. 

2. The machine~ pipe was formed into a cone.Jhape at one end and 
fitted with a nose piece, pushed·through a tool steel hexagonal 
die over a tool steel mandrel. The duct was removed from the 
mandrel by slightly stretching the duct by ironing over the 
corners using adjustable rollers in a cage. The ends were 
then cut off and the duct was machined to the required length. 
Dimensional measurements showed that the two ducts fabricated 
in this manner were within acceptable tolerances. One of the 
finished ducts is shown in Fig. 4. 

MANIFOLDS 

A total of seven manifold structu~e. samples of 316 stainless steel 
have been fabricated by investment casting. Initially, four one-third 
segments (Fig. 5) w~re made and evaluated; thr~e full-size castings 
(Fig. 6) were then fabricated. 

Dimensional measurements on the one~thir~ segment samples showed 
that the webs and bosses in the castings were generally within acceptable 
tolerances. Some· of the webs near the edges were bowed, and the cast
ings were not flat. The castings were machined flat on the bottom 
surface tn make them acceptable. Vendor representatives indicated that 
a hot straightening operation would eliminate the bowing problem. The 
t~ree samples were stress relieved and remeasured. No change in dimen
sions in excess of 0.05 mm (0.002 in.) resulted. X-ray radiography 
indicated that the samples were acceptably sound. 
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The three. full-size manifold samples were then investment cast 
and evaluated. The initial qualitative observation was that the cast

ings looked good except for exces~ive cupping of the part where the 
gates were removed. This should have been corrected by hot straighten
ing, but deviation from flatness of up to 1.5 mm (0.06 in.) was observed. 

This deviation was corrected by machining the bottom side to the required 
·flatness. Full-size investment-cast manifold deviations from nominal 

dimensions are shown in Fig. 7 for manifold A. X-ray radiography indi
cated some voids or inclusions, but the critical regions of the manifolds 
were sound (the region near the top where the fission gas passages will 
be located and the area near the bottom where the rod manifold sealing 
surfaces will be made). 

Four methods for drilling fission gas passages in the manifold webs 
were evaluated: (1) conventional drilling, (2) gun drilling, (3) EDM, 

and (4) electro-chemical machining (ECM). The evaluation was done ·in 
two stages. Initially, to establish feasibility, one or more long 
holes were drilled in samples of 316 stainless steel in the form of bars, 
simulating manifold web sections. After these samples were. evaluated, 
holes were drilled in three one-third-manifold segments by three dif
ferent methods (EDM, ECM, and gun drilling). 

One-step cu11ventional drilling by itc;P.lf is not considered a viable 
method for deep-hole drilling. However, it was found that a sufficiently 
deep hole, 102 mm (4 in.) deep and 1.85 mm (0.073 in.) in diameter, could 
be drilled using thrP.e different types of conventional high-speed drills 
in th~ proper sequence {jobber length, taper length, and aircraft length). 

The measured runout for the hole was a maximum of 0.127 mm (0.005 in.). 
Six holes, each 150 mm (6 in.) long, were then drilled in a 316 stainless 
steel bar. Five of the holes were within the acceptable tolerance limit 
for runout of 0.13 rnm/25 mm (0.005 in./in.) and ranged from 0.03 to 

0.06 mm/25 mm (0.001 to 0.0025 in./in.), but one of the holes had a 

runout of 0.144 mm/25 mm (0.0055 in./in.). Because of the lack of 
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reproducibility, a decision was made to discontinue further work on 

conventional drilling as a method for formation of long fission gas 
passage holes . 

. Deep-hole (gun barrel) drilling is an established process for long 
holes, and thus its use for forming passages is considered practical. 
The hole sizes for the manifold are near the lower limit [2 mm (0.075 in.)] 
of practical application. Kraftwerk Union (KWU) has demonstrated the 
feasibility of this method (Ref. 1). 

To determine the capability of U.S. vendors for deep-hole gun 
drilling, a vendor was requested to drill a hole 2 mm (0.078 in.) in 

diameter along the axis of a 316 stainless steel bar. The hole was 
formed by drillinghalfway,or 75 mm (3 in.), from each end. Radio
graphs showed a mismatch of ~0.025 mm (0.001 in.) where the two holes 
met, indicating that the runout was within acceptable tolerances. 

Based on these good results, a one-third .cast segment was then gun 
drilled. Several breakthroughs in the sides of the webs were experi
enced during drilling of the fission gas passages. These breakthroughs 
were apparently not due to runout but rather to the drill position and 

angle not being properly oriented with the position of the webs. The 
breakthroughs were repaired and, after reorientation of the drill with 
respect to the part, the holes were redrilled. No further breakthrough 
occurred. The finished part is shown in Fig. 8. 

A 316 stainless steel test bar was sent to a vendor for drilling 
two holes by Ecr~. · The two holes were 203 mm (8 in.) deep and 1.27 ± 

0.05 mm (0.50 ± 0.002 in.) in diameter [formed by drilling 101 mm 

(4 in.) deep from opposite ends of the test sample]. The run6ut in 

on~ hole was within the tolerance of 0.05 mm/25 mm (0.002 in./in.), 
but the runout in the second hole exceeded this tolerance; the coin
cidence of the holes drilled from ppposite ends was not good. Neutron 

.... 
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radiographs df the test samples are shown in Fig. 9. The vendor 
believes that the runout in holes produced by the £0,1 method is pri
marily. caused by nonmetallic inclusions in the metal (as illustrated 
in Fig. 10). The method is a viable means for producing deep holes 
provided inclusion-free metal is used. 

Drilling by Eet-1 of fission gas passages in a one-third manifold 
segment was then performed. The holes had an excellent finish and 
were very straight. Two of the 13 holes broke through the side of 
the webs. These br~akthroughs were attributed to miscalculation of 
the positions of the webs. The breakthroughs were repaired and the 
parts were returned to the vendor for drilling and tapping of the 
rod-to-manifold connection holes. Upon completion of these holes, 
the parts were returned to GA for final evaluation. Inspection showed 
that the drilled and tapped holes were out of the specified locations 
by as much as 0.75 mm (0.03 in.). (with no systematic direction for the 
out-of-tolerance position), causing the threaded holes to break through 
the wall of the bosses in the manifold at several locations. The fin
ished part is shown in Fig. 11. 

The EDM process was initially ~sed to fabricate manifold gas 
passages by drilling a hole 155.6 mm (6. 125 in.) long and nominally 
1 mm (0.040 in.) in diameter; this hole was drilled into a single web 
in 7 hr with less than a 0.13-mm (Q.005-in.) runout. Measurements 
showed that the hole diameter at the finishing end was rvO. 13 mm 
(0.005 in.) iarger than at the beginning end. This \'las confirmed by . 
careful examination of an X-ray radiograph (Fig. 12) of the hole in 
the web. These results were considered satisfactory, and consequently 
a one-third manifold segment was sent to a vendor for installation 
of all the required passages· and holes. 

The one-third manifold segment.in which fission gas passages were 
formed by EDt~ an·d rod connection ho 1 es by convention a 1 dri 11 i ng was 
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inspected prior to threading of the rod connection holes. The locations 
of the 1.27-mm (0.05-in.) holes, determined by the magnetometer method,. 
were generally within tolerance. Fuel rod to manifold sealing surface 
smoothness was determined by a replication technique (the holes were 
too deep for direct stylus measurement); the measured values had an 
average of 1.8 urn R (71 uin~ AA), with a range of 0.9 to 2.7 urn R a · . a 
(37 to 63 uin. AA). The one-third segment was returned to the vendor 
for tapping of the threaded holes~ The threaded holes were completed 
(Fig. 13), and the holes and threads were in tolerance. The holes in 
a one-third segment are of the same dimensions (including length) as 
those required for a full-size manifold. 

Diffusion bonding of a cover plate with milled fission gas pas
sages to the manifold structure of a one-third segment of a GCFR fission 
gas manifold (Fig. 14) was investigated. The manifold parts were 

' 
prepared by machining, EDM, and milling. The parts were pinned with 
stainless steel dowels at the corners to maintain their alignment during 
handling in preparation for bonding and were then deburred and cleaned. 
Next, the manifold parts were diffusion bonded in an evacuated retort 
in a hydraulic press equipped with heated platens. Visual inspection 
showed that the cover plate experienced some deformation. The bosses 
showed barreling and were wider in the cover plate than in the manifold 
structure·(Fig. 15). The manifold segment was cleaned to remove the . 
stop-off, which was used to prevent bonding of the retort to the cover 
plate, on its top and bottom surfaces prior to further evaluation. 

The diffusion-bonded manifold was evaluated by a helium mass 
spectrometer leak check and a helium pressure check (bubble check in 
alcohol) at 7 MPa (1000 psig). The bond had several large leaks and 
numerous small leaks. A check of the changes in web dimensions, mani
fold thickness, and top and bottom surface parallelism indicated that 
the.maximum bulging of the webs was about 0.5 mm (0.02 in.); the max
imum reduction in the thickness was also 0.5 mm (0.02 in.). 
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Metallographic examination of selected sections of the diffusion

bonded manifold segment was also performed (Fig. 16). Some sections 

were not bonded at all and, in general, only partial bonding occurred. 

It appeared that some foreign material was present in the bond line 

or interface (Fig. 17) and the atmosphere in. the bonding retort was 

not adequately cleaned. The use of a roughing pump to evacuate the 

retort may not have been sufficient to remove all the gases, and the 

stop-off used may have introduced contaminants during outgassing. 

Some deformation of the material at or near the bond line was evident, 

since the cover plate increased in width and decreased in thickness 
by ··vo. 5 mm (0. 02 in.). 

The following changes are recommended to improve bonding: 

1. Evaluation using a pumping station that includes a diffusion 

pump to remove gases from the retort. Backfilling of the 

retort with a hi~h-purity helium-hydrogen mixture would help 
prevent ingress of air if leaks in the retort should occur 
during bonding and would produce a reducing atmosphere. 

2. Use of a higher bonding temperature (1000°C instead of 

800°C). This will allow use of a lower bonding pressure 

and lessen deformation. 

3. Prebaking of the stop-off to remove gases prior to bonding. 
This may also remove a source of bonding surface contaminants. 

4. Use of a 0.05-mm-thick nickel foil at the interface to improve 
bonding characteristics. The foil would deform in shear more 

readily than the parent material and would provide more uni

form intimate contact of the surfaces to enhance diffusion 

across the interface. After bonding, a long-term high
temperature vacuum heat treatment to increase the amount of 

diffusion may also be beneficial. 
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5. Milling of the passage to a shape that provides a uniform 

cross~sectional area for bonding ~o that any deformation 
due to bonding is uniform. 

SU~~t~ARY AND CONCLUSIONS 

Sat.isfactory methods for fabrication of four full-sized functional 
components (ribbed cladding, spacers, ducts, and manifolds) for the 
GCFR core assemblies have been developed.· Significant potential fab
.rication cost reductions are expected to result from further develop
ment work on modified versions of the rhombic grid spacer and the 
diffusion bonded manifold. 
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Fig. 1. Longitlldinal cross section of cladding tube ribbed by variation 
of the center less gr1nding method 
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Fig. 3. Rhombic grid spacer 
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Fig. 4. SMART duct 
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(a) 

Fig. 5. Photographs of one-third manifold segments made by investment 
casting: (a) top view and (b) bottom view 
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Fig. 6. Top view of full-size manifold made by investment casting 
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Fig . 7a. Schematic of full-size manifold 
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(a) 

(b) 

Fi9. 8. Photographs of one-third segment into which fission gas pas
sages were formed by gun drilling: (a) bottom view showing 
tapped holes for rod connection, and (b) angle view showing 
fission gas passages emerging through side 
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Fig. 9. Neutron radiograph of holes drilled by the ECM method from the right and left ends of a 
stainless steel block to meet at the center 
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HOLE 

ACTUAL PATH OF HOLE 

~ig. 10. Schematic showing how inclusions in the metal block can cause deflection of the electrode 
from tre intended path or misalignment 



(a) 

(u) 

Fig. il. Photographs of one-third segment of manifold into which fission 
gas passages were drilled by ECM: (a) bottom view showing tapped 
holes for rod connection, and (b) angle view showing fission 
gas passage holes emerging through side 

22 

-



. I 

Fig. 12. 'Radiograph of fission gas passaqe in a manifold strut fabricated by the EDM process 



(a) 

(b) 

Fig. 13. Photographs of one-third manifold segment into which fission 
ga·s passages were· formed· by Em-1 and vertical holes were drilled 
and tapped; . (a) angle view from top, and (b) bottom view 
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(a) 

(b) 

Fig. 14. Cuver plate: (a) with milled fission gas passages and main 
manifold structure prior to bonding, and {b) with milled 
fission gas passages 
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MANIFOLD 
STRUCTURE 

AS POLISHED 
30X 

Fig. 15. Diffusion bonding of cover plate with milled fission gas pas
sage to manifold structure. Note that deformation, primarily 
of cover plate, has occurred (both parts were initially the 
same in width) and only partial bonding has taken place. 
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OUTER EDGE 

Fig. 16 . Unbonded region near edqe of sample where surfaces were not flat 
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ETCHED 

Fig. 17. Presence of foreign material in bond line between cover plate 
and manifold structure. Material is believed to have resulted 
from contaminants in retort atmosphere. 
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