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FABRICATION PROCEDURES FOR THE INITIAL HIGH FLUX 

ISOTOPE REACTOR FUEL ELEmNTS 

Compiled by G. M. Adamson, Jr. 

ABSTRACT 

Procedures by which ORNL f ab r i ca t ed  t h e  f i r s t  
High Flux Iso tope  Reactor f u e l  assembly a r e  descr ibed.  
Q u a l i t y  of s t a r t i n g  ma te r i a l s ,  p re s s ing  of  complex 
U308-aluminum-B4C dispers ion  cores ,  r o l l i n g  and forming 
o f  f u e l  p l a t e s ,  assembly and welding of f u e l  elements, 
inspect ions performed throughout t h e  procedure,  and 
q u a l i t y  of intermediate  and f i n a l  products  a r e  reported.  
An e n t i r e  HFIR f u e l  loading comprises two elements, 
inner  and ou te r  annul i  containing 171 and 369 fuel  p l a t e s ,  
respec t ive ly .  The high neutron f lux  and hea t  product ion 
r a t e  r equ i r e  nonl inear  f u e l  loading v a r i a t i o n  across  t h e  
p l a t e s ,  accura te  shaping of p l a t e s ,  and f a b r i c a t i o n  t o  
c lose  to le rances .  The cladding and s t r u c t u r a l  a l l o y  was 
6061 aluminum. 

INTRODUCTION 

Oak R lge Nationa Laboratory designed and developed and i s  
This  f lux - t r ap  r eac to r  opera t ing  t h e  High Flux Iso tope  Reactor.  

uses  a beryl l ium r e f l e c t o r ,  l i g h t  water coolant  and moderator, and 

U3O8 dispersed i n  aluminum as f u e l .  The main purpose of  t h i s  advanced 

research  r e a c t o r  i s  t o  produce heavy transuranium iso topes  f o r  research.  

The unique achievement of  t he  H F I R  i s  t h a t  it provides  an unper- 

turbed thermal neutron flux g r e a t e r  than  5 X neutrons see‘’ 

a t  a design power of 100 Mw. This r equ i r e s  s m a l l  core  volume and a 

high r a t i o  of hea t  t r a n s f e r  sur face  t o  volume. This w a s  achieved by a 

c y l i n d r i c a l  core  with a high and uniform metal-to-water volume r a t i o  

(approx 1 . 0 )  and a r a d i a l  v a r i a t i o n  i n  t h e  d i s t r i b u t i o n  o f  f u e l  and 
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poison t o  minimize t h e  v a r i a t i o n  i n  power density. '  

r epor t  i s  t o  p re sen t  a s e t  of f a b r i c a t i o n  procedures t h a t  have y ie lded  

s a t i s f a c t o r y  f u e l  elements. 

only one s u i t a b l e  f o r  making such elements, bu t  it i s  e s s e n t i a l l y  t h a t  

proven successfu l  f o r  commercial f a b r i c a t i o n .  

p re sen t ing  t h e  development t h a t  l e d  t o  s e l e c t i o n  of t h e  process ;  t h i s  

i s  l e f t  f o r  o the r  r epor t s .  

The purpose of t h i s  

We do no t  claim t h a t  our process  i s  t h e  

Also, we are n o t  

These procedures were used t o  make two r e a c t o r  cores  and i n  par t  a 

t h i r d .  

f a b r i c a t i o n  procedures before  t h e i r  use on t h e  a c t u a l  elements f o r  

r e a c t o r  operat ion,  and it was used i n  pre l iminary  r e a c t o r  t e s t s  before  

nuclear  operat ion.  

experiment, but  d i f f e r e n t  procedures were used f o r  assembly because 

the  plates  were no t  a t tached  and t h e  end f i t t i n g s  were d i f f e r e n t .  

assembly was used i n  t h e  C r i t i c a l  Experiments F a c i l i t y  and i n  t h e  

r e a c t o r  a t  very  low power wi th  no forced c i r c u l a t i o n .  

of t hese  procedures was t h e  f i r s t  r e a c t o r  f u e l  core,  which was used 

SuCCeSSfully f o r  65 days a t  20  Mw and 18.6 days a t  50 Mw, f o r  a t o t a l  
of 2230 Mwd. From r e a c t o r  instrumentat ion and v i s u a l  examination of 

t h e  elements i n  t h e  r e a c t o r  pool  a f te r  use, t h e  opera t ion  appeared t o  be 

completely successfu l ;  no f u e l  element problems o r  unexpected changes 

were encountered. Subsequent elements s i m i l a r l y  manufactured commer- 
c i a l l y 2  have performed we l l  a t  100 Mw. 

A flow t e s t  core was made wi th  depleted uranium t o  demonstrate 

Fuel  p l a t e s  were made f o r  t h e  t h i r d  c r i t i c a l  

This  

The major product  

The p l a t e  f a b r i c a t i o n  procedures were based upon those  developed 

and demonstrated by ORNL f o r  t h e  f a b r i c a t i o n  of the f i r s t  core loading 
f o r  t h e  poo l  r e a c t o r  a t  t h e  Puer to  Rico Nuclear Center ,3  and similar 

'F. T. Binford and E .  N. Cramer, The High Flux I so tope  Reactor.  
Volume I. Funct ional  Descr ipt ion,  ORNL-3572 (May 1964). 

2R. W .  Knight, J. Binns, and G. M. Adamson, Jr., Fabr i ca t ion  
Frocedures f o r  Manufacturing High Flux Isotope Reactor Fuel  Elements, 
Om-4242 (June 1968).  

and Procedures Used i n  Manufacturing U3Og-Aluminu-n Dispersion Fuel  
Elements f o r  Core I of t h e  Pue r to  Rico Research Reactor, ORNL-3458 
(Oct.  7, 1963). 

3W. J. Kucera, C. F. Le i t t en ,  Jr., and R.  J. Beaver, Spec i f i ca t ions  

c 
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procedures were used in our simultaneous development for the Advanced 

Test Rea~tor.~ 

specifically for HFIR. 

The assembly and welding techniques were developed 

DES CR IP TION 

Fuel Assembly 

The HFIR core, illustrated schematically in Fig. 1, consists of a 

series of concentric annular regions. A central hole approximately 

5 in. in diameter forms the flux trap, and the targets containing 

4R. J. Beaver, G. M. Adamson, Jr., and P. Patriarca, Procedures for 
Fabricating Aluminum-Base ATR Fuel Elements, ORNL-3632 (June 1964). 

OANL-LR-DWG-65776 

Fig. 1. Schematic Drawing of HFIR Core. 
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242Pu and o ther  transuranium iso tapes  a r e  pos i t ioned  within it. 
f u e l  element surrounds t h e  flux trap and i s  surrounded i n  t u r n  by t h e  

con t ro l  region, t h e  removable r e f l e c t o r ,  and t h e  permanent r e f l e c t o r .  

The 

The f u e l  region cons i s t s  of two concentr ic  f u e l  elements, Fig. 2. 

The inner  one contains  171 f u e l  p l a t e s  with a t o t a l  of 2.6 kg of 235U 

and t h e  ou te r  contains  369 p l a t e s  with 6.8 kg of 235U. 
9 

The inner  element 

Fig. 2. HFIR Fuel Elements. 
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extend-s from 5 to 10 1 / 2  in. and the outer from 11 1/4 to 17 l/S in. 
in The entire fuel assembly is 30 in. long with an active 
length of 20 in. 

extending in the radial direction. 

two elements are shown in Fig. 3 ,  and the pertinent design and nuclear 

characteristics are listed in Tables 1 and 2. The elements used for 

the third critical experiment were close representations of the reactor 

elements; however, some changes were required in side plate configuration 

and the plates were loosely contained so no welding was required. 

The fuel plates are vertically oriented, curved plates 

Simplified assembly drawings of the 

A fuel element was expected to have an average lifetime at 100,000 kw 

of 14 days; in practice, lives of over 20 days were obtained with the 

first several cores. Water flow, at design conditions, is 10,800 g y m ,  

which corresponds to a velocity of 42 f'ps and a pressure drop of 73.5 psi. 

With a total heat power of 100,000 kw, the average heat flux is 

0.8 x lo6 Btu ft-2 hr-I and the calculated maximum hot spot heat flux 
is 1.99 X lo6 Btu ft-2 hr-'. 

temperatures are 50 and 9OoC, re~pective1y.l~ 

The average design water inlet and outlet 

Aluminum was selected as the construction material because of its 

good thermal conductivity and low neutron absorption cross section, but 

designing an aluminum reactor for such a high thermal performance is 

difficult because its high-temperature strength and melting point are 

l o w .  If melting is to be avoided, close control of both the design and 

fabrication variables must be achieved. Reducing both the number of 

hot spots and their maximum temperatures has therefore been a major goal 

of the development program. 

The fuel plates fit into slots in the side plates and are inter- 

mittently attached to them by welds made in circumferential grooves cut 

5J. W. Tackett, J. H. Erwin, C. F. Leitten, Jr., and G. M. Slaughter, 
"Assembly and Welding Development for the High-Flux Isotope Reactor Fuel 
Element," pp. 29Cb314 in Research Reactor Fuel Element Conference, 
September 17-19, 1962, Gatlinburg, Tennessee, TID-7642, Book 1. 

Element,'' pp. 13&151 in Research Reactor Fuel Element Conference, 
September 17-19, 1962, Gatlinburg, Tennessee, TID-7642, Book 1. 

6N. Hilvety and T. G. Chapman, "Thermal Design of the HFIR Fuel 
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L- 34.125 ~-j OR N L- DWG 68- 12353 

NER SIDE PLATE 

TNNER ADAPTER OUTER SIDE PLATE 

ALL DIMENSIONS ARE IN INCHES 

(0 )  

ORNL-DWG 68-12354 

NER SIDE PLATE 

INNER ADAfTER 

OPOUTERADAPTER 
ALL DIMENSIONS ARE IN INCHES 

Fig. 3. Schematic Assembly Diagrams of H F I R  Fuel Elements. 
(a) Outer element. (b) Inner element. 



7 

Table 1. Summary of Pertinent Design Data for the H F I R  Fuel Elements" 

Type of core 
Type of fuel elements 

Cylindrical annulus, flux trap 
Cylindrical annuli (2) ; aluminum 
fuel plates in involute geometry 

Dimensions, in. 
Fuel-plate thickness 0.050 
Coolant-channel thickness 0.050 
Length of fuel plates 24 
Lenght of active core 20 
Inside diameter, inner fuel element 5.067 
Outside diameter, inner fuel element 10.590 
Inside diameter, outer fuel element 11.250 
Outside diameter, outer fuel element 17.124 

Active volume, liters 50.78 
Heat transfer surface area, ft2 430.3 
Fuel element materials 
Side plates 
Cladding 
Core matrix 
Fuel 

6061 Aluminum 
6061 Aluminum 
101 Aluminum 
U308(93'$~ 235U) 

Fuel loading, kg of 235U 9.40 
Inner element 2.595 
Outer element 6.805 
Burnable poison 
Burnable poison loading (inner 3.60 

B4C dispersed in aluminum 

element), grams o f  'OB 

Heat removal 
Total reactor power, Mw 
Power density (97.5 Mw in fuel 
region), Mw/liter 
Average 
Maximum 

Heat flux (97.5 Mw conducted to 
coolant), Btu hr'l ft-2 
Average 
Hot spot 

state, Mw 
Beginning of fuel cycle 

Burnout power level at steady 

600-psi core inlet pressure 
900-psi core inlet pressure 

600-psi core inlet pressure 
900-psi core inlet pressure 

End of 14-day fuel cycle 

Coolant velocity (average), ms 

100 

1.92 
4.26 

7.73 x i o 5  
1.99 X lo6 

165 
169 

15 0 
154 
4 2  

%. T. Binford and E. N. Cramer, The High Flux Isotope Reactor. 
Volume I. Functional Description, ORNL-3572 (May 1964). 
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Table 2. General Nuclear Characteristics of the WIRa 

Reactor power, Mw 

Neutron flux, neutrons sec-l 

Maximum unperturbed thermal flux in island 

Average thermal flux in island target (300 g of 242Pu) 

Average nonthermal flux in island target 

Maximum nonthermal flux in fuel region 

Maximum unperturbed thermal flux in beryllium reflector 

Beginning of fuel cycle 

End of fuel cycle 

100 

5.5 x 1015 
2.0 x 1015 
2.4 x 1015 
4.0 x 1015 

1.1 x 1015 
1.6 x 1015 

Maximum unperturbed thermal flux at Be-H20 reflector interface 

Beginning of fuel cycle 

End of fuel cycle 

1.4 x 1014 
1.7 x 1014 

P romp t - neut r on 1 i f e t ime , p s e c 

Beginning of cycle 

After 10 days 

Effective delayed-neutron fraction 

Length of typical fuel cycle, days 

3 5  

70 

0.0071 

22b 

a Taken from F. T. Binford and E. N. Cramer, The High Flux Isotope 
Reactor. Volume I. Functional Description, OWL-3572 (May 1964). 

bUp-to-date value based on experience. 

into the opposite surface. To provide end stiffening, combs are attached 

at each end of the fuel plates. End adapters are required to provide 

location and support for the assembly within the reactor. The design of 

the side plates and end fittings was strongly influenced by the need for 

frequent replacement of fuel elements, which imposes a need for rapid 

operation with assurance of positive alignment to close tolerances. These 

design complexities and specified tolerances had to be balanced against 

the resultant increase in production costs. Another balance was required 

between maximum achievable core life and power level and minimum pro- 

duction costs. 
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J 
Fuel Plates 

Each HFIR fuel plate is of a sandwich-type construction composed of 

a fuel-bearing cermet hermetically sealed between covers of type 6061 

aluminum. 

the fuel is nonuniformly distributed along the arc of the involute. 

burnable poison is included in the inner fuel element to further flatten 

the flux profile and to reduce the negative reactivity requirements of 

the control plates. 

To minimize the radial peak-to-average power-density ratio, 

A 

We achieved the design requirements by using a two-region rectangular, 

parallelepiped fuel core as shown in Fig. 4. The u308 fuel is dispersed 

in aluminum powder in a section whose thickness varies nonlinearly across 

the plate. 

the core. The burnable poison is added, as boron carbide powder, to the 

filler sections of the inner element plates. The inner and outer plates 

contain 15.18 and 18.44 g of 235U each,which results in average concen- 

trations of 30 and 41% u308 by weight, respectively. 

heat transfer is to be achieved, all interface bonds must be sound, and 

the fuel and poison concentrations must both be correct and distributed 

in a nearly ideal manner. The plates are approximately 

2 ft x 3.5 in. X 0.050 in.; the exact dimensions are given on Fig 5. 

The plates are shaped into an involute configuration, as shown in Fig. 6 

for an inner plate. 

A complementary filler section of aluminum powder completes 

If the specified 

REQUIREMENTS 

The fabrication requirements for the element for initial use in the 

Some of the more critical reactor were included in the specifications.7 

items from these specifications that affect the fabrication are listed 

below. 

4 

7G. M. Adamson, Jr., and J. R. McWnerter, Specifications for High 
Flux Reactor Fuel Elements, HFIR-FE-1, Om-TM-902 (August 1964). 
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ORNL-DWG -12352 . 

ALL DIMENSIONS 
ARE IN INCHES 

ORNL-DWG 6842354 

c 

I ( b) I 

Fig. 4. Configuration of Fuel Cores. (a) Outer element. (b) Inner 
element. 
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\IDENTIFICATION 
MARK 
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WRALLEL WITH INNER EDGE OF PLATE 

Fig. 5. Dimensions of Fuel Plates. (a) Outer element. (b) Inner 
element. 



12 

OUTER SIDE PLATE 

\ 

INNER SIDE PLATE 

ORNL-DWG 68-12349 

PLATE 

ALL DIMENSIONS ARE IN INCHES 

I \  

I \  
* 2.7215 R.(REE) INVOLUTE 

BASE CIRCLE 

0.051 
0.049 

K t O F  HOLE 

t = - 2 4 . 0 0 0  REF. -1 

Fig. 6. Curvature of Inner  Fuel P l a t e .  

Fuel P l a t e s  

1. Any p i t s  o r  sc ra tches  g r e a t e r  than 0.001 i n .  deep o r  dents  

l a r g e r  than 0.25 in .  i n  diameter i n  the  f u e l  p l a t e  sur faces  a r e  cause 

f o r  r e j e c t i o n .  

2. The cover p l a t e s  must be bonded t o  both t h e  core and frame 

sur faces .  

l a y e r s  v i s i b l e  a t  low magnification and g ra in  growth evenly d i s t r i b u t e d  

across  a t  l e a s t  h a l f  t h e  aluminum-to-aluminum p o r t i o n  of t h e  i n t e r f a c e  

length .  

3.  

Acceptable bonding i s  defined a s  no separa t ion  between t h e  

The f i e 1  p l a t e s  must be formed t o  within 0.015 i n .  of t he  t r u e  

involu te  shape, with dupl ica t ion  wi th in  50.008 i n .  

c 

c 
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. 

4.  Each inner element plate contains 15.18 g ? 1.0% of 235U and 
each outer element plate contains 18.44 g k 1.0% of 235U. 

5. 

is recorded. 

6. 

filler. 

Core thickness, after outgassing, must not vary more than 0.004 in. in 

any core. 

of 0.005 f 0.003 in. 

The uranium for each core is individually weighed and the weight 

Fuel plate cores are made as single units containing fuel and 

No core edge may have a radius of curvature greater than 0.010 in. 

A l l  cores have an interference fit with their picture frames 

7. A l l  fuel plates are rolled to a final thickness of 0.050 k 

0.001 in. 

20.0005 in. 

8. 

Thickness variations within any single plate may not exceed 

The plates are cold reduced 20%. 

Uranium may not extend beyond the maximum core outlines as 

shown on the drawings, (Fig. 5). 

9. The mass of 235U per unit area of fuel plate within the maximum 

fuel core outline must not exceed 30% of the specified value for any 
5/64-in. -dim spot (area of 0.0048 in. 2 ) . 

10. The mass of 235U per unit area averaged over a length in the 

core should be within 210% of the specified value. 

determined electronically over an area 5/64 in. wide and varying in 

length from approximately 1/2 in. to 1 1/2 in., depending upon the uranium 

concentration preceding any change in concentration and the magnitude 

of that change. 

The average is 

11. Each filler region for the inner element fuel plates contains 

a specified amount of 'OB in the form of boron carbide in the range of 

0.01 to 0.025 g of 'OB per plate. 

program, was 0.0211 g. 

The initial value, used in this 

12. The amount of 'OB per plate is maintained within +_lo$ of the 

specified value. 

13. 

14. 

The boron carbide for each filler piece is weighed individually. 

Boron carbide may not extend beyond the maximum fuel core 

outline. 

15. The concentration of 'OB within any 0.20 in.2 area within the 

minimum core area of the inner annulus shall be within +35% of the 

specified concentration. 
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16. After final machining, every fuel plate must be checked to 

assure conformance with the specified core and frame dimensions. 

17. 
than 0.010 in. on each surface, and the cladding thickness must not be 

less than 0.007 in. at any point. 

All fuel plates need an average cladding thickness greater 

18. A procedure must be established by which the core hump location 

of every fuel plate may be determined and its location indicated. 

19. 

1/16 in. in diameter is observed, the plate shall be rejected immediately. 

In the last anneal preceding the cold reduction, each plate is held at 

500 +' 
plate are visually examined for blisters. 

If at any stage of plate fabrication a blister greater than 

" C  for a minimum of 1 hr. After cooling, both sides of every 
-10 

20. After the completion of the flat plate fabrication and while 

the plate is in the annealed condition, the entire surface of each plate 

receives an ultrasonic examination for nonbond. Any response larger than 

that produced by a 1/16-in.-diam (0.00307 in. 2 ,  reference discontinuity 

is cause for rejection of the plate. 

Fuel Elements 

1. Elements must be clean and free from foreign matter. 

2. Every coolant channel thickness shall be 0.050 k 0.010 in. 

when measured at any point. 

3.  The average of five thickness measurements for any individual 

cross section of a coolant channel must be 0.050 t 0.006 in. 

4 .  Fuel may not be within 0.045 in. of a side plate. 

5. In the assembled element, the fuel plates must protrude at 

least 0.015 in. into the weld grooves of the inner side plate and 0.035 in. 

into the weld grooves of the outer side plate. 

6. Each fuel plate is welded to both the inner and outer side 

plates at 24 axial locations. 

7. Each plate attachment weld needs a minimum pullout strength of 
100 lb when tested in tension with the force applied normal to the bottom 

surface of the fuel plate slot. 

c 
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. 

8 .  The weld should not penetrate more than 0.010 in. int:, the 

plate width as measured from the side plate surface (top of the slots). 

9. The face side of each weld must be free of defects such as 

cracks, incomplete fusion, and incomplete penetration; in addition, it 

shall be free from irregular bead contour, oxidation, and terminal 

craters in excess of that present on the approved quality standard. The 

standard is a selected qualification test weld. 

10. The root side of the welds must be free of gross oxidation, 

sagging, and warpage. 

11. The weld grooves must be filled sufficiently so that after 

final machining, no surface depressions are present on the inner surface 

of the inner element or the outer surface of the outer element. 

12. The porosity or voids on any exposed surface or cross section 

must not exceed the size shown on the ASME Boiler and Pressure Vessel Code, 

Section VIII, Appendix IV, Porosity Charts for plate 1/4 in. or less 

and size assorted. 

restricted to half the amounts shown on the chart. 

The amount of both large and small pores shall be 

13. 

14. 

Each end of each fuel plate must be welded to the combs. 

All comb welds must have smooth, rounded surfaces and be free 

from overlaps, incomplete hsion, excessive oxidation, and cracks or 

cracklike indications. 

15. The comb weld width should not exceed 1.3 times the comb width 

at any location. 

16. The comb teeth should not melt to a depth greater than 1/8 in. 

below the end of the fuel plate. 

Materials 

Fissile Compound 

While initially both uranium-aluminum alloys and the oxides were 

considered as possible HFIR fuels, the oxides were ultimately selected. 

This decision was based primarily upon the required uranium concentration 

coupled with the tight loading and homogeneity specifications and also 

on an early requirement that boron be uniformly distributed through the 
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core.  This w a s  l a t e r  modified t o  include only t h e  f i l l e r .  The use  of 

U3O8 i n  preference  t o  UO;! w a s  based upon p r i o r  f a b r i c a t i o n  experience 
with both t h e  Geneva poo l  r eac to r8  and t h e  poo l  r e a c t o r  a t  t h e  Pue r to  Rico 

Nuclear Center.g Both oxides had been shown t o  possess  adequate r a d i a t i o n  

r e s i s t ance  a t  low temperatures," and, a t  t h a t  time, no d a t a  were avail- 

ab le  on e i t h e r  a t  e leva ted  temperatures.  
The oxide used f o r  t h e  development phases  of t h e  program w a s  a 

double high-fired U3O8 prepared from uranyl  peroxide by t h e  Y - 1 2  P l a n t  

of Union Carbide Corporation, Oak Ridge, Tennessee. Table 3 l i s t s  i t s  
c h a r a c t e r i s t i c s ;  it w a s  separated i n t o  s i z e  f r a c t i o n s ,  and t h e  -170 +325 

f r a c t i o n  w a s  used. Although t h i s  oxide w a s  far from sphe r i ca l ,  it d id  

not  conta in  many sharp corners  o r  i r r e g u l a r  p a r t i c l e s ,  as may be seen i n  

Fig.  7, and d id  no t  show excessive f r a c t u r e  o r  breakup during f a b r i -  
11 ca t ion .  

Burnable Poison 

Natural boron carbide,  B4C, w a s  s p e c i f i e d  as t h e  burnable poison  

s ince  only small q u a n t i t i e s  of 'OB were requi red .  

w a s  p r e f e r r e d  f o r  both cos t  and s impl i f i ed  handling. 

had shown t h a t  BL+C w a s  compatible wi th  both aluminum and U308 under t h e  

spec i f i ed  f a b r i c a t i o n  condi t ions.  

The n a t u r a l  ma te r i a l  

Previous work' 

8J. E. Cunningham, R. J. Beaver, W .  C.  Thurber, and R. C. Waugh, 
"Fuel Dispersions i n  Aluminum-Base Elements f o r  Research Reactors ,"  
pp. 269-297 i n  Fuel  Element Conference, P a r i s ,  November 18-23, 1957, 
TID-7546, Book 1 (March 1958). 

'W. J. Kucera, C.  F. Le i t t en ,  Jr., and R. J. Beaver, Spec i f i ca t ions  
and Procedures Used i n  Manufacturing UsO8-Aluminum Dispersion Fuel  
Elements f o r  Core I of t h e  Pue r to  Rico Research Reactor, ORNL-3458 
(Oct. 7, 1963). 

'OG. M.  Adamson, Jr., R.  J. Beaver, and J. E. Cunningham, "Radiation 
Performance and Fabr ica t ion  Advances wi th  Aluminum Dispersion Fuel  
Elements," pp. 432466 i n  Plansee Proceedings 1961, Powder Metallurgy i n  
t h e  Nuclear Age (ed. by F. Benesovsky) Springer  Verlag, Ber l in ,  1962. 

llW. J. Werner and J. R. Barkman, Charac te r iza t ion  and Product ion of 
U30,  f o r  t h e  High Flux Isotope Reactor, OWL-4052 ( A p r i l  1967). 
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. Table 3. Characteristics of U308 

Enrichment, $ 
Density, g/cm3 

Surface area, m2/g 

uo2, % 

a 

b 

Total uranium, $ 

h.r 93 

8.2 

< 0.05 

< 1.0 
> 84.5 

a 

bSurface area by static krypton BET. 

Density by Toulene pycnometer. 

Fig. 7. U3Og Used in HFIR Fuel Elements. 

. 
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The boron carbide specified was the equivalent of the Nor5on 

Company's high purity grade. This material contains approximately 

18.5 wt % 'OB and 75.9% natural boron. It was used as being -325 mesh 

(< 44 p); actually 100% was smaller than 20 p and over 80% under 10 p. 

Typical analyses are presented in Table 4 .  

Table 4.  Typical Boron Carbide Analyses 

Element Content 
( w t  $1 

B 

B + C  

B203 

Fe 

A1 

Ca 

Mg 

Aluminum Cylinders 

80.7 

98.1 

0.1 

0.4 

0.15 

0.05 

0.005 

c 

The HFIR is unique in that it does not contain any components within 

the core that serve primarily as structural components. 

the element is self-supporting. This requires that the cylindrical side 

plates be made as strong as possible subject to the penalty that excessive 

aluminum reduces the core operating life. 

Mechanically, 

Type 6061 aluminum was specified for all cylindrical side plates 

and end fittings. To improve dimensional stability, the large outer 

side plate was purchased with a T6511 temper while the others were T6. 

The small innermost side plate was specified as "Aluminum Alloy Drawn 

Seamless Tubes," ASTM B-210-61, whereas the others were to ASTM B-235-61, 

"Aluminum Alloy Extruded Tubes. " 

Aluminum Sheet and Plate 

Type 6061 aluminum in the F condition was selected as the material 

for both the fuel plate frames and cladding. The material conformed to 
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ASTM specification B-209-61, "Aluminum Alloy Sheet and Plate." The F 

condition was also the one in which the final fuel plates were used. 

The selection of type 6061-F for the aluminum stock was based upon its 

improved strength over the more conventional type 1100 and its comparable 

corrosion resistance12 at HFIR temperatures. 

Since hot roll bonding of type 1100 aluminum to itself is much more 

certain than is the bonding of type 6061 to itself, all bonding surfaces 

were clad with type 1100 aluminum. The frame stock was clad on both 

sides and the cover stock on one side. The thinnest layer commercially 

available, 5% of the plate thickness, was used. 

Aluminum Powder 

The matrix powder for both the fueled area and the filler was Alcoa 

type 101 aluminum powder or its equivalent. This material was readily 

available commercially and had been used successfully in previous work. 

The powder was purchased as -100 mesh with no distribution specified. 

Subsequent work during production has shown that differences in size 

distribution sufficient to affect the fabrication may occur between 

various lots. 

Aluminum Welding Filler Metals 

All welding rods and welding electrodes (wire) were of type 4043 

aluminum. The rods conformed to ASTM Specification B285-61T, "Aluminum 

and Aluminum Alloy Welding Rods and Bare Electrodes," and the electrodes 

were ordered to specification Mil-E-l6053K, "Electrodes, Welding, Bare, 

Aluminum Alloys ."  

wound spools. 

A l l  electrodes were purchased on high-quality level 

FUEL PLATE FABRICATION PROCEDURES 

The fabrication of HFIR fuel elements may be separated into two 

major areas: fuel plate fabrication and element assembly. While the 
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operations performed 

do affect the other, 

discussed as such in 

and tolerances achieved or required in one area 

they are largely independent efforts and will be 

this report. As would be expected from the tight 

specifications, a complex procedure was required to produce the HFIR 

fuel assemblies. 

A flowsheet showing the operations required for fuel plate fabri- 

cation is presented in Fig. 8. For discussion, the operations have been 

divided into the following major categories; core preparation, cladding 

and rolling, plate forming, and inspection. 

Core PreDaration 

The first step in the preparation of fuel plates was to consolidate 

the U3O8 and aluminum matrix powders into a powder metallurgy compact. 

The detailed configurations of the fuel compacts are shown in Fig. 9. 

The fabrication of fuel cores for the HFIR plates was more difficult 

than for other research reactors because of the varying thickness of 

the fuel portion and the tight tolerances. Another complication was 

that the boron burnable poison was to be distributed in a manner comple- 

mentary to the fuel. 

adopted a single cold-pressing, powder-metallurgy operation and used it 

successrully. 

After trying various fabrication techniques, we 

The homogeneity and the fuel distribution in the finished plates 

are determined largely in the core fabrication step. Rejected plates 

will result from improper blending, moist aluminum, irregularities in 

core contour, tamping of local areas, or turning up of the edges of the 

compact during pressing. Obtaining uniform dispersions is complicated 

by the wide differences in density between the aluminum powder 

(2.6 g/cm3) and the u308 powder (8.2 g/cm3).  

Powder Preparation and Weighing 

In the fabrication of the HFIR fuel cores, ease in operation was 

sacrificed for greater accuracy and control. Each fuel core and filler 

was weighed and blended individually rather than weighed or measured in 

portions from blended mixes. Although high-quality aluminum powder was 
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B,C Powder 
( i f  used) 

Fuel Core Preporatcon 

- 

Aluminum u 308 
Powder Powder 

ORNL- DWG 68-6244 

Plate  Fabrication 

Vacuum 
0"W.l 

Blend 

Blend 

Aluminum Frames ond Covers 

Receive plate Q 
Inspect rll 
Sheor 

+-I Shear 

Punch and 

r-l Wire brush 

1 

Assemble 
b i l le t  

Weld edges 

I 

1 
4 
1 

Hot  r o l l  
bond 

Anneal 
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Anneal 

I 

lnrpect 

Surface l i l  Bl, I ter5  

Fluoroscope 

Rough sheor 

Surface 
Radiographic 
X-ray I c o n  
Ultrasonic 
Dimension01 
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Fig. 8 .  Major Operations i n  F u e l P l a t e  
Fabr ica t ion .  
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ORNLDWG 68-12348 
).\A 

I 

ALL DIMENSIONS 
ARE IN INCHES OUTER ANNULUS 

INNER ANNULUS 
Fig. 9. Fuel  P l a t e  Composite Cores A s  Pressed.  
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used, it was further purified by a vacuum anneal. The aluminum handling 

procedure follows. 

1. Anneal 1800 g of powder in a bed approximately 1 1/2 in. deep 

at 540°C for a minimum period of 4 hr at a pressure less than 0.015 torr. 
2. 

atmosphere. 

Cool to below 50°C (pressure 5 0.015 torr); open system to 

3. Bag materials in polyethylene and place in metal cans. 

4 .  Immediately before use, screen powders through a 100-mesh screen. 

5. Weigh out 100 g of powder from each batch and perform a screen 

analysis; powders should run between 70 and 80 wt $ -325 mesh. 
Weigh out 100 g of powder from each batch and analyze for total 

gas content (should be less than 0.02 std cm3/g) and moisture (should be 

less than 0.01%). 

The U3O8 and B4C were used as received from the producer without 

6. 

pretreatment. Components other than B4C were weighed on triple beam 

balances accurate to 20.01 g. The materials were placed directly on 

the balance pans. The BAC was weighed on weighing paper on an analytical 

balance to an accuracy of tO.OO1 g. We handled the U3O8 in a dry box 

and all other materials in the open laboratory. After being weighed, 

sufficient aluminum for a single fie1 core or filler was placed in a 

clean, dry cylindrical 4-oz glass bottle with a smooth inside surface. 

Blending Procedure 

To obtain homogeneous mixtures of fuel or poison with matrix material, 

the powders were blended in glass bottles in a modified U. S. Stoneware 

Company double cone blender, model 733. The standard blender cones had 

been replaced by a pair of 2-qt steel cans mounted on the horizontal 

motor shaft at an angle of 30" with the vertical. For the fuel cores, 

eight jars, each containing the specified amount of u308 and aluminum, 

were loaded into each can with sufficient padding to prevent breakage 

of the jars and blended by rotating the cans for 2 hr at 20 to 25 rpm. 

Inner-annulus filler sections were blended simultaneously in a similar 

manner with a second blender. Outer-annulus filler sections, containing 

only aluminum, did not require blending. If improper speeds or angles 
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or improperly shaped bottles are used, poor blending or even classifi- 

cation may occur. 

Core Pressing 

Immediately after blending, the cores were compacted by cold pressing. 

In a single operation, both the fuel core and filler were shaped and 

pressed into a single compact sufficiently strong to permit the necessary 

handling during roll billet preparation. 

Pressing was done within a containment box mounted on the working 

surface of a 500-ton Farquhar top-acting hydraulic press. 

achieve the desired tolerances we needed a well-aligned, high-quality 

press for this operation. The containment box contained open slits on 

each side through which the operator, wearing surgical gloves, could 

work. 

which maintained a slight negative pressure within the box without 

creating turbulence. 

To 

It was connected through an absolute filter to an exhaust system, 

The unique feature of this powder metallurgy operation was the use 

of shaped die tops that enabled us to obtain the desired fuel gradient 

by variations in fuel section thickness but still enabled us to work 

with rectangular cores. The fuel-powder mixture and the filler mixture 

were added to the same die cavity and pressed into a single piece. The 

die components and general procedure are shown in Fig. 10. The shape of 

the curved surfaces of the die tops and the die size are calculated from 

the final desired fuel contour and size; however, these values must be 

corrected for such things as rolling reduction, lateral spread during 
rolling, pressed density, and poured powder density. 13 

The sequence used for the pressing operation was as follows. 

1. With the lower punch in the pressing position, the insides of 

the die cavity were lubricated (sparingly) with a 5 wt '$ solution of 
stearic acid in CCl4. 

13T. D. Watts, W. J. Werner, and J. P. Hmond, Calculations of 
Charge and Contour Dimensions of Powder-Loading Assembly Used in the 
Production of HFIR Composite Fuel Compacts, ORNL-TM-1193 (September 1965). 
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ORNL-DWG 64-4456 

STRAIGHT EDGE FUEL MIXTURE 

STRAIGHT EDGE 'b [INSERT MIXTURE 
/FUEL MIXTURE ,2nd DIE TOP 

TOP 

[INSERT MIXTURE 
,-FUEL MIXTURE 

Fig. 10. P res s ing  Procedure f o r  H F I R  Fuel  P l a t e  Cores. 

2. The f irst  d i e  top  w a s  then pos i t i oned  on t h e  d i e  by means of 

t h e  l o c a t i n g  p ins ,  and t h e  bottom punch w a s  brought up i n t o  t h e  d i e  top  
by means of  t h e  screw jack.  

3. The f u e l  mixture was c a r e f u l l y  poured i n t o  t h e  d i e  t o p  cavi ty ,  

and t h e  jar  and jar cap were l i g h t l y  tapped aga ins t  t h e  d i e  t o p  t o  ensure 

removal of  a l l  t h e  powders. 

4. The powder was l eve led  t o  t h e  f i r s t  d i e  top  contour with a 

metal  s t r a i g h t  edge. 

t h e  c o r r e c t  volume of powder completely f i l l e d  t h e  cav i ty  with no edge 

depressions o r  compacting of t h e  powders. 

The p o s i t i o n  of t h e  lower punch w a s  ad jus ted  so  
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5. With the fuel section still in the leveled position, ‘the second 

die top was gently positioned on top of the first by means of the locating 

pins. 

6. The filler section powders were carefully poured on top of the 

leveled fuel section, and the jar and cap were tapped lightly against 

the die top. Care was used in pouring and leveling this powder to avoid 

compacting or disturbing the powder already in the die cavity. 

7. The powder was then leveled by means of the straight edge. The 

position of the lower punch was again adjusted so the cavity was completely 

filled. Excess vertical movement of the powder charge was avoided. 

8. The as-leveled duplex fuel compact was lowered into the pressing 

position, the die tops were removed, the pillow block was inserted into 

the die, and the fuel compact was compressed at 22.5 tsi pressure. (More 

recent work has shown that a pressure of approximately 30 tsi will result 

in compacts having more uniform density and dimensions.) 

9. The fuel compact was ejected from the die, the insides of the 

die were wiped with a tissue saturated with CCl4, and the pressing cycle 

was repeated on the next compact. 

10. Each individual fuel compact was assigned a number, which also 

distinguished it as to type core (inner o r  outer annulus) and batch of 
oxide used to make the core. This same identity was carried through to 

the rolled plate. The number was scratched on each core on the filler 

surf ace. 

11. After a batch of 24 fuel compacts had been pressed, they were 

individually weighed (20.01 g) and measured (+0.0005 in.) and the values 
were recorded. 

Vacuum Annealing of Pressed Compacts 

To eliminate any trapped die lubricant o r  moisture that had been 
adsorbed on the powders during processing, all green compacts were 

vacuum heat treated. 

aluminum boat and inserted into a.6-in.-diam stainless steel horizontal 

muffle at room temperature. The compacts were in layers separated by 

crinkled stainless steel wire screen. After evacuation to a pressure 

less than 0.025 torr, the batch was heated to 590°C and held for 3 hr. 

A maximum batch of 48 compacts was placed in an 



While the pressure may rise during the initial heating, it must remain 

below 0.025 torr for most of the heating cycle. The compacts were cooled 

under vacuum to below 50°C and then removed from the chamber. While some 

sintering probably took place during this heat treatment, that was not 

the purpose. Actually, a small increase in thickness of the cores was 

always found. 

Each compact was then weighed and any that deviated by more than 

0.3% from a previously established mean were rejected. 

each compact was also measured at five locations with a micrometer; any 

variation larger than 0.004 in. was cause for rejection. Visual checks 

were made for chipped edges and blisters, either of which was also cause 

for rejection. 

The thickness of 

All acceptable compacts from an individual batch were placed in a 

If storage of more than 48 hr plastic bag and stored in a desiccator. 

was anticipated, a vacuum desiccator was used. 

Cladding and Rolling 

The powder metallurgy cores were converted into plates and simul- 

taneously hermetically sealed in aluminum by a combination of hot and 

cold rolling. These procedures are modifications of the picture-frame 

technique, which has been used so successfully in fuel plate fabrication 

for many years. As illustrated in Fig. 11, each H F I R  billet contained 

a double-window picture frame with integral aluminum spacer between the 

windows. The billet also required two cover plates and two fuel compacts. 

Billet Assembly 

Material for the cover plates was received as 0.300-in. sheet and 

that for the frames as 0.425-in. plate. A l l  as-received aluminum plate 

was first inspected for blisters and surface condition. Any suspect areas 

were marked and removed; if more than a few were noted or if they were 

scattered over an entire plate surface, the entire plate was rejected. 

Both plate and sheet were cold rolled to the specified thickness. 

The dimensions of the components for the billets for both annuli are 

listed in Table 5. The overall dimensions were obtained by shearing the 
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ORNL-LR-DWG 79825R 

Fig. 11. General Design of Billets Used in Roll Cladding HFIR 
Fuel Plates. 
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Table 5. Dimensions of Billet Components 

Billet Dimensions, in. 

Length Width Thi ckne s s 
Components 

Cover plate 
Picture frame 
Cavity 
Fuel compact 

Cover plate 
Picture frame 
Cavity 
Fuel compact 

Outer annulus 

8 114 k 1/64 5 ? 1/64 
8 114 k 1/64 
1.797 i 0.001 2.645 f 0.001 
1.800 ? 0.001 2.650 -1: 0.001 

Inner annulus 

5 +_ 1/64 

8 114 ? 1/64 
8 114 * 1/64 
1.565 ? 0.005 2.925 f 0.005 
1.573 ? 0.001 2.931 f 0.001 

5 112 f 1/64 
5 112 ? 1/64 

0.128 f 0.001 
0.316 ? 0.001 
0.316 ? 0.001 
0.321 f 0.002 

0.146 ? 0.001 
0.365 +_ 0.001 
0.365 ? 0.001 
0.371 2 0.002 

plate and sheet to size. Two symmetrically positioned windows with 

square corners were then punched and broached in the frame material. 

The punching and broaching assemblies used for blanking the frames are 

illustrated in Fig. 12. After broaching, the dimensions of each window 

were measured with a dial-indicating vernier caliper. Cover plates and 

frames were then degreased in trichloroethylene. In heat-treating and 

assembly operations after degreasing, the components were always handled 

with white cotton gloves, tongs, or both. 

To guard against loss of fuel plates caused by blisters in the 

aluminum, all components received a blister check. All frames and 

covers were heated to 500°C for 2 hr and then visually examined for 

blisters. 

Immediately before billet assembly, both alclad surfaces of the 

frames and the single clad surface of  the covers were cleaned by scratch 

brushing with a power-driven stainless steel brush. The brushes were 

carefully kept free of lubricants and similar contaminants. 

Table 5 shows that the fuel compacts were larger than the frame 

cavities into which they were inserted. The size differential ensured 

a close f i t  between the core and frame and provided material for 

core densification, both of which helped to reduce the occurrence of 
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Fig. 12. Punch and Broach Assembly. 

b l i s t e r s  during r o l l i n g .  To assemble t h e s e  components, t h e  frames were 
heated t o  500°C and then  t h e  cold compacts were i n s e r t e d  i n t o  t h e  

expanded windows. 
The cover p l a t e s  were clamped t o  both sur faces  of t h e  frames w i t h  

t h e  type-1100-clad faces  i n  contac t .  

movement between t h e  var ious  components before  bonding had been achieved 

during hot  r o l l i n g .  A p e r i p h e r a l  weld, continuous except f o r  approxi- 

mately 3/4 i n .  a t  each corner ,  was made without t h e  a d d i t i o n  of f i l l e r  

metal. High-qual i ty  welds were no t  required,  but  t h e  depos i t ion  of 

tungs ten  w a s  avoided. The openings a t  t h e  fou r  corners  provided an 
escape route  f o r  any entrapped a i r .  S u f f i c i e n t  b i l l e t s  were assembled 

Edge welds were made t o  prevent  
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and welded to provide a single day's rolling. 

vacuum dessicators were used. 

If storage was necessary, 

Hot Roll Bonding 

To form a plate and to provide a metallurgical bond between the 

various components, the billets were hot rolled to an 89% reduction in 

thickness, or to 0.0625 k 0.0007 in. 

a two-high United Mill equipped with 12-in.-diam X 14-in.-wide r o l l s .  

The rolls were continuously, but sparingly, lubricated with a mixture of 

one-third SAE-90-weight Pinnacle cylinder oil and two-thirds kerosene. 

To ensure an even bite and uniform plate feed, the roll faces were pre- 

conditioned by rolling at 500°C at least 200 linear ft of aluminum to 

build up a thin layer of aluminum oxide on each r o l l  surface. 

The reduction was accoqlished on 

The hot-reduction schedues are shown in Table 6. During rolling, 

after each pass all billets were rotated 180" about their longitudinal 

and transverse axes. The table shows that lighter reductions are used 

at both the beginning and the end of the fabrication sequence. At the 

Table 6. Hot-Reduction Schedules 

~ 

Reduction, % 

Outer Annulus Inner Annulus 
Pass 

5 

6 

7 

8 

9 

10 

11 

12 

15 

15 

23.6 

23.8 

23.8 

23.8 

24.1 

23.4 

12.2 

8.3 

5.3 

~~~ 

14.0 

14.0 

22.0 

22.0 

22.1 

21.8 

21.8 

22.2 

22.0 

13.0 

9.5 

6.7 
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beginning the light reductions set the components and properly establish 

the rolling characteristics whereas those at the end minimize thickness 

variations. 

Because of furnace limitations, the billets were rolled in batches 

of three. 

temperature of 500 !C 10°C over a length of 50 in. 

laid flat, side by side on a clean aluminum hearth. We used a heating 

period of at least 45 min before the first pass, 5 min before the next 

six passes, and 4 min before the others (subsequent development has 
shown that longer heating times are desirable). 

billets was placed in the furnace for preheating after the fourth pass 

of the first batch. When a thickness of 0.082 in. had been achieved, the 

plate while still hot was sheared in the center, separating the two cores, 

and approximately 2 in. of aluminum was sheared from each end. Before 

the next mill pass these plates were reheated for 10 min. 

It was necessary to have a furnace capable of maintaining a 

The billets were 

A second batch of 

To provide improved dimensional control at what was expected to be 

the last pass through the mill, two passes without reheat or roll 

adjustment were used. 

eters. 

reheated for 5 min and rolled with additional double passes until a 

thickness of 0.0625 ? 0.001 in. was achieved. The plates were then 

a i r  cooled to room temperature, and an identification number was scribed 

on an inactive end. 

Plate thicknesses were then measured with microm- 

If the correct thickness had not been obtained, the plates were 

Special care was exercised during rolling to minimize cambering or 

"rainbowing" of the plates and to maintain the ends square. 

such defects would hamper meeting the edge or end cladding tolerances. 

A level mill and closely controlled roll lubrication were required to 

avoid this difficulty. 

If excessive, 

Softening Anneal 

The hot-rolled fuel plates were degreased in trichloroethylene 

vapor and then annealed for 1 hr at 500°C to remove stresses induced in 

the last few passes of the hot-rolling process. This anneal also 

develops blisters at nonbonded areas, thereby contributing to the first 
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inspection step. 

no more than 12 plates were stacked together in the furnace. 

To avoid undue restraint of possible blister formation, 

The annealed plates were visually inspected for blisters. To 

delineate small raised areas, the major surfaces of the plates were 

slowly raised and lowered in a plane nearly parallel to the inspector's 

line of vision. A plate that contained any visible blisters located in 

the area not to be removed was rejected. Flaws such as embedded inclu- 

sions, impressions, or deep scratches were also cause for rejection. 

Cold Rolling 

To improve formability, dimensional tolerance, and surface quality, 

acceptable plates were cold rolled 20% to a final thickness of 

0.0500 k 0.0005 in. 

that would form reproducibly in subsequent o.perations. The same two- 

high United Mill used for hot rolling was employed for the cold rolling. 

The rolls were again lubricated with a mixture of one-third SAE-90-weight 

Pinnacle cylinder oil and two-thirds kerosene, applied cTntinuously during 

the rolling. Care was used in maintaining cleanliness of both the mill 

and work tables; any chips, dirt, or other foreign matter resulted in 

s cratched plates. 

The 20% cold work was required to yield plates 

The schedule used during the cold reduction, based upon mill setting, 

is shown in Table 7. The plates receive four passes through the mill 

at each setting and were rotated 180" about their longitudinal and 

transverse axes after each pass. The thickness variation within any 

acceptable finished plate was less than iO.0002 in. 

Fuel Plate Annealing 

To facilitate subsequent forming and marking operations, the com- 

posite plates must be flat and free from localized stress regions. 

were flattened and annealed in a final heat treatment, which also 

increased the confidence level in a subsequent examination by enlarging 

or opening up nonbond areas to make them easier to detect. 

72 plates was arranged in three equal stacks with a 2-in.-thick aluminum 

platen on top of the stacks. 

They 

A batch of 

Since flattening was achieved from the 
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Table 7. Cold-Reduction Schedule 

Reduct ion 
Passes Gage 

(in.) (in. 1 

1 4  5.6 0.0035 0.0595 

5-8 3.5 0.0020 0.0575 

9-12 3.5 0.0020 0.0555 

1316 3.5 0.0020 0.0535 

17-20 2.8 0.0015 0.0520 

21-24 1.9 0.0010 0.0510 

25-2% 1.9 0.0010 0.0500 

weight of the platens, no clamping mechanism was used to position the 

plates. 

and in all handling of the plates to prevent scratches and embedment 

of inclusions. The cold-finished plates were annealed at 500°C f o r  

120 min and then cooled to near room temperature at a controlled rate of 

27"C,/hr. We used a furnace capable of maintaining temperatures of 

500 k 5°C over the length of the plates and equipped with a temperature 

program controller. Frequent furnace temperature traverses were made to 

assure that the proper temperatures and control were being achieved. 

To maintain the uniform heat treatment condition throughout the 

Care was necessary in both maintaining furnace cleanliness 

plate, all bending or similar deformation must be avoided. 

are very soft and therefore very susceptible to scratching or picking 

up of foreign material. The plates must always be picked up and laid 

down directly with no sliding movement and with adequate support at both 

ends to prevent bending. 

an 0.003-in.-thick polyethylene tube. 

The plates 

For storage, every other plate was placed in 

Fluoroscopic Examination and Marking 

The location of the active fuel core within the composite plates 

was established by comparing its fluoroscopic outline to that of a 

template positioned over the plate. As illustrated in Fig. 13, the 

. 
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Fig. 13. Marking Equipment and Template for Punching Reference 
Maching Holes in HFIR Fuel Plates. 

template was designed to permit positioning of the core with respect to 

a punch-and-die marking assembly. The marking assembly was mounted 

inside a General Electric model VI, type 4 175-kv-peak fluoroscope. 
was used to simultaneously punch two 0.5000 2 0.0005-in.-diam holes 

26.000 i 0.001 in. apart in the inactive aluminum ends of the annealed 

plates. These holes were used for positioning in subsequent machining 

operations. 

It 

The fuel plates were inserted into the punch-and-die assembly with 

the convex side of the core up and the hump toward the front of the 

template. The orientation was determined by an eddy-current method 

described below under "Fuel Plate Inspection. " After the fuel outline was 

centered between the tolerance wires on the template, the plates were 

punched to establish the reference points. Before rough shearing, we 

inscribed the fuel plate number on the plate with a Burgess Vibrato01 

in letters and numbers about 1/4 in. high, using a positioning template. 
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Our practice was to place the number on the side up during punching, 

1 1 / 4  in. from the hole on the right as you face the edge near the fuel 

hump, and toward the corner away from the hump. 

marked to show orientation during the hump location. 

This corner had been 

Reference lines for rough shearing the plates to length were then 

scribed 1 1 /4  in. outside the punched holes. 

Plate Sizing 

The as-rolled plates were cut to plate size by a double operation. 

They were first sheared slightly oversize and then machined to final 

dimensions. The long side of the plate that was remote from the punched 

holes was sheared first. A fuel plate was positioned for shearing by 

placing the 0.500-in.-diam holes over two smaller pins whose center lines 

were 2.785 in. from the shear blade and 26 in. apart. To shear, outer- 

annulus plates were pushed forward until the pins contacted the front 

edge of the hole, and inner-annulus plates were pulled backward until 

pins contacted the back edge of the hole. 

fixed references, we sheared the other long side to yield widths of 

3.74 +_ 0.03 in. and 3.42 ? 0.03 in. for inner- and outer-annulus plates, 

respectively. 

lines to leave a length of 28 1 / 2  in. 

Using stops on the shear at 

The ends of the plates were then sheared at the scribed 

The fuel plates were machined to final width with the fixture 

illustrated in Fig. 14. It consisted of a rectangular frame and a 

movable clamp plate to securely hold the stack of fuel plates. The top 

and bottom edges of the frame were ground parallel. Two parallel-ground 

blocks, which totaled 2 in. in thickness, were employed to support the 

fixture above the milling machine table. While the fuel plates were 

stacked and machined, the ends of the fixture were securely fastened to 

the table with step blocks and horseshoe clamps. 

The fuel plates were usually machined in lots of 36 on a vertical 

milling machine. 

of the same length and width as the sheared composite were placed on 

each side of the stack of plates. Two holes had been drilled in the 
backup plates to match the punched holes in the fuel plates. 

First, aluminum backup plates of l/& in. thickness and 

A l l  fuel 
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Fig.  14.  Fuel  P l a t e  Machining Fix ture .  

p l a t e s  were referenced f o r  machining from two 1/2-in.  - d i m  hardened 

dowel p i n s  in se r t ed  through t h e  holes  i n  t h e  p l a t e s .  The p l a t e s  were 

assembled on t h e  dowel p i n s  with t h e i r  i d e n t i f i c a t i o n  marks or ien ted  

i d e n t i c a l l y .  

p a r a l l e l  blocks,  the  open edge of t h e  s t ack  w a s  machined with a Carboloy 
f l y - c u t t e r  t o o l .  The t a b l e  speed w a s  2 .5  t o  3.5 in./min and the  a rbor  

v e l o c i t y  545 t o  815 rpm, depending on t h e  q u a l i t y  o f  t h e  c u t t i n g  t o o l .  
The f i x t u r e  was ro t a t ed  180" and reclamped t o  t h e  t ab le ;  then t h e  f u e l  

p l a t e s  were machined t o  the  required width. The width w a s  measured wi th  

a micrometer. 

Af t e r  each dowel p i n  was al igned with references t o  t h e  

Af t e r  removal from the  f i x t u r e ,  one end of t h e  s t ack  w a s  cu t  o f f  
with a band saw t o  wi th in  l/8 t o  1/4 i n .  of t he  f in i shed  f u e l  p l a t e  end. 

This end was mi l led  on a v e r t i c a l  mi l l i ng  machine t o  25.00 ? 0.01 in .  
from the  cen te r  l i n e  of  t he  remaining dowel p i n .  I n  t h e  mi l l i ng  operation, 



38 

the lot of plates was clamped to the milling table over two supporting 

blocks. 

stack to yield a final fuel plate length of 24.000 2 0.005 in. 

the fuel plate numbers up, a 1/8-in. X 45" chamfer was then milled in 

the right-hand corner and on the edge to be inserted in the inner side 

plate. The plate was machined so this edge had narrower cladding. 

completion of the machining operations, the plates were degreased in a 

vapor degreaser and the machined edges were lightly deburred by hand 

filing at approximately a 45' angle. 

minimize rounding of the edges and avoid surface scratches. 

Equal amounts of aluminum were removed from each end of the 

With 

After 

Special care was taken to 

After separation, the fuel plates were drilled to reference the 

fuel core for subsequent homogeneity scanning. 

were drilled 23.750 k 0.001 in. apart and 1/8 in. in from the ends of 

the plates in lots of three. The holes were not centered across the 

plates but were located 1.900 f 0.002 in. and 1.750 2 0.002 in. from 

the chamfered edge for inner- and outer-annulus plates, respectively. 

After being drilled, the plates were degreased in a vapor degreaser and 

the edges of the drilled holes were lightly deburred. 

Two 1/8-in. -dim holes 

Fuel Plate Forming 

Forming of HFIR fuel plates to close dimensional tolerances is one 
of the critical phases of fuel element manufacture, because it is related 

to successful assembly of the plates into fuel elements that have accept- 

able plate spacing. If the plates are not formed reproducibly and to 

the correct involute shape, the element assembly and obtaining of correct 

spacing will be difficult. Obtaining reproducibility in forming is 

complicated by both the involute shape of the plates and by the varying 

thickness of the cores. 

The HFIR plates were formed rapidly and inexpensively to the shape 

shown in Fig. 6, p. 12, by a low-pressure modification of marforming, a 

technique commonly used to form relatively thin metal parts. 

process, a punch that has been formed in the proper shape to produce 

the contour desired for the fuel plate is mounted on the ram. The plate 

In this 
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t o  be pressed  r e s t s  on a rubber pad i n  a holder  mounted on t h e  p r e s s  

base.  

i s  then compressively loaded and fo rces  t h e  p l a t e  aga ins t  t h e  punch. 

Since t h e  rubber i s  not  confined on top, as i s  common i n  marforming, 

t h e  p re s su re  i s  l i m i t e d  t o  about 2000 psi .  

d i e s ,  one opera tor  can form plates  a t  a ra te  of about one p e r  minute. 

The descending ram fo rces  the  p l a t e  i n t o  t h e  rubber pad; the  pad 

Using one p r e s s  and s e t  of 

The development of t h i s  method and i t s  app l i ca t ion  t o  f u e l  p l a t e s  

The method as used f o r  a d i f f e r e n t  r eac to r  a r e  descr ibed elsewhere. l.4 

f o r  HFIR i s  descr ibed below. 

Forming Equipment 

A s p e c i a l l y  designed punch and d i e  assembly used f o r  t h e  p l a t e  

forming was  mounted on a 500-ton Baldwin hydraul ic  press as shown i n  

Fig.  15. The d i e  arrangement i s  shown i n  Fig.  16. 

14J.  H. Erwin, S. Peterson,  and C. F. Le i t t en ,  Jr., 
a Forming Method f o r  Curved ATR Fuel  P l a t e s ,  ORNL-3983 (August 1966 

Fig.  15. Plate-Forming Dies i n  P res s .  Note contoured male d i e  on 
upper p l a t e n  and female d i e  f i l l e d  wi th  rubber on bottom p la t en .  



40 

UNUSSIFIED 
ORNL-LR-DWG 71240 

DIE SET 

SET 

~POSITIONER FRAME 

GUIDE PIN 

Fig. 16. Forming Die Assembly. 

The rubber pad, which was the key to the pressing, was Maples 

Heights High-Temp manufactured by William A. Cratty and Associates, 

Cleveland, Ohio. The rubber was compounded to a hardness of 66 to 69 

durometer and molded in individual pieces with thickness variations not 

exceeding 1/32 in. and width variations not exceeding 1/16 in. 

separate pieces of rubber were used - a base pad 4 x 26 1/2 x 1 3/4 in., 
which did not require replacement, and a wear pad 4 11/32 x 26 1/2 x 
3/4  in. 
replaced after a total of 40. 

Two 

The thinner pad was reversed after 15 to 20 pressings and then 

Different punches were used for the inner- and outer-annulus me1 

plates. These punches were made from hot-rolled 3 1/2-in. square steel 

bar stock. The forming surface of the punch was contoured to a uniform 

involute cross section over the entire 26 1/2-in. length. To allow for 

the large amount of spring-back inherent in this process, the involute 

is generated from a 3.%75-in.-diam circle for the inner-annulus plate, 

although the corresponding circle for the formed plate is 5.443 in.; for 

the outer-annulus plate, the two figures are 7.373 in. and 11.746 in. 
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The punch was mounted with the  o r i g i n  of t h e  involu te  a t  an angle of 

15" 28' t o  t he  s i d e  o f  t h e  punch f o r  t he  inner  annulus and 37" 46' f o r  

t h e  ou te r  annulus. 

Forming Procedures 

Since n e i t h e r  t h e  p l a t e  curvature  nor the  f u e l  d i s t r i b u t i o n  i n  t h e  

p l a t e  a r e  symmetrical about t h e  p l a t e  cen te r  l i n e ,  t h e  p l a t e  must be 

or ien ted  proper ly  with respec t  t o  t he  punch both f o r  uniform forming 

and f o r  r eac to r  operat ion.  Such o r i e n t a t i o n  i s  obtained from the  

i d e n t i f i c a t i o n  marks p laced  on t h e  p l a t e  i n  t h e  previous operat ions.  

The f i r s t  opera t ion  i n  forming w a s  t o  a l i g n  t h e  f u e l  p l a t e  ho lder  

o r  p o s i t i o n e r  frame with the  forming punch. The s i d e  supports of t h e  

holder  were ad jus ted  f o r  a snug f i t  with the  width o f  t he  f u e l  p l a t e .  

This adjustment must be such t h a t  t he  p l a t e  edge i s  al igned p a r a l l e l  t o  

t h e  o r i g i n  of t h e  involu te  of t he  punch wi th in  0.002 i n .  

The p l a t e s  were formed one a t  a time. Each p l a t e  was placed i n  t h e  

The punch holder  wi th  t h e  iden t i fy ing  number i n  t h e  spec i f i ed  p o s i t i o n .  

was a c t i v a t e d  and depressed. a t  a r a t e  of about 6 in./min u n t i l  t h e  load 

on t h e  f u e l  p l a t e  reached 1600 ps i .  A f t e r  approximately 30 see elapsed 

time a t  f u l l  p ressure ,  t he  p r e s s  ram was returned t o  t h e  s t a r t i n g  p o s i t i o n .  

The s t a t i c  charge on the  p l a t e  w a s  discharged and the  p l a t e  was removed 

f r o m  the  d i e .  Espec ia l ly  during damp weather, t h e  movement of t he  

rubber on the  metal  p a r t s  produced s u f f i c i e n t  s t a t i c  charge on t h e  

sur face  of t h e  part  t o  produce a disagreeable  shock. Grounding the  p i e c e  

before  it was removed el iminated t h i s  charge. 

Excel lent  forming r ep roduc ib i l i t y  w a s  obtained once 20% cold work 

w a s  spec i f i ed  f o r  a l l  p l a t e s  before  forming. However, s m a l l  forming 

d i f f e rences  were encountered between var ious p l a t e  batches.  Since the  

forming rad ius  var ied  continuously along the  involu te ,  t h e  forming 

d i f f e rences  were compensated by varying t h e  p o s i t i o n  of t he  p l a t e  along 

the  d i e  involu te .  Moving t h e  p la te  toward the  cen te r  r e su l t ed  i n  
s l i g h t l y  l e s s  curvature .  

bas i s ,  no t  f o r  i n d i v i d u a l p l a t e s .  Immediately a f t e r  being pressed,  t h e  

f i r s t  p l a t e s  i n  a ba tch  were measured by t h e  techniques discussed i n  t h e  

Such adjustments were used only on a batch 
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next s ec t ion  and a l s o  were t e s t  f i t t e d  between s ide  plates .  I-f 

d i f f i c u l t y  was encountered with e i t h e r  tes t ,  new plates  were formed t o  

a cor rec ted  contour.  Such t e s t i n g  continued u n t i l  a p rope r ly  formed 

p l a t e  w a s  obtained, and the  p l a t e  p o s i t i o n  determined f o r  t h a t  p l a t e  

was used f o r  t he  remainder of t h e  batch.  

To avoid d i s t o r t i o n ,  care  must be exerc ised  i n  s t o r i n g  t h e  formed 

p l a t e s ;  t h e  less  handling, t h e  b e t t e r .  For temporary s to rage  a f t e r  

forming, t h e  p l a t e s  were p laced  on a f l a t  sur face .  Each s p e c i f i c  p l a t e  

was placed with t h e  involu te  o r i g i n  on t h e  f l a t  sur face  ad jacent  t o  t h e  

corresponding edge o f  t h e  previous p l a t e  and with t h e  curved s e c t i o n  

matched t o  t h a t  of t he  previous p l a t e .  

p l a t e s  i s  t h a t  t h i s  manner of  s tacking  cannot r e s u l t  i n  a th ickness  of 

s tacked metal  g r e a t e r  than  about 2.5 i n . ,  so  excessive weight does not  

accumulate on the  lower p l a t e s .  

One p rope r ty  of  t h e  shape of t h e  

Using t h i s  technique, we could ob ta in  exce l l en t  r e p r o d u c i b i l i t y  i n  

curvature .  However, a problem was encountered i n  t h a t  t h e  edges of t he  

p l a t e  formed s l i g h t l y  d i f f e r e n t l y  from t h e  remaining po r t ions ,  as shown 

i n  Fig.  17. These v a r i a t i o n s  w i l l  be spoken of as t h e  base and l i p  

angles  of t h e  f u e l p l a t e s .  

and t h e  v a r i a t i o n s  extended only f o r  very  sho r t  d i s t ances  i n t o  t h e  

p l a t e s .  Rather than make t h e  complex and expensive d i e  co r rec t ions  

The forming of t hese  edges was reproducible  

BASE ANGLE 

0.125 IN. 

Fig.  17. Base and Lip Angles Measured on HFIR Fuel  P l a t e s ,  Showing 
Forming Difference a t  t h e  Edges. 
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that would be necessary to correct the curvature, it was satisfactory 

and much simpler to measure the actual angles obtained at the edges and 

to machine the grooves in the side plates to fit them rather than ideally 

formed plate edges. 

Fuel Plate Insmeetion 

With the high performance and a smaller than usual margin of safety 

to burnout required of the HFIR, very tight specifications have been 

placed upon the fuel plates. To provide a high assurance that these 

specifications have been met has required a detailed and elaborate 

inspection program. This program has required the use of both conven- 

tional inspection techniques, usually to tighter than normal limits, as 

well as specially developed techniques. One of the more serious problems 

that might occur during HFIR operation would be the development of a hot 

spot within a fuel plate. Conditions that could contribute to such an 

event include excessive fuel loading, fuel segregation or inhomogeneity, 

excessive core thickness, lack of bond between the core and cladding, 

and improper orientation of the fuel core within the plate. Inspection 

techniques have therefore been included to guard against each of these 

defects. 

Vi sua1 

The most conventional inspection technique used, but yet one which 

contributed heavily to the rejection rate, was visual examination of the 

fuel plate surfaces. This examination sought blisters, surface defects 

such as scratches or gouges, and embedded foreign material. While the 

rejectable blister size was stated as being 1/16 in., any defect that 

was suspected as a blister rejected the fuel plate. 

A complete plate surface examination was made after each of the 
anneals and again just before the plates were inserted into the element. 

In addition, all operators and inspectors were instructed to watch the 

plate surfaces and to immediately reject a plate any time a surface 

defect was noted. 
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Dimensional and Plate Curvature 

A l l  the usual dimensions such as plate length, width, and thickness 
were measured on every plate. 

they will not be discussed further in these procedures. 

special dimensional measurements were made to confirm that adequate 

plate curvature had been obtained, and these will be discussed in the 

following paragraphs. 

Since these are standard measurements, 

However, two 

The accuracy of forming plates and their conformance to the theo- 

retical involute were determined by two types of measurements. 

plate was measured at several positions along the length and the width 

to determine deviations from the specified shape. 

measured the base and lip angles of one of every five plates. 

Every 

In addition, we 

Deviations from the specified shape were measured with the jig 

shown in Fig. 18. With this instrument, a rack of dial indicators 

was moved across the plate surface. Three indicators were used for 

outer-annulus plates and four for the wider inner-annulus plates. 

indicators moved first across a standard, where they were zeroed, and 

then across the plate surface; measurements were made at seven places 

along the plate. 

ness as well as curvature. 

These 

These measurements indicated deviations from straight- 

A plate to be measured was placed in the jig 

. 

Fig. 18. Jig for Measuring Shape of HFIR Fuel Plates. 
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so as to rest on the back support and against the base support as shown 

in the figure. 

and hold it against the support without strain. This allowed the plate 

to lie naturally against the two supports without distortion. Before the 

measurement, the dial indicators were adjusted to read 0.050 in. when in 

contact with the template; this arbitrary reading avoided the incon- 

venience of negative readings on plates. Acceptance of the plate required 

all readings to be within i0.015 in. of the value for the true involutes 

for their radial positions and within 0.008 in. of each other. 

The center locking screw was turned to contact the plate 

For measuring purposes, the base and lip angles are defined as the 

angle between the tangent at a point 0.125 in. from the corresponding 

edge and the chord from that point to the opposite edge, as shown in 

Fig. 17. To permit measurement of these angles, a sheet-metal bar 

folder was adapted as the measuring jig, as illustrated in Fig. 19. 

To measure the base angle, the inner edge of the plate was held gently 

against a fixed surface by a vise. Tension adjustment screws were used 

so that the pressure was automatically duplicated for successive plates 

of a particular thickness. By use of measured rectangular reference 

blocks and depth micrometers, the position of the free edge relative to 

the throat of the bar folder could be determined as illustrated in the 

insert in Fig. 19, permitting calculations of the required angles. With 

this apparatus the base angles were measured in sections about 0.5 in. 

from each end of the selected plates. For acceptance, all values of 

the base angle were within 1" 0' of the specified value. 

To measure the lip angle, the plate was removed from the jig, turned 

180°, and placed with the outer edge in the vise. Measurements were 

then repeated as explained above. The tolerances for the lip angles 

were 0" 10' of the specified value. 

Radiouamhv - Fuel Core Outline 

To ensure compliance with core outline and edge cladding require- 

ments, all plates were fluoroscopically examined. This examination was 

in addition to the plate marking operation, which used the same fluoro- 

scopic equipment. Maximum and minimum core lengths and widths as well 
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Fig. 19. Bar Folder Adapted t o  Measurement of Base and L i p  Angles. 

a s  maximum and minimum edge-cladding widths were determined f o r  every 

p l a t e  on a go no-go bas is .  

scope with a standard template i n  which t h e  maximum and minimum core 

ou t l ines  were marked by f i n e  platinum wires.  

p l a t e  w a s  referenced t o  t h e  wires by s t ap  p ins  loca ted  i n  t h e  template.  

Inspect ion was by comparison i n  the  f luoro-  

The inner  edge of t h e  

To provide a record of t h e  a c t u a l  dimensions of the  p l a t e s  i n  t h e  
f irst  r eac to r  core and also t o  q u a l i f y  t h e  f luoroscopic  examination, a l l  
p l a t e s  were radiographed f o r  core ou t l ine .  

a t  one time wi th  a 300-kv-peak Norelco x-ray machine. 
type M f i lm,  2$ x 1 2  i n . ,  was used d t  a f o c a l  distance of 72 i n .  

exposure times were 75 sec a t  100 kv and 6 m a .  
by comparing t h e  o u t l i n e  t o  a prepared template, which was or iented by 

Three p l a t e s  were radiographed 

Eas tman Kodak 

The 

Films were f i r s t  checked 

means of  t h e  image o f  t h e  two pos i t i on ing  holes .  

exhibi ted questionable core dimensions were measured with ve rn ie r  

ca l ipe r s .  

Any radiographs t h a t  

I 
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Core Hump Orientation 

To enable proper heat distribution, all fuel cores must be oriented 

in the same manner, that is, all humps must point in the same direction 

and be located on the same side of the longitudinal center line. 

eddy-current probe technique has therefore been developed to determine 

core orientation. This operation makes use of the relatively high 

electrical conductivity of the type 101 aluminum filler section as com- 

pared to the lower conductivities of the type 6061 frame and cladding or 

the fuel-containing portion of the cores. 

An 

A flat fuel plate was placed upon a smooth working surface, and a 

spring-loaded probe coil of a Magnaflux model FM 100 conductivity meter 

was placed upon the upper surface. 

provide an on-scale reading of the meter while near the plate edge. 

The probe was then gently slid across the plate surface maintaining full 

contact. Relative galvanometer deflections, illustrated in Fig. 20, 

were used to locate the filler portions of the fuel cores. During the 

transverse scan, large deflections indicated the plate surface that was 

in contact with the filler piece; otherwise there was little or no 

deflection. In addition, a minimum reading was observed at the minimum 

thickness of the filler piece, which occurred over the hump. 

identification mark was then stamped at a designated corner location, 

which differed for the inner and outer plates. 

The instrument was adjusted to 

An 

Ultrasonic Nonbond Detection 

Two inspection techniques were used to determine the presence of 

nonbonds in the fuel plates. The first test was previously discussed 

and was the visual blister check after the anneals. Plates passing 

this test were then subjected to a through-transmission ultrasonic test. 

The presence of nonbonds at the core-cladding, cladding-frame, and 

6061-1100 aluminum interfaces and within the core was sought. 

A commercially available pulsed ultrasonic device, the Immerscope, 

with a lithium sulfate transducer and receiver was used as the basic 

instrument. A 5-m~ sound beam was collimated to 1/16-in. in diameter. 
After being transmitted through the plate, the pulses were detected and 
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displaced on the cathode-ray tube of the Immerscope. 

circuit monitored the amplitude of the received pulses. 

decrease in amplitude was noted (due to the presence of a nonbond), an 

audible alarm was actuated and an electrical writing signal was trans- 

mitted to the stylus on an electrosensitive paper recorder. 

The plate was mounted in Teflon clamps in an immersion tank. It 

was held with the transverse direction (width) vertical and was moved 

in a longitudinal direction by a continuous roller chain drive. 

end of each longitudinal scan, the transducers were indexed vertically 

0.050 in. before a reverse parallel scan was performed. Longitudinal 

scans and transverse indices were repeated until the entire plate was 

inspected. 

An electronic gating 

When a sufficient 

At the 

Scanning speeds in excess of 200 in./min were used. 
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The equipment was calibrated with the aid of a reference standard 

containing several scattered 1/16-in. -dim, flat-bottom drilled holes 

that had been plugged to simulate nonbonds. 

amplifier and the sensitivity of the gated alarm circuit were adjusted 

so that every 1/16-in. reference nonbond would be detected during use of 

the 0,050-in. index between longitudinal parallel scans at the normal 

inspection speeds. 

The gain of the Immerscope 

The standard holes were so spaced that the probe 

could not be exactly centered over all of them with the specified indexing, 

so the random locations of actual defects were reproduced. 

Fuel Core Homoweneitv 

The controls on fuel section thickness, fuel concentration, and 

fuel segregation were combined into a single requirement in which the 

amount of fuel for a given plate surface area, actually a volume of a 

particular diameter and extending through the plate, was specified. 

the change in fuel contour, this specified mount varied continuously 

across the plate. 

diameter. Fuel concentrations were specified on both a 5/64-in. spot 

and local average basis. 

whose length varied from 0.5 to 1.5 in., depending upon the uranium 

concentration proceding the spot. This average was actually a function 

of the time constant of a condenser that was continually charged or 

discharged, depending upon a voltage that was a function of the uranium 

concent rat ion. 

With 

The surface area specified was a spot 5/64 in. in 

The average was for a 5/64-in.-wide area 

A through- t ransmi s s ion x- ray att enuat ion t e chni que1 was developed 

to measure the variations in fuel loading in the plates. With the 

specified amount of fuel varying with each scan, it was necessary to 

develop shaped standards to set the specified amount for each traverse. 

The machine com-pared this standard value with the values being measured 

at any time. A diagram of the basic system is shown in Fig. 21 and a 

photograph of the instrument is presented in Fig. 22. 

I5B .  E. Foster, S. D. Snyder, and R. W. McClung, Continuous Scanning 
X-Rav Attenuation Techniaue for Determining Fuel Inhomogeneities in - v  - 
Dispersion Core Fuel Plates, ORNL-3737 (January 1965 1. 
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Fig. 22. Homogeneity Scanner and Instrumentation. 
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During inspect ion,  a f u e l  p l a t e  was mounted h o r i z o n t a l l y  i n  a frame 

between t h e  head- and t a i l s t o c k s  of t h e  scanner. 

s tandards were placed wi th in  t h e  frame a t  both ends of t h e  p l a t e .  X rays  
of 50 kv con t ro l l ed  p o t e n t i a l  from a Norelco MG 150 u n i t  were t ransmi t ted  

from t h e  tube ( i n  a l ead  box under t h e  scanner) through a narrow c o l l i -  

mator before  pass ing  through t h e  f u e l  p l a t e .  

a 0.080-in.-diam spot  on t h e  p l a t e .  The beam was again col l imated a f t e r  

pass ing  through t h e  p l a t e  before being de tec ted  by a N a I  c r y s t a l  coupled 

t o  a photomul t ip l ie r  tube and readout instrumentat ion.  During inspect ion,  
t h e  p l a t e  and s tandards were moved long i tud ina l ly  a t  a r a t e  of 240 in./min 

through t h e  x-ray beam. A t  t h e  end of each scan, t h e r e  was a t r ansve r se  

index of 1/16 i n .  before a p a r a l l e l  r e t u r n  scan was made. 

and indexing continued u n t i l  t h e  e n t i r e  f u e l  core  had been inspected.  

The s p e c i a l  reference 

The beam was confined t o  

The scanning 

If a t  any time during a scan t h e  s i g n a l  from e i t h e r  t h e  spot  o r  

average exceeded t h e  l i m i t s  s e t  by t h e  s tandards f o r  t h a t  scan, an 

alarm was sounded and a mark p laced  upon a cha r t .  The co lor  of t h e  mark 

depended on t h e  s p e c i f i c a t i o n  being v io l a t ed .  

out-of- tolerance values  ex i s t ed  but  gave no ind ica t ion  of t h e i r  magnitude. 

P l a t e s  were f i r s t  inspected wi th  s tandards s e t  t o  r e j e c t  a t  +30$ f o r  t h e  

spots  and +lo% f o r  t h e  average. 

were then  rescanned i n  t h e  quest ionable  a reas  with +2?% spot  and +12% 

average s tandards ,  

it was rescanned a t  a slower speed g f  64 i n .  /min, and t h e  a c t u a l  concen- 

t r a t i o n  was p l o t t e d  continuously.  Since f o r  c l a r i t y  t h e  l i m i t s  used i n  
t h e  s p e c i f i c a t i o n s  apply only t o  the p l a t e  a rea  opera t ing  a t  t h e  maximum 
temperatures o r  flux, a l l  scans f o r  r e j ec t ed  p l a t e s  were evaluated by a 

hea t  t r a n s f e r  expert  before  a f i n a l  r e j e c t i o n  was made. 

Such a record showed where 

P l a t e s  t h a t  contained average v i o l a t i o n s  

If doubt s t i l l  ex i s t ed  a s  t o  a p l a t e ' s  a c c e p t a b i l i t y ,  

ELEMENT FABRICATION 

The second major a r e a  of  t h e  HFIR f u e l  element f a b r i c a t i o n  w a s  t h a t  

of assembly, welding, and f i n a l  machining - namely, tak ing  t h e  f in i shed  

plates  and f a b r i c a t i n g  them i n t o  t h e  completed elements. Each of t hese  

t a s k s  involves  p repa ra t ion  of components and inspec t ion  operat ions.  The 

welding p o r t i o n  may be f u r t h e r  divided i n t o  t h e  following tasks: 
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(1) attachment of 

(2) attachment of 

fittings, or type 

fuel plates to side plates, called type A welds; 

combs, or type C welds; and (3) attachment of end 

B welds. 

In the initial stages of HFIR development, three different assembly 

techniques were pursued. 

grooved side plates, (2) use of a central grooved side plate with a 

spacer attached to the outer edge of each fuel plate, and (3) use of a 

central grooved side plate with the outer edge of each fuel plate bent 

to act as a spacer. A variety of welded and mechanical methods were 

tried for attaching the plates. 

with all the techniques, and none could be classified as being unaccept- 

able. For schedule and budgetary reasons, it became necessary to select 

one process and to concentrate on it. Although we probably could fabri- 

cate acceptable elements with other combinations than the ones selected, 

even with the benefit of hindsight the process selected still appears 

to have been the proper one. 

of the above assembly techniques and a combination of mechanical fastening 

and welding has been described.16 

These included (1) sliding the plates between 

Varying degrees of success were achieved 

The fabrication of an element by the third 

Although the inner and outer elements differ in size and have 

different reference surfaces and wall-thickness requirements, they were 

manufactured by very similar procedures. 

we will treat the two fuel elements together when possible. 

For economy of presentation, 

The fuel element assembly and welding techniques were very strongly 

influenced by the very tight specifications on water channel spacing. 

All the individual channel spacing measurements were required to be 

0.050 ? 0.010 in., and the average for a minimum of three specified 

points and the two edges at any cross section must have been within 

_+0.006 in. A second major source of assembly problems was from the very 

tight tolerances specified for the diameters of the elements. 

element requires 171 fuel plates, an inner and an outer side plate, two 

Each inner 

1 6 R .  J. Beaver, J. W. Tackett, J. H. Erwin, G. M. Slaughter, and 
W. J. Kucera, Initial Development of HFIR Fuel Assemblies, ORNL-4108 
(October 1967). 
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i nne r  s i d e  p l a t e  end f i t t i n g s ,  one outer  s i d e  p l a t e  end f i t t i n g , a n d  

f i v e  combs. 

two ou te r  s i d e  p l a t e  end f i t t i n g s ,  one inner  s i d e  p l a t e  end f i t t i n g ,  

and f i v e  combs. The s i d e  p l a t e s ,  t h e  end f i t t i n g s ,  and t h e  combs a l l  

required s p e c i a l  machining operat ions t o  achieve t h e  necessary to le rances .  

These machining operat ions a r e  discussed i n  a l a t e r  p o r t i o n  of t h i s  

repor t ,  al though they  must precede some of  t h e  assembly and welding s t e p s .  
The f u e l  p l a t e s  were f ab r i ca t ed  by t h e  techniques discussed above. 

An ou te r  element r equ i r e s  369 f u e l  p l a t e s ,  two s ide p l a t e s ,  

While i d e n t i c a l  procedures were used i n  f a b r i c a t i n g  t h e  f u e l  p l a t e s  

f o r  t he  t h i r d  c r i t i c a l  experiment and f o r  t h e  f i r s t  r eac to r  element, t h e  

assembly s t eps  d id  d i f f e r .  

removable, so  no attachment welds were required.  This permi t ted  some 

re l axa t ion  i n  to le rances .  

sp ide r  a t tached a t  t h e  bottom. 

Since t h e  c r i t i c a l  element was f o r  a s p e c i a l  app l i ca t ion  and w a s  assembled 

by procedures not  appl icable  t o  a production-type operat ion,  it w i l l  no t  

be discussed any f u r t h e r  i n  t h i s  s ec t ion  of  t h e  r epor t .  

I n  t h e  c r i t i c a l  element t he  p l a t e s  were 

The s ide  p l a t e s  were pos i t ioned  by a special 

Di f f e ren t  end f i t t i n g s  were a l s o  used. 

Fuel  Element Assembly 

The ind iv idua l  components prev ious ly  f ab r i ca t ed  are assembled i n t o  

a f u e l  element by t h e  procedures out l ined  i n  Fig.  23. Care must be  used 

s ince  t h e  f u e l  p l a t e s  a r e  s o  s o f t  t h a t  they  a r e  e a s i l y  deformed and a l s o  

fore ign  p a r t i c l e s  a r e  r e a d i l y  embedded wi th in  them. I n  add i t ion  g a l l i n g  

i s  a problem s ince  aluminum has t o  s l i d e  on aluminum with c lose  t o l e r -  

ances.  A s t r i k i n g  p o i n t  i n  t h e  flow cha r t  i s  t h e  l a r g e  number of 

inspec t ion  operat ions.  
A very important con t r ibu to r  t o  t h e  assembly of t h e  f u e l  elements 

was t h e  q u a l i t y  of t h e  s ide  p l a t e s .  These components must be machined. 
t o  t h e  co r rec t  diameter ( a s  descr ibed i n  a l a t e r  s e c t i o n ) ,  have a 

m i n i m u m  of ova l i t y ,  and have a l l  s l o t s  machined p a r a l l e l  and t o  a uni- 

form and co r rec t  depth. Typical  s i d e  plates with l a b e l s  i den t i fy ing  

t h e  var ious  f e a t u r e s  are shown i n  Fig.  24. 
Since t h e  s i d e  p l a t e s  a r e  so t h i n  and e a s i l y  deform even by t h e i r  

own weight, f i x t u r e s  were designed t o  keep them round and concentr ic  
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inspect *,de plates for concentricity 
~n assembly fixture 

Assemble fuel plater 

Formed fuel plate G 

Alcohol lubricant 

Degrease and acid etch e 
~ i r u o l l y  inspect plate f i t  and Record plate position 

Inspect for p,ts 
and scratches 

- rpocLng. Replace fuel plates 
not complying. 

Preslred Teflon spacers 

c by number 

Clean and inspect 

Fig. 23. Assembly of HFIR Fuel Elements. 

Instoll Teflon spacers 

Inspect plate fit and spoctng. 
R ~ ~ I ~ ~ ~  fuel plater not complying. 
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Fig. 24. Side Plates and Assembly Fixtures for an Inner Fuel 
Element. 

during assembly of the elements. 

bottom flange and a segmented top flange, both machined to fit the 

adapter shoulder surfaces of the side plates, as shown in Fig. 25. 

This figure shows both the spacer used at the top during assembly and 

the ones used at both top and bottom during welding. 

differences (approximately 0.100: in. ) between the flanges and the side 
plates were taken up by Teflon shims that were tailored to meet the 
exact thickness required. 

friction encountered during subsequent operations. 

were designed to be an essential'part of the welding fixture and to 

These fixtures consisted of a solid 

The diametral 

The shims also alleviated the metal-to-metal 
The welding flanges 
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INNER ANNUWS OUTSIDE PLATE 

Fig. 25. Exploded View Showing Alignment J i g s  f o r  Assembly and 
Welding. 

maintain t h e  a x i a l  alignment of t h e  f u e l  p l a t e s  during welding. 

configurat ion was such t h a t  roundness and concen t r i c i ty  could e a s i l y  be 

measured i n  process .  

The s ide  p l a t e s  of  an ou te r  element were i n s t a l l e d  on the  bottom 

Thei r  

assembly flange, and the  top  segmented f lange was secured i n  p lace .  

The s i d e  p l a t e s  were ad jus ted  ( r o t a t i o n a l l y ) ,  and a "s tandard t e s t  f u e l  

p l a t e "  w a s  snugly bottomed i n  the  s l o t s  of bo th  s i d e  p l a t e s .  A s  a f i n a l  

check o f  t he  concen t r i c i ty  of t he  s i d e  p l a t e s ,  a s tandard t e s t  p l a t e  was 
t r i a l - f i t t e d  i n t o  every 50th s l o t .  

s p e c i a l  t runions ( the  top one i s  v i s i b l e  i n  Fig.  26)  were designed and 

constructed f o r  use with the ou te r  s i d e  p l a t e s .  These t runions  had 

r a d i a l l y  ad jus t ab le  shoes and were used t o  fo rce  these  l a r g e  side plates 
round i n  prepara t ion  f o r  i n s e r t i n g  the  f lange and t o  he lp  hold them 

round during the  subsequent welding s t eps .  

To provide a d d i t i o n a l  support, 

The f u e l  p l a t e  loading sequence c a l l e d  f o r  i n s e r t i n g  p l a t e s  i n  

every few sec to r s  around t h e  element r a t h e r  than  working i n  sequence. 
Af te r  t hese  s c a t t e r e d  plates had been in se r t ed ,  t h e  upper f lange  seg- 

ments were removed and t h e  vacant p o s i t i o n s  were f i l l e d  i n  order  

(Fig.  2 6 ) .  Immediately before  loading, t h e  f u e l  plates were given a 

f i n a l  v i s u a l  inspec t ion  f o r  sur face  i r r e g u l a r i t i e s  (p i t s ,  sc ra tches ,  

b l i s t e r s ,  e t c . ) .  

t h e i r  f i t  i n t o  t h e  s i d e  p la te  s l o t s  and t h e i r  curvatures  were compared 

A s  t h e  ind iv idua l  p l a t e s  were loaded, w e  examined 
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Fig.  26. P a r t i a l l y  Assembled Outer Fuel  Element Showing 
Trunion i n  Pos i t i on .  

with t h e  curvatures  of adjacent  f u e l p l a t e s .  Fuel p l a t e s  t h a t  d i d  not 

s e a t p r o p e r l y ,  t h a t  were t o o  wide, o r  t h a t  d i d  not  c lose ly  comply with 

t h e  curvature of adjacent  p l a t e s  were not  used. Alcohol w a s  appl ied 

generously t o  p l a t e  edges and t o  t he  p l a t e  s l o t s  t o  l u b r i c a t e  and prevent 

ga l l i ng .  

problem because t h e  p l a t e s  were i n  t h e  annealed condition, t h e  edges of  

t h e  s ide  p l a t e  s l o t s  were sharp and o f t en  burred, and the re  w a s  usua l ly  

some mismatch between the  base ( o r  edge) angle of t h e  p l a t e s  and t h e  

s ide  p l a t e  s l o t .  I 

Galling between t h e  p l a t e s  and s l o t s  was always a ser ious  

Only a small  amount of p l s d  spacing mismatch could be t o l e r a t e d  i n  

t h e  as-assembled condi t ion;  t h e  va r i a t ions  shown i n  Fig.  27 a re  marginal. 

The mismatch shown could be corr&cted,  a t  l e a s t  p a r t i a l l y ,  with Teflon 

spacers i n s t a l l e d  a s  shown i n  Fik.  28. The Teflon spacers were inser ted  
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Fig. 27. Outer Element with a l l  Fuel P l a t e s  I n s t a l l e d .  

Fig. 28. Teflon Spacers i n  Inner Element. 

E @  I c', 

. 
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t h e  f u l l  l ength  of t h e  f u e l  element (approximately 26 i n . )  and ranged i n  

th ickness  from 0.046 t o  0.050 in .  

p l a t e  spacing during welding, while t h e  t h i c k e r  spacers  were used t o  

c o r r e c t  p l a t e  curvature  i n  a reas  of narrow spacing. 
t he  f u e l  p l a t e s  across  the  channels and from channel t o  channel were t h u s  

obtained. 

by t h e  spacers  t o  be very c r i t i c a l  f o r  ob ta in ing  good as-welded spacings.  

The th inne r  spacers  maintained co r rec t  

Uniform spacing of 

Experience a t  ORNL ind ica ted  t h e  p l a t e - to -p la t e  reinforcement 

A f t e r  t h e  Teflon was i n s t a l l e d ,  t h e  p l a t e  s ea t ing  was v i s u a l l y  

inspected i n  t h e  top,  bottom, and midplane weld grooves of both t h e  

in s ide  and outs ide  s ide p l a t e s .  Our experience ind ica ted  t h a t  some 

unseat ing (up t o  approximately 0.020 in .  measured perpendicular ly  from 

t h e  bottom of  t h e  s l o t s )  could be t o l e r a t e d  i n  t h e  weld grooves of t h e  

ou te r  s i d e  p l a t e .  However, e s s e n t i a l l y  no unseat ing could be t o l e r a t e d  

i n  t h e  midplane weld groove of  t h e  in s ide  s i d e  p l a t e s .  The f u e l  p l a t e s  

were r a d i a l l y  s h i f t e d  t o  ob ta in  proper  s ea t ing  i n  t h e  grooves of t h e  

in s ide  s i d e  p l a t e s ;  any p l a t e s  t h a t  then  d i d  not  meet t h e  sea t ing  

requirements with t h e  outs ide  s i d e  p l a t e  were removed and replaced. 

Figure 29 shows closeup views of acceptable  and unacceptable sea t ing  

condi t ions .  Although t h e  f u e l  p l a t e s  a l l  had e s s e n t i a l l y  t h e  sane 

developed width, minor curvature  d i f fe rences  i n  forming a f f ec t ed  t h e  

chord length  and edge angles  and thereby the  p l a t e  s ea t ing  when t h e  f u e l  

p l a t e s  were i n s t a l l e d .  Any v a r i a t i o n s  i n  s i d e  p l a t e  dimensions o r  

c o n c e n t r i c i t i e s  were a l s o  r e f l e c t e d  i n  t h e  s e a t i n g  problems. P l a t e s  
having t h e  longer  chords prevented r o t a t i n g  t h e  ou te r  s ide p l a t e  (see 

next  paragraph) ,  thus  prevent ing  t h e  s e a t i n g  of p l a t e s  having t h e  sho r t e r  

chords. The Teflon spacers  ad jus ted  t h e  p l a t e s  s o  t h a t  a l l  conformed t o  

a common curvature ,  and thus  g r e a t l y  a ided proper  sea t ing .  

Following i n s t a l l a t i o n  of t h e  Teflon spacers  and inspec t ion  of 

f u e l  p l a t e  spacing and sea t ing ,  t h e  t o p  alignment f lange  w a s  r e i n s t a l l e d .  

With t h e  top  and bottom f langes  i n  p lace ,  t he  ou te r  s i d e  p l a t e  was 

manually ro t a t ed  i n  a d i r e c t i o n  opposi te  t o  t h e  p la te  curvature  t o  obta in  

t h e  b e s t  p o s s i b l e  p l a t e  sea t ing .  

locked (with respec t  t o  r o t a t i o n )  t o  t h e  ends of the  inner  and ou te r  s i d e  
plates wi th  roll p i n s  bear ing on the  two ends as shown i n  F ig ,  25, page 56. 

A f t e r  ro t a t ion ,  t h e  end f langes  were 



Fig. 29. Fitup of Fuel Plates in Outer Side Plate of Inner Element. 
(a) Acceptable fitup. 
unseated by as much as 0.040 in. 

(b) Unacceptable fitup, in which some plates are 

. 
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Fuel  P l a t e  Attachment (Type A )  Welds 

One of t h e  more unusual f e a t u r e s  of t h e  HFIR f u e l  element design i s  

t h e  method f o r  a t t ach ing  t h e  f u e l  p l a t e s  t o  the  s i d e  p l a t e s .  

discussed,  t h e  fue l  p l a t e s  a r e  s l i d  i n t o  p a r a l l e l  s l o t s  cu t  i n t o  t h e  

s i d e  plates.  They a r e  then  a t tached  t o  t h e  s i d e  p l a t e  by welding a small 
p o r t i o n  of t h e  p l a t e  edge, which pro t rudes  i n t o  a groove cu t  i n  t h e  oppo- 

s i t e  s i d e  p l a t e  sur face ,  t o  t h e  s i d e  p l a t e .  

A s  -previously 

A major problem wi th  t h i s  procedure i s  t h a t  no nondestruct ive t e s t  

We must has  been devised t o  show t h a t  t h e  weld has been made proper ly .  

depend upon we l l  developed and demonstrated procedures combined with 

q u a l i t y  con t ro l .  

Welding 

The welding was by a M I G  (metal  i ne r t -gas )  procedure i n  which c i r -  

cumferent ia l  welds were made a t  approximately 1- in .  i n t e r v a l s  down t h e  

s i d e  p l a t e s .  

demonstrated procedure and separa te  q u a l i t y  con t ro l  specimens, i t  w a s  

necessary t h a t  t h e  welds be reproducible .  A f u l l y  automated and con- 

t r o l l e d  welding machine was the re fo re  developed and used. 

used f o r  welding t h e  fue l  p l a t e s  t o  t h e  s i d e  p l a t e s  a r e  l i s t e d  on t h e  

flow cha r t  i n  Fig.  30. 

Since w e  were dependent f o r  con t ro l  upon a previous ly  

The procedures 

J u s t  before  welding, t h e  element w a s  preheated i n  a drying oven t o  

approximately 125°C. 

absorbed water and r e s idua l  a lcohol .  

weld grooves i n  both t h e  inner  and ou te r  s ide p l a t e s  w a s  v i s u a l l y  

inspected.  If necessary,  t h e  f u e l  p l a t e s  were s h i f t e d  t o  maintain t h e  

f u l l  s e a t i n g  on t h e  inner  s i d e  p l a t e s .  
mately 0,020 i n . )  of f u e l  p l a t e s  i n  t h e  ou te r  s i d e  p l a t e s  w a s  v i s i b l e ,  

micrometer measurements were obtained. Unsui table  f u e l  p l a t e s  were 

removed, replacement p l a t e s  were subs t i t u t ed ,  and t h e  prehea t ing  step 

was repeated. A t  t h i s  time, a f i n a l  v i s u a l  check w a s  made o f  t h e  con- 

c e n t r i c i t y  of t h e  inner  and ou te r  s i d e  p l a t e s  and of t h e  long i tud ina l  

alignment of t h e  s i d e  p l a t e s .  The l a t t e r  was b a s i c a l l y  a check of  t h e  

sea t ing  between the  side p l a t e  ends and t h e  alignment f langes .  During 

It w a s  he ld  a t  temperature f o r  2 h r  t o  remove 

Then f u e l  p l a t e  s ea t ing  i n  a l l  

If excessive unseat ing (approxi- 
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Visuolly examine face 
and root penetration Inspect preheated assembly for plate 

Record a l l  marginal and longltudinol plate 
I rregul or, t, es 

alignment i 
sectton sampler longitudinally 

through welds 
i 

ORNL-DWG 68-6213 

Install roll pins locking side 
plater to trunions 

f 

Return Teflon 
Postweld inspect 

Weld foce 
Root penetrotion 
Diameter 
Length 
Plate alignment 
Oxidotion 

1 
Channel Probe Inspection 

3 rodiol locotions 
probe equipmen' 11 oxial locotions 

Record a l l  measurements on table 
identlbing channel and location 

Check out channel 

I I 

F ig .  

i rregul or,  t i  es computer progrom 

30. Making of  Fuel P l a t e  Attachment ( T y p e  A )  Welds. 



63 

preheating, the welding equipment was checked out and adjusted if 

necessary. The quality control samples were also welded. 

The type A welds (welds between the fuel plate edges and the side 

plates) were then made. 

assembly was as follows: 

The welding sequence used on the first reactor 

1st weld - inside seam 12 
2nd weld - outside seam 12 
3rd-5th welds - outside seams 13, 11, and 14 
6th-8th welds - inside seams 13, 11, and 14 
9th-12th welds - outside seams 15, 10, 16, and 9 
13th-20th welds - inside seams 15, 10, 16, 9, 17, 8, 18, and 7 
21st-28th welds - outside seams 17, 8, 18, 7, 19, 6, 20, and 5 
29th-36th welds - inside seams 19, 6, 20, 5, 21, 4, 22, and 3 
37th44th welds - outside seams 21, 4, 22, 3, 23, 2, 24, and 1 
45th-48th welds - inside seams 23, 2, 24, and 1 

The welding parameters used in the manufacture of the first assembly 

are listed in Table 8. 
identified by numbers as follows: 

annulus; 2, outer side plate of the inner annulus; 3, inner side plate 

of the outer annulus; and 4 ,  outer side plate of the outer annulus. 

To aid discussion, the side plates will be 

1, inner side plate of the inner 

Table 8. Welding Variables for First Assemblya 

Wire Trave6 
Current Speed Speed 
(am?> ( in. /min) ( in. /min) Side Plates 

1 and 3 

2 

4 

15 0 

145 

15 0 

65 0 17.5 

600 10.0 

65 0 9.0 

a Filler wire: 0.030-in. type 4043 aluminum, hermetically 
sealed, on 1-lb spools. Inert gas: welding grade argon. Side 
plate temperature limit: 90°C. 

bTangent ial velocity at the weld surface. 
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- 
= t - WELD TIME (5min 33sec) 

A t  t h e  s ta r t  of each weld seam and again approaching t h e  end, t h e s e  

welding parameters were program-changed t o  meet t h e  welding requirements 

p e c u l i a r  t o  these  p o s i t i o n s .  

p l a t e  4 )  i s  shown i n  Fig.  31. 

amount of weld metal  and s t i l l  ob ta in  immediate weld pene t r a t ion ,  t h e  

welding cu r ren t  f o r  t h i s  s i d e  p l a t e  w a s  se t  a t  t h e  s ta r t  a t  170 amp, 

t h e  wire  v e l o c i t y  a t  750 in./min, and t h e  work t r a v e l  speed a t  40 in./min. 

Within 0.5 sec  a f t e r  "Arc On," both t h e  welding cu r ren t  and wire  v e l o c i t y  

were simultaneously down-sloped t o  t h e  normal welding values .  Within 

1 sec  a f t e r  "Arc On," the  r o t a t i o n a l  t rave l  speed of t h e  f u e l  element 

was down-sloped t o  t h e  normal welding value.  

( a f t e r  t h e  weld s t a r t  was overlapped by about 0.5 i n . ) ,  t h e  welding 

cur ren t  and wire  speed were down-sloped simultaneously t o  l e s s e r  va lues  

before  t h e  arc w a s  extinguished. 

A t y p i c a l  welding cycle  ( t h a t  f o r  s i d e  

To i n i t i a l l y  depos i t  a s m a l l  but increas ing  

A t  t h e  end of t h e  weld 

The down-slope program a t  t h e  end of 

se ,&STOP DELAY 

ARC OFF 

T Y P I C A L  W E L D  S T A R T  

CURRENT 150 amp 

\ 
L 70amp 

POWER OFF 

WIRE 650 in./min J0.L sec 

Fig. 31. Welding Program Cycle f o r  S ide  P l a t e  4.  
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t h e  weld permit ted a reduct ion i n  t h e  s i z e  of t h e  puddle and thus  mini- 
mized crater cracking. S imi la r  programs with d i f f e r e n t  values  of t h e  

parameters were used t o  weld fue l  plates t o  t h e  o the r  s i d e  p l a t e s .  A 

diagrammatic sketch of t h e  e f f e c t  of t h e  programmed s tar t  on t h e  weld 

i s  shown i n  t h e  i n s e r t  of Fig.  31. 

have caused excessive pene t r a t ion  i f  t h e  s t a r t i n g  parameters had been 

continued even f o r  a s h o r t  time. 

descr ibed i n  Fig.  31 avoided excessive weld pene t r a t ion .  Also,  t h e  

inc l ined  sur face  produced by t h e  programmed start  permit ted easy 

attachment t o  t h e  l a s t  f u e l  p l a t e  ( t h e  p l a t e  edge j u s t  ahead of t h e  weld 

s t a r t ) .  Without t h i s  s p e c i a l  program it was v i r t u a l l y  impossible t o  

c o n s i s t e n t l y  weld the  f i r s t  t h r e e  t o  f i v e  f u e l  p l a t e s  and t h e  l a s t  two 

t o  th ree  f u e l  p l a t e s .  

Heat buildup i n  t h e  s i d e  p la te  would 

Programming t h e  welding parameters as 

During welding, t h e  to rch  t h a t  was used f o r  t he  welds on side 

p l a t e s  2 and 4 was t i l t e d  approximately 5" i n  t h e  d i r e c t i o n  of  

r o t a t i o n  of t he  f u e l  element ( i n t o  t h e  weld puddle) .  This amount of 

t i l t i n g  appeared t o  provide the  optimum i n  weld pene t r a t ion  cont ro l .  

Also,  t he  torch  contac t  tube,  which guides t h e  w i r e  as we l l  as provides  

e l e c t r i c a l  pickup, was bent  i n  t h e  d i r e c t i o n  of r o t a t i o n .  Bending of  

t h e  contac t  tube provided more r e l i a b l e  e l e c t r i c a l  pickup by increas ing  

t h e  contac t  a r ea  with t h e  wire. 

t h e  to rch  w a s  no t  p o s s i b l e ;  however, t h e  contac t  tube was bent s l i g h t l y  

as descr ibed above. 

For s i d e  plates  1 and 3,  t i l t i n g  of 

A genera l  view of t h e  equipment used t o  make the  type A welds i s  

shown i n  Fig.  32. The wire feeder power supply shown w a s  used t o  operate  

both the  outs ide  and in s ide  welding torches .  The welding program con t ro l  

w a s  equipped t o  sequence-program t h e  cu r ren t  source,  t h e  wire  feeder  

power supply, and t h e  fue l  element r o t a t i o n  simultaneously.  The 

s t a t i o n a r y  welding t o r c h  ( i n s i d e  o r  ou t s ide )  w a s  pos i t i oned  above a 

weld groove, and t h e  f u e l  element was ro t a t ed  about i t s  own a x i s  during 

welding. The d i r e c t i o n  of r o t a t i o n  w a s  t h e  same a s  t h e  d i r e c t i o n  i n  

which t h e  p la te  edges poin ted  t o  assist  i n  con t ro l l i ng  weld penet ra t ion .  

An element i n  place wi th  t h e  two to rches  i n  p o s i t i o n  i s  shown i n  Fig.  33. 
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Fig. 32. Equipment Used t o  Make Type A Welds. 

The welding powerasupply and wire feeder  both employed feedback- 

operated servo-controls capable of l e s s  than 1% v a r i a t i o n  from t h e  

des i red  p r e s e t  conditions.  

equipment of t h i s  type w a s  necessary t o  ensure reproducible r e s u l t s  

by compensating for v a r i a t i o n s  i n  l i n e  vol tage and o ther  condi t ions and 

t o  minimize t h e  e f f e c t  of t r a n s i e n t  arc i n s t a b i l i t i e s .  

Early developmental work showed t h a t  

A conventional commercial welding to rch  w a s  used t o  make t h e  outs ide 
welds ( seve ra l  d i f f e r e n t  types were used during t h e  program, and a l l  

proved t o  be s a t i s f a c t o r y ) .  A spec ia l  t o rch  had t o  be designed t o  over- 

come t h e  l i m i t a t i o n s  imposed by t h e  4!8-in.-ID s ide  p l a t e  1 of t h e  inner  

elements. 

i n  Fig.  33. 

s ide  p l a t e  of t he  inner  element. 

A closeup o f  t h e  in s ide  welding to rch  i s  shown i n  t h e  i n s e t  

The torch  i s  i n  p o s i t i o n  f o r  making a weld on t h e  inner  I 
Thelcompactness designed i n t o  t h e  
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t o r c h  i s  obviously needed. Figure 34 shows schematical ly  the  genera l  

cons t ruc t ion  of t h e  in s ide  welding torch .  The wire-dr ive motor powered 

the  wire-dr iving r o l l s  through a s h a f t  and worm-gear s e t .  The wire- 

d r ive  r o l l s ,  loca ted  immediately above the  welding torch ,  pu l l ed  t h e  

s o f t  0.030-in.-diam aluminum f i l l e r  wire  from t h e  spool through a t r a n s f e r  

tube  t o  the  d r ive  r o l l  l oca t ion .  Af t e r  going around t h e  r ight-angle  

corner,  t h e  wire  was pushed through t h e  torch .  

l i n e d  with a low- f r i c t ion  p l a s t i c  ma te r i a l  and t h e  t o r c h  w a s  water- 

cooled t o  prevent  overheating. The s p e c i a l l y  designed in s ide  to rch  

performed q u i t e  s a t i s f a c t o r i l y  and gave su rp r i s ing ly  few opera t iona l  

d i f f i c u l t i e s .  

The t r a n s f e r  tube was 

Pos i t i on ing  t h e  i n s i d e  t o r c h  accu ra t e ly  over t h e  in s ide  weld grooves, 

e s p e c i a l l y  those i n  s i d e  p l a t e  1, proved t o  be q u i t e  d i f f i c u l t .  The 

a x i a l  l oca t ion  of t h e  t o r c h  was very c r i t i c a l .  The s m a l l  bore  of s ide  

p l a t e  1 combined with t h e  phys ica l  s i z e  and conf igura t ion  of t h e  in s ide  

welding t o r c h  made it almost im-possible t o  p rope r ly  l o c a t e  t h e  t o r c h  

v i s u a l l y  (even wi th  mi r ro r s )  f o r  t h e  weld seams i n  t h e  middle of t h e  

element. The method f i n a l l y  developed used a s p e c i a l  loca ted  f i x t u r e .  

Fingers  of t h e  l o c a t i n g  f i x t u r e  were pos i t ioned  i n  t h e  groove t o  be 

welded. The t o r c h  w a s  then pos i t ioned  such t h a t  t h e  t o r c h  end r e s t e d  

aga ins t  t h e  p o s i t i o n e r  set  screw; i n  t h i s  p o s i t i o n  t h e  weld nozzle of 

t he  to rch  was loca ted  d i r e c t l y  above t h e  cen te r  of  t h e  groove. The 

a x i a l  l o c a t i o n  of t h e  t o r c h  w a s  referenced on t h e  to rch  car r iage ,  t h e  

ORNL-LR-DWG 74105 

WORM GEAR SET 

Fig. 34. Schematic Drawing of Ins ide  Welding Torch. 
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torch was moved out of position, and the positioner was removed. The 

torch was then reheated with the marked external carriage reference. 

Pos tweld Inspection 

After the type A welds were completed, the Teflon spacers were 
removed and the fuel element received a postweld inspection. This 

inspection included (1) visual examination of the weld face, (2) visual 

examination for excessive penetration at the root of the weld, (3) mea- 

surement of diametral and axial shrinkage, and ( 4 )  measurement of plate 
spacing. 

Visual examination of the weld faces provided the best means of 

evaluating the welds. 

evenness of weld bead ripple, undercut, etc.) indicate the general quality 

of the welds. 

weld face reflected irregularities in the welding parameters. Further- 

more, welding parameter irregularities indicated the possibility of 

irregularities in penetration plate attachment, o r  both. It must be 

recognized, however, that there is no absolute guarantee of fuel plate 

attachment. Metallographic sectioning of the qualification and quality- 

control specimens provided the best means for determining this. 

Figure 35 compares a typical appearance of the face of an unsatisfactory 

weld seam with that of a satisfactory weld. 

The characteristics of the surface (contour, 

An undesirable o r  irregular physical appearance of the 

Two techniques were avilable for determining overpenetration in the 

welds. During welding, the Teflon spacers in each channel had been 

positioned immediately adjacent to the underside of the side plates; 

overpenetration or even full penetration would overheat them sufficiently 

to cause local discoloration. As it was removed, the Teflon was examined 

for discolored areas, and suspect channels were marked for closer exami- 

nation. Observing the undersides of the welds by looking into the 

channels illuminated from the opposite end readily revealed any over- 

penetration. It was obvious from the metallographic examinations that 

very close control of variables was required to avoid either overpene- 

tration or inadequate plate tie-in. 

The outside and inside diameters were measured with a Pi-tape and 

recorded to determine the overall diametral shrinkage pattern experienced. 
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Fig. 35. Appearance of Weld Seams. (a) Unsatisfactory seam. 
(b) Satisfactory seam. 

The lengths of the inner and outer side plates were also measured to 

determine the axial shrinkage. In general, no unacceptable diametral 

or axial shrinkage was experienced with the fuel elements welded at ORNL. 

Fuel Plate Spacing Measurements 

At this stage in the manufacturing sequence, the plate spacing of 

the fuel elements was determined. These measurements were more easily 

obtained at this stage than later since the channels were more exposed. 

Experience showed that measurements obtained at this stage were valid 

since duplicate measurements obtained on completed elements indicated 

that no measurable changes occurred during the intervening steps. 

Spacing was measured with a special probe, which determines the change 

in eddy currents induced by a coil as a function of plate spacing.17 

Plate spacing was measured in every channel at 11 axial and 3 radial 

locations. 

for computer analysis. 

Data were tabulated and later transferred to IEM punch cards 

The  computer^ was programmed for a plate spacing 

I7C. V. Dodd and R. W. McClung,~ Fuel Element Coolant Channel and 
Other Spacing Measurements by Eddy-Current Techniques, ORNL-TM-129 
-(Mar. 20, 1962). 
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average a t  each a x i a l  l oca t ion  of every channel, f o r  a summary compu- 

t a t i o n  of t h e  ind iv idua l  measurements, and f o r  a summary of t h e  average 

ca lcu la t ions .  The da ta  obtained f rom t h e  f u e l  elements made f o r  t h e  

f i r s t  r eac to r  core loading a r e  presented i n  a l a t e r  sec t ion .  

shows an end view of t h e  inner  f u e l  element a f t e r  t h e  Teflon has been 
removed. Both t h e  photograph-and t h e  spacing measurements show t h a t  

exce l len t  p l a t e  spacing con t ro l  had been obtained and the  t i g h t  to le rances  

had been met. 

Figure 36 

Welding Q u a l i t y  Control Test ing 

I n  l i e u  o f  a nondestruct ive method f o r  t e s t i n g  t h e  i n t e g r i t y  of 

type A welds, process  cont ro l  combined w i t h  q u a l i t y  cont ro l  (QC) samples 

was used. Three d i f f e r e n t  types of q u a l i t y  cont ro l  samples were required 

Fig. 36. End View of Inner  Element a f t e r  Welding and Removal of 
Teflon. J x c e l l e n t  spacing con t ro l  i s  evident .  



to adequately duplicate the conditions found in the four side plates, a 

single sample being used for both inside welds. Since close process 

control was used and the QC joint configuration essentially duplicated 

the corresponding fuel element joint configuration, the weld quality 

was representative of the quality in the element. 

The primary differences between the three samples were (1) differences 

in the angle between the fuel plates and side plates (80" for side 
plates 1 and 3, 33" for 2, and 4 5 O  for 4 )  and (2) differences in 

the root thickness (0.100 for 1, 2, and 3 and 0.075 in. for 4 ) .  
The QC samples were welded immediately before the element with the 

same equipment used except for the travel mechanism, which was planar 

for the QC samples although rotational movement was required with the 

elements. The two devices were made as nearly identical as possible. 

Each weld seam on a QC sample included at least one weld start and an 

overlapped weld stop. This was accomplished by starting the weld in the 

center of the groove. The welding parameters used were those listed in 

the type A welding procedures. The welds were examined visually for 

weld face irregularities and excessive root penetration and metallo- 

graphically for weld penetration, fuel plate attachment quality, and 

porosity. 

Installation, Welding, and Inspection of Combs 

After the plate spacing measurements were completed, combs were 

installed on both ends of each element. A f l o w  diagram for the instal- 

lation and inspection of the combs and end fittings is presented in 

Fig. 37. The maching of the combs is discussed later. 

The flat as-machined combs were manually formed to the required 

radius and then trial fitted to the end of the fuel element. If the 

trial fit was satisfactory, all but 1/16 in. of the as-machined 

1/2-in.-wide backing was removed and the combs were installed. 

The as-installed combs were inspected for fit, tooth alignment, and 

diameter. An interference fit between the comb tooth and adjacent fuel 

plate surfaces was required to avoid welding complications. 

ference fit did not exist, the comb tooth would melt completely and 

If an inter- 
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O R N L - D W G  68-6210 

Tr ia l  f i t  combs and inspect for 
diameter generated and f i t  

Instoll combs and inspect for 
diameter f i t  and alignment * Weld combs to plote ends 

Inspect combs 

Weld fusion 

Tooth alignment 
irregularit ies Channel blockage 

Machine element ends 
for end adapters 

t 
Install and adiust weld 
fixture and instal l  on 

welding positioner 

Inspect element ends 

Roundness 
Cleanliness 

Preheat and reinspect for f i t  

Weld type B welds 

r 
Inspect welds 

V ~ s u a l  and x-ray 
Surface 

Lack of fusion 
irregularit ies POrOSlty 

Fig. 37. Welding of Combs and End Fittings. 
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either coalesce onto the backing o r  drop into the channel. 

needed to realign comb teeth to minimize blockage of the channels. 

manually welded the combs to the fie1 plates using approximately 50 arrrp ac 

at an arc voltage of approximately 15 v. 

We sometimes 
We 

After being welded, the combs were inspected f o r  excessive melting 

of the teeth, weld cracks, and comb width. 

0.15 in. by the top combs was removed with side-cutting files. 

blockage of 0.25 in. was allowed f o r  the bottom combs. 

typical top combs of the outer element after welding is shown in Fig. 38. 

Channel blockage of more than 

Channel 

A closeup of 

Fig. 38. Typical Top Combs of Outer Fuel Element After Being 

Welded. I 
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I n s t a l l a t i o n  of End Adapters 

Extensions with s p e c i a l l y  machined f i t t i n g  and alignment sur faces  

were at tached t o  t h e  upper ends of a l l  s ide  plates and t o  the  lower 

ends of t h e  inner  surface of t h e  inner  element and t h e  ou te r  sur face  of 

t h e  ou te r  element. These adapters  pos i t ioned  t h e  elements wi th in  t h e  

r eac to r  and served as water flow guides.  The end adapters  were i n s t a l l e d  

by MIG welds made with t h e  same equipment used f o r  t h e  f u e l  p l a t e  a t t ach -  

ment welds. 

Although d i f f e rences  ex i s t ed  i n  t h e  actual shapes of t h e  end f i t t i n g s ,  

similar techniques were used f o r  t h e i r  attachment.  The i n s t a l l a t i o n  

procedure w a s  included i n  t h e  flow char t  of  Fig.  37. A s  shown i n  Fig.  39, 

t he  end adapters  were a t tached  with a s l ip-on  j o i n t  t h a t  provided f o r  a 

60" groove weld. The weld groove was formed by t h e  end of  t h e  f u e l  

FUEL ELEMENT \ 
ORNL-DWG 68-1 2414 

7 

END ADAPTER WE LDI NG 
Fig.  39. J o i n t  Used f o r  Attaching End Adapters. 

'E R 
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element s i d e  p l a t e  beveled a t 3 3 "  and a matching angle  on t h e  end 
adapter  0.575 i n .  from i t s  end. The end adapter  s l ipped  on t h e  s ide  p la te  

end and bottomed on t h e  s i d e  p l a t e  s l o t  ends, p rovid ing  a f ixed  roo t  gap 

of 0.125 i n .  A bu t t - type  weld a t tached  t h e  end of t h e  s ide p l a t e  t o  t h e  

end adapter .  

The f u e l  element w a s  f i r s t  i n s t a l l e d  on a l a t h e  i n  a s p e c i a l  a l ign -  

ment and center ing  f i x t u r e .  The ends were then  machined f o r  t h e  necessary 

weld prepara t ion ,  as discussed l a t e r  i n  themachining sec t ion .  A l l  s ide  

p l a t e  ends except t h e  bottom ends of s i d e  p l a t e s  2 and 3 were beveled. 

Actual diameters were measured f o r  t h e  sur faces  t h a t  would mate with t h e  

end f i t t i n g s .  Each end adapter  w a s  then  machined f o r  an in t e r f e rence  

f i t  with t h e  measured s i d e  p l a t e .  The adapters  were pos i t i oned  by 

expanding (hea t ing)  or shrinking (cool ing)  and pushing them i n t o  p l ace .  

The t run ion  r ings ,  used previous ly  f o r  fue l  p l a t e  welding, were i n s t a l l e d  

and ad jus ted  as previous ly  descr ibed.  The assembly w a s  t hen  i n s t a l l e d  

on the  welding t a b l e  and preheated t o  approximately 6 0 ° C .  

t h e  f i t u p  between t h e  adapters  and the  f u e l  element ends w a s  inspected.  

A f t e r  any needed adjustments, t h e  type  B welds (adapter  welds) were 

made with t h e  same equipment as used f o r  t h e  corresponding p l a t e  a t t ach -  

ment welds. The welding parameters were e s s e n t i a l l y  t h e  same as those  

used f o r  making t h e  type  A we lds  except t h e  t r a v e l  speed w a s  1 2  in./min 

f o r  s i d e  p l a t e s  1 and 3 and 9 in./min f o r  s i d e  p l a t e  2. 

f u e l  element i s  shown i n  Fig.  40. 

Afte r  prehea t ,  

An as-welded 

MACHINING 

A s  w i t h  most o the r  requirements, t h e  machining requi red  i n  t h e  
f a b r i c a t i o n  of HF'IR elements was d i f f i c u l t  and t o  very c lose  to l e rances .  

The machining problems may be separated i n t o  two groups: 

of t h e  components (pr imar i ly  s ide  p la tes )  and t h e  f i n a l  machining of  

t h e  welded elements. This s ec t ion  of t h e  r e p o r t  i s  t h e r e f o r e  broken 

i n t o  these  two par ts .  

The p repa ra t ion  
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Fig. 40. Outer Fuel Element a f t e r  Welding o f  End Adapters. 

Machining and Inspect ion o f  Components 

Side P l a t e s  

If the  channel spacing, proper weld t i e - i n ,  and o v e r a l l  dimensional 

to le rances  a r e  t o  be achieved, t h e  s ide  p l a t e s  must be machined t o  t he  

spec i f i ed  to le rances .  

e s t a b l i s h  channel spacing. 

and t h e i r  r e l a t ionsh ip  t o  p l a t e ~ s l o t  and weld groove depths a r e  major  
cont r ibu tors  t o  achieving t h e  s-$ecified pene t r a t ion  of t he  f u e l  p l a t e s  

The spacing and pa ra l l e l i sm of the  s l o t s  help t o  

T h e ~ c o n c e n t r i c i t y  of t he  c y l i n d r i c a l  surfaces  
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into the weld grooves. 

in their effects on plate protrusion. 

Variations in side plate dimensions are cumulative 

The side plate tubes for the first HFIR fuel element were manu- 

factured in the ORNL machine shops. Special arrangements were made with 

the machine shops so that the same craftsmen would be used for this job 

as had been used during the development program. The greatest single 

concern at this time was the possibility of human error affecting the 

product. 

specified required a great deal of dexterity and awareness on the part 

of the machinist to ensure an acceptable final product. Drawings 

describing these side plates are in Appendix A. 

The manufacturing process was well in hand, but the tolerances 

The side plates were made of type 6061 aluminum in the T6 condition. 

Side plate 1 stock was 5.562 in. OD X 0.500 in. wall x 2% in. long, con- 
forming to ASTM-B-210-61 drawn tubing. Stock for side plates 2, 3, and 

4 was 2% in. long and 11.250 in. OD X 0.938 in. wall, 12,250 in. OD x 
0.875 in. wall, and 19.000 in. OD X 2 in. wall, respectively, conforming 

to ASTM B-221-63 extruded tubing. 

required a 1.5 to 3% stretch after extrusion, conforming to designation18 

T6511. The stretching operation was added to decrease the out-of-roundness 

of the side plate in the unrestrained condition. Side plate 1 was a 

standard manufacturer's size. Side plates 2, 3, and 4 were nonstandard 
sizes but fitted existing extrusion dies owned by the manufacturer. 

In addition, side plate 4 material 

Side plates 1 and 3 have external fuel plate slots and are machined 

similarly. Except where noted, the following explanation will apply to 

both tubes. The tube was first checked to determine whether sufficient 

machining stock was available to obtain a finished side plate. Some of 

the extruded tubing was so out of round that it could not be used. The 

acceptable tubing was then chucked in the lathe with a four-jaw chuck and 

adjusted for minimum runout. The opposite end was faced and the outside 

surface was rough machined for half its length. The inside surface was 

then rough machined for approximately the same length. 

c 

"Alcoa Aluminum Handbook, Aluminum Company of America, Pittsburgh, 
Pa., 1962. 
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To make sure  s u f f i c i e n t  s tock remained f o r  f u r t h e r  machining, t he  

machined po r t ion  was checked f o r  ova l i t y .  

t h e  l a t h e  and locked onto t h e  rough-finished outs ide  surface,  and 15 weld 

grooves were f i n i s h  machined t o  5.244 in. i n  diameter f o r  s ide  p l a t e  1 

and 11.546 in .  i n  diameter f o r  s ide  p l a t e  3 (Fig. 41). 
spacing was 1.011 in .  f o r  both s ide  p l a t e s .  

t h e  center  and i n  one end were cu t  t o  5.095 and 11.278 i n .  i n  diameter, 

respec t ive ly  f o r  t h e  two s ide  p l a t e s .  

grooves were machined with a spec ia l  form c u t t e r .  

A steady r e s t  was then s e t  on 

Weld groove 

The inspec t ion  grooves i n  

The weld grooves and inspect ion 

All f in i shed  weld grooves and inspec t ion  grooves were inspected by 

t h e  Inspect ion Engineering Department before  the  machining continued. 

This inspect ion a c t u a l l y  was done twice, once with t h e  steady r e s t  i n  

p lace  and once with the  s teady r e s t  removed t o  check out-of-roundness. 

Fig. 41. Side P l a t e  1 Mounted i n  Steady Rest f o r  
Machining of F i r s t  15 Weld Grooves. 
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The ins ide  surfaces  were then  machined f o r  h a l f  t h e  tube l eng th  t o  

f in i shed  diameters of 4.800 and 11.050 i n .  This  was done with seve ra l  

l i g h t  cu ts  with out-of-roundness checked a f t e r  each cu t .  When t h e  f i n a l  

diameter was reached, t h e  weld grooves, inspec t ion  grooves, and in s ide  
diameter were a l l  re inspec ted  t o  recheck f i n a l  s i z e  and out-of-roundness. 

A t  t h i s  po in t ,  t h e  ha l f - f in i shed  s i d e  p l a t e  was removed from t h e  l a t h e ,  

and a P lex ig l a s  o r  Luci te  p lug  with a s t e e l  core  was in se r t ed  i n t o  the  

f in i shed  end as a center ing  p lug  f o r  f u t u r e  opera t ions  and t o  hold the  

tube  round while  t h e  opposi te  end was being machined. 
stepped and s u f f i c i e n t l y  long t h a t  4 i n .  extended i n t o  t h e  tube and 2 in .  

remained beyond t h e  end. 

This p lug  was 

Each tube was then  p u t  back i n  t h e  l a t h e  and chucked by t h e  2-in. 

p lug  extension.  It was a l igned  f o r  minimum runout on t h e  machined sur face  

and t h e  uncut p o r t i o n  of t h e  outs ide  sur face  was rough machined. 

i n s ide  sur face  was rough machined f o r  h a l f  i t s  length ,  and t h e  tube was 

again checked f o r  o v a l i t y  t o  make su re  s u f f i c i e n t  s tock  was ava i l ab le  f o r  

f i n a l  machining. The s teady res t  was p u t  back on t h e  l a t h e  and locked 

on t h e  outs ide  sur face  of t h e  tube,  which was f i n i s h e d  t o  a 26 1/4- in .  

l ength .  The weld groove c u t t e r  was s e t  up with weld groove 15 a s  a 
reference,  and t h e  remaining n ine  weld grooves and t h e  l a s t  inspec t ion  

groove were machined. The weld grooves and inspec t ion  grooves were 

reinspected a t  t h i s  p o i n t  t o  a s su re  t h a t  s u f f i c i e n t  s tock  remained t o  

f i n i s h  t h e  s i d e  p l a t e .  The f i n a l  h a l f  of t h e  in s ide  sur face  was f i n i s h  

machined. Inspec t ion  Engineering made t h e  f i n a l  inspec t ion  on a l l  i n s ide  

dimensions as we l l  as f i n i s h  and ova l i ty .  

The 

The s teady res t  was removed and a cen te r  p lug  was placed i n  t h e  
exposed end of t h e  tube,  t h e  l a t h e  t a i l s t o c k  cen te r  was i n s e r t e d  i n t o  

t h e  center ing  plug,  and the  tube was a l igned  f o r  minimum runout. The 

outs ide  sur face  w a s  then  f i n i s h  machined and f i n a l  inspected by Inspec t ion  

Engineering. The tube was removed from t h e  l a t h e  and t h e  cen te r s  were 

cleaned. 

The tube with cen te r  i n  p lace ,  was then  mounted i n  a No. 2 
Cinc inna t i  mi l l i ng  machine f o r  s l o t t i n g .  

equipped with a d iv id ing  head and t a i l s t o c k .  

The m i l l i n g  machine bed w a s  

The tube  was mounted between 
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centers ,  dogged t o  t h e  d iv id ing  head, and adjusted f o r  minimum runout. 

The c u t t e r  was mounted on t h e  m i l l  with an arbor  support and centered 

over t h e  tube.  The m i l l  bed was then moved t o  p o s i t i o n  t h e  c u t t e r  i n  

i t s  proper x and y coordinates  (as loca ted  from the  engineering drawing 

i n  Appendix A )  with the  use of gage blocks. 

i t s  p o s i t i o n  was checked o p t i c a l l y  by Inspect ion Engineering. 

time t h e  f irst  cu t  was taken and inspected f o r  para l le l i sm,  s l o t  width, 

and x and y coordinates .  

(171 s l o t s  f o r  s ide  p l a t e  1 and 369 s l o t s  f o r  s ide  p l a t e  3) with t h e  

he lp  of s p e c i a l  indexing p l a t e s  (Fig.  4 2 ) .  

but before t h e  tube w a s  removed from t h e  mi l l i ng  machine, t h e  tube was 

cleared o f  a l l  chips and coolant  t o  allow InsFect ion Engineering t o  100% 

inspect  t he  s l o t s  for width, para l le l i sm,  web thickness ,  and x and y 

coordinates.  

removed. A l l  f i n a l  dimensions a s  inspected were recorded and were included 

Af te r  t h e  c u t t e r  was s e t  up, 

A t  t h i s  

Af t e r  t h i s  f i n a l  check, t he  tube was s l o t t e d  

When s l o t t i n g  was completed 

The tube was then removed from t h e  m i l l  and t h e  plugs were 

Fig. 42. Side P l a t e  3 Being S lo t t ed .  The l a r g e  wheel on t h e  r igh t  
i s  t h e  indexing p l a t e  used t o  a l i g n  the  c u t t e r .  
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i n  an inspec t ion  r epor t  t h a t  was suppl ied with t h e  f in i shed  tube.  

Appendix B contains  a sample inspec t ion  repor t .  
All machining operat ions were done wi th  t h e  use of T r i m  M i s t  coolant 

concent ra te . lg  

117 r p m  with an 0.007-in. feed f o r  s i d e  p l a t e  1 and 79 rprn wi th  an 

0.007-in. feed f o r  s i d e  p la te  3. All weld grooves were cu t  a t  1 2  r p m  

wi th  hand feed. To prevent  dimensional i n s t a b i l i t y  caused by thermal 

expansion, t h e  l a t h e  was always run f o r  1 h r  before  any machining was 

s t a r t e d .  The s l o t t i n g  was done with a 5-in.-diam c u t t e r  containing 36 

tungsten carbide i n s e r t  t e e t h ;  t he  c u t t e r  was 0,053 i n .  t h i c k  and w a s  
operated a t  1500 r p m .  

s l o t t i n g  was s t a r t e d .  All s l o t s  were climb mi l l ed  a t  a feed r a t e  of 

30 in./min, and t h e  c u t t e r  was allowed t o  r e t u r n  t o  i t s  s t a r t i n g  p o s i t i o n  

through each f r e s h l y  cu t  s l o t .  A 0.0001-in. d i a l  i nd ica to r  was a t tached  

t o  t h e  a rbor  support  and ind ica ted  any v a r i a b i l i t y  between t h e  a rbor  

support  and t h e  m i l l  t ab l e .  The o p t i c a l  inspec t ion  se tup  was maintained 

during t h e  s l o t t i n g  opera t ion  t o  p e r i o d i c a l l y  v e r i f y  t h a t  t h e  x and y 

coordinates  had not  s h i f t e d .  

Boring and tu rn ing  operat ions on t h e  l a t h e  were done a t  

The mi l l i ng  machine w a s  warmed up f o r  8 h r  before  

The x and y coordinates ,  web width, and land  width were inspected 

with a microalignment te lescope .  A d i a l  i nd ica to r  accura te  t o  0.0001 in .  
was used t o  inspec t  t h e  s ides  and bottoms of s l o t s  f o r  p a r a l l e l i s m  t o  

t h e  cen te r  l i n e ,  a l l  t o t a l  i nd ica to r  reading measurements, and weld 

groove spacing. Micrometers were used t o  inspec t  w a l l  th ickness  between 

re ference  end sur face  and in s ide  surface,  weld-groove diameter, inspec t ion  
groove diameters,  and a l l  ins ide-  and outside-diameter dimensions. 

A s c a l e  was used t o  inspec t  the d i s t ance  of  t h e  f i rs t  weld groove from 

t h e  end of t h e  s i d e  p l a t e  and the  spacing between t h e  1st  and 24th weld 

grooves. 
Side p l a t e  2 d i f f e r e d  from those prev ious ly  discussed i n  t h a t  it had 

i n t e r n a l  s l o t s .  It was rough machined i n i t i a l l y  i n  a manner similar t o  

t h a t  used f o r  s i d e  plates  1 and 3. A f t e r  t h e  outs ide  sur face  had been 

l g T r i m  i s  a trademark of  Master Chemical Corporation, P .  0. Box 857, 
13 N. Huron S t r e e t ,  Toledo, Ohio. 
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. 
rough machined and t h e  in s ide  f i n i s h  machined, t h e  tube was mounted on 

plugs,  with one p lug  i n  a four-jaw chuck and the  o ther  plug i n  t h e  t a i l -  
s tock center .  The tube was al igned f o r  minimum runout and the  outs ide 

surface was rough machined t o  a diameter of 10.870 in .  

t he  24 weld grooves and 3 wall-assurance grooves were machined i n t o  t h e  

outs ide surface,  as shown i n  Fig. 43. 

A t  t h a t  time, 

The outs ide sur face  was then machined t o  s i ze ,  and the  weld. grooves, 

wall-assurance grooves, and outs ide  diameter were f i n a l  inspected by 

Inspect ion Engineering. The tube was removed from t h e  l a t h e  and t h e  end 

plugs were removed.. Two Luci te  or Plex ig la s  spacers were a t tached  t o  

the  outs ide sur face  and the  composite was in se r t ed  i n t o  a c a s t  s t e e l  

s l o t t i n g  f i x t u r e .  The spacers were a t tached  t o  t h e  tube with s e t  screws 

and t o  t he  s l o t t i n g  f i x t u r e  with ad jus t ing  screws. The u n i t  was then 
placed on a s p e c i a l  c rad le  mounted on a Giddings Lewis ho r i zon ta l  boring 

Fig.  43. 
Assurance Grooves. 

Side P l a t e  2 Mounted f o r  Machining of Weld and Wall- 
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m i l l ,  as shown i n  Fig.  44 f o r  t h e  similar but  l a r g e r  s i d e  p l a t e  4. 

cradle  and f i x t u r e  were al igned f o r  m i n i m u m  runout, and then t h e  in se r t ed  

tube was al igned f o r  minimum runout, which was not  t o  exceed 0.002 i n .  

TIR. 
head as a center  and t h e  back support a s  a holding f i x t u r e .  

head of a Bridgeport mi l l i ng  machine was then coupled with t h e  s p e c i a l  

c u t t e r  ba r  t o  d r ive  t h e  s l o t t i n g  saw. 
perpendicular  t o  t h e  tube center  l i n e  f o r  t h e  x s l o t t i n g  coordinate.  

The mill head and back support  were adjusted v e r t i c a l l y  f o r  t h e  y s l o t t i n g  

coordinate.  Af t e r  t h e  c u t t e r  was al igned mechanically and checked 

op t i ca l ly ,  t h e  f i r s t  s l o t  was cut .  

adjustments were cor rec t ,  and then t h e  remainder of t h e  171 s l o t s  were 

machined. The indexing device used was similar t o  t h e  l a r g e r  one i n  
Fig. 4 4 .  We bored 57 equal ly  spaced holes  i n  t h e  end of  t h e  holding 

The 

A spec ia l  c u t t e r  b a r  was now mounted in s ide  t h e  tube using t h e  m i l l  
The dr ive-  

The bed of t h e  m i l l  was adjusted 

It was inspected t o  make sure  a l l  

Fig. 44. Side P l a t e  4 Mounted on a Boring M i l l  f o r  S lo t t i ng .  



f i x t u r e  and a t tached  a three-hole  lock  p la te  t o  t h e  c rad le .  
t h r e e  holes  consecut ively and t h e  57 holes  i n  t h e  holding f i x t u r e  

consecutively,  we cu t  171 s l o t s .  The f in i shed  tube was then  cleaned of 

c u t t i n g  f l u i d  and chips ,  and t h e  s l o t s  were inspected 100% f o r  spacing, 

width, pa ra l l e l i sm,  th ickness  of web, and x and y coordinates .  The tube  

w a s  then removed from t h e  s p e c i a l  f i x t u r e  and was ready f o r  deburring. 

The s l o t t i n g  saw and i t s  speed and feed were t h e  same as f o r  s ide  

Using t h e  

p l a t e s  1 and 3. 

The tube was bored and turned  a t  41 rpm and 0.007 i n ,  feed f o r  roughing 

and 28 r p m  and 0.003 i n .  f o r  f i n i s h  cu t s .  

m i l l  was allowed t o  w a r m  up f o r  1 h r  before  machining s t a r t e d .  

The weld grooves were cu t  a t  28 r p m  with hand feed.  

The Giddings Lewis ho r i zon ta l  

The s i d e  p l a t e  4 tube,  which was t h e  same as s i d e  p l a t e  2 except 

f o r  being l a rge r ,  was rough machined on a v e r t i c a l  boring m i l l .  This 

w a s  necessary because of t h e  weight and s i z e  of t h e  raw stock.  The tube  

was rough machined i n s i d e  and outs ide  f o r  half  i t s  length,  reversed, and 

machined over t h e  o the r  h a l f  t o  t h e  same diameters.  It was then removed 

from t h e  boring m i l l  and checked f o r  s u f f i c i e n t  s tock  for t h e  remaining 

operat  ions.  

The tube was s e t  up i n  a l a t h e  on an adjustable spider and ad jus ted  

f o r  minimum runout;  then  24 weld grooves and 3 wal l - inspect ion grooves 

were machined t o  s i z e .  

ou ts ide  sur face  was f in i shed  t o  f i n a l  diameter.  The weld grooves and 

outs ide  diameter were f i n a l  inspected by Inspec t ion  Engineering and t h e  

dimensions were recorded. The reference end surfaces of t h e  in s ide  were 

machined and inspected and t h e  outs ide  diameter re inspected.  The tube 

was then  removed from t h e  l a t h e  and the  sp ide r  was removed. 

The tube was again checked f o r  ova l i ty ,  and t h e  

A t  t h i s  t ime t h e  outs ide  diameter was 0.001 t o  0,002 in .  l a r g e r  

than t h e  in s ide  diameter of t h e  s p e c i a l  indexing f i x t u r e .  The tube was 

packed i n  dry  i c e  u n t i l  it was approximately 0.015 i n .  l e s s  i n  diameter 

than  t h e  s p e c i a l  f i x t u r e ,  and t h e  two p i e c e s  were put toge ther .  The 

composite was now chucked i n  t h e  l a t h e  on one end and mounted on a s teady 

res t  a t  t h e  opposi te  end. The composite was then  ad jus ted  f o r  minimum 

runout by use of  t h e  reference end sur faces ,  and t h e  in s ide  was machined 

t o  f in i shed  diameter.  The i n s i d e  diameter was then f i n a l  inspected by 

Inspec t ion  Engineering and t h e  tube was ready f o r  s l o t t i n g .  
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For t h e  s l o t t i n g  operat ion,  t h e  composite was set  up on t h e  Giddings 

Lewis ho r i zon ta l  m i l l  (Fig.  4 4 )  s i m i l a r l y  t o  s i d e  p l a t e  2. The back 
p l a t e  was s e t  up t o  a l i g n  wi th  t h e  123 ho les  bored i n  t h e  indexing head 

of t h e  r e s t r a i n i n g  tube.  

p la te  2 except t h a t  369 s l o t s  were cu t .  

cleaned o f  c u t t i n g  f l u i d  and chips,  and t h e  s l o t s  were inspected 100% 

f o r  spacing, width, pa ra l l e l i sm,  th ickness  of web, and x and y coordinates .  

The composite was now removed from t h e  boring m i l l  and set  up on a s p e c i a l  

separa t ing  f i x t u r e .  

p l a t e  tube,  forming a container ,  which was then  f i l l e d  w i t h  d ry  i c e .  

The composite was now r a i s e d  o f f  t h e  f l o o r  about 3 i n .  by a crane 

a t tached  t o  t h e  sepa ra t ing  f i x t u r e .  When the  cont rac t ion  of  t h e  s ide  

p l a t e  tube re leased  the special indexing f i x t u r e ,  t h e  f i x t u r e  dropped 

t o  t h e  f l o o r  and t h e  crane was used t o  l i f t  t h e  tube  t h e  r e s t  of t h e  

way out .  The tube  was now ready f o r  deburring. Machining speeds and 

feeds,  s p e c i a l  cutters,  and coolant  were t h e  same as those  used f o r  s i d e  

p l a t e  2. 

The tube was then  s l o t t e d  s i m i l a r l y  t o  s i d e  

The f in i shed  tube was now 

This f i x t u r e  contacted t h e  lower l i p  of  t h e  s i d e  

During t h e  machining of t h e s e  tubes,  one s i d e  p l a t e  2 t ube  was l o s t  

due t o  human e r r o r .  The mach in i s t ' s  f o o t  s l ipped,  c u t t i n g  o f f  t h e  switch 

t o  t h e  Bridgeport  head,breaking t h e  c u t t e r  and causing deep gouges i n  
t h e  s ide  p l a t e .  Machining t imes f o r  t h e  s i d e  plates  were as follows: 
s ide  p l a t e  1, 88 man-hours; s i d e  p l a t e  2, 88 man-hours; s i d e  p l a t e  3, 
80 man-hours; and s ide p l a t e  4 ,  140 man-hours. 

Combs 

Each HFIR f u e l  element has f ive  combs, t h r e e  on t h e  o u t l e t  end and 

two on t h e  i n l e t  end. A t y p i c a l  comb design i s  shown i n  Fig.  45. These 

combs a r e  shown as continuous c i r c l e s ;  however, f o r  manufacture and 

assembly it was d e s i r a b l e  t o  make them as f l a t  segments. 

The comb segments were c u t  on a No. 2 Cinc inna t i  mi l l i ng  machine 

A m i l l  v i s e  wi th  a r o t a r y  base was clamped t o  

Two p i e c e s  of aluminum 1 3 / 4  X 2 X 15 i n .  were clamped 

The faced su r faces  

wi th  an a rbor  support .  

t h e  m i l l  bed. 

i n  t h e  v i se ,  and t h e  top  sur faces  were faced o f f .  

were then  s e t  toge ther ,  t h e  p i eces  were again clamped i n  t h e  v i se ,  and 
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Fig. 45 .  Inner  Fuel  Element Bottom Middle Comb. 
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t h e  new t o p  sur faces  were faced of f .  

mately 1 1 / 2  in .  wide by f u l l  l eng th  was cu t  i n t o  t h e  p i eces .  

was cu t  s o  t h a t  approximately one-half of t h e  t o t a l  recess  width was i n  
each p i e c e  of aluminum. 
sheared t o  17 x 3/8 x 0.063 in . ,  stacked toge ther ,  and clamped i n  t h e  

recess  between t h e  two machined aluminum p ieces .  The number of aluminum 

strips i n  t h e  f i n a l  s t ack  was enough t o  f i l l  t h e  recess  plus one t o  g ive  

a locking f i t .  This made it p o s s i b l e  t o  clamp them f i rmly  i n  t h e  alumi- 

num p ieces  and provided a bottom bearing su r face  f o r  each aluminum str ip .  

The v i s e  was a l igned  s o  t h a t  t h e  two aluminum clamp-piece tops  were 
p a r a l l e l  t o  t h e  m i l l  bed and i n  t h e  same p lane .  

were then  faced o f f  with a slab m i l l i n g  c u t t e r  u n t i l  a l l  of t h e  sur faces  

exposed t o  t h e  c u t t e r  were smooth and square.  

strips were next  clamped toge the r  with a C clamp, and t h e  stack was turned 

upside down but not  end f o r  end. Spec ia l  ca re  was taken t o  make su re  t h a t  

t h e  machined sur faces  of t h e  s t ack  were f i rmly  supported by t h e  r eces s  

i n  t h e  aluminum clamp p ieces .  The sur face  exposed t o  t h e  slab m i l l i n g  

c u t t e r  was now machined u n t i l  t h e  s t ack  was 0.250 i n .  t h i ck .  A t  t h i s  

po in t ,  t h e  s lab  m i l l i n g  c u t t e r  was removed and replaced wi th  a 0.048-in.- 

t h i c k  s l o t t i n g  c u t t e r  mounted on an arbor  with an  a rbo r  support .  

t h e  c u t t e r  was s e t  up, the  v i s e  was turned on i t s  base u n t i l  t h e  comb 

blanks were a t  t h e  proper angle f o r  cu t t i ng ,  as determined wi th  a s i n e  

bar. The bed of  t h e  m i l l  was then ad jus ted  t o  give t h e  r i g h t  depth of 

cut  and t h e  s l o t t i n g  was started.  It should be noted that  t h e  c u t t e r  

width was l e s s  than t h e  f i n a l  s l o t  width; t h e  sideways motion o r  whip of 

t h e  c u t t e r  made up t h e  0.002 t o  0.003-in. d i f fe rence .  All s l o t s  were 

climb mil led,  and t h e  c u t t e r  was run back through t h e  s l o t  t h a t  it had 

cu t .  The number of  t e e t h  i n  t h e  comb segments d i f f e r e d  f o r  each type  

of comb and was dependent upon t h e  angle  of t h e  too th .  

A recess  0.250 in .  deep by approxi- 

The r eces s  

Then 30 type 6061-T6 aluminum strips were 

The aluminum strips 

The ends of t h e  s t ack  of 

Once 

Fuel  Element Machining and Inspec t ion  

. 

Weld P repa ra t ion  

During welding, t h e  HFIR f u e l  element s i d e  plates have a 1 i n .  

extension beyond t h e  f u e l  p l a t e  s l o t s  on each end. This extension was 
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helpful during assembly and welding, but three of them on each annulus 

have to be modified for the attachment of the end adapters. 

inner and outer extensions on both elements, the bottom outer extension 

on the outer annulus, and the bottom inner extension on the inner annulus, 

must be prepared. 39, 
page 7 5 .  

The top 

The configuration of these joints was shown in Fig. 

Both fuel elements were prepared for welding in the same manner. 

The fuel element was set on a mandrel in the lathe with one end of the 

mandrel held by a live tailstock center and the other end by a center at 

the lathe drive end. 

element was adjusted for minimum runout by adjusting feet attached to 

the mandrel and used to support the annulus. 

sions were now machined to a length of 0.450 in. from the side plate 

slots with a 30" bevel outward on the outer side plate and inward on 

the inner side plate to prepare for welding. 

The mandrel was rotated with a dog. The fuel 

The three side plate exten- 

Final Machining and Dimensional Inspection 

The HFIR fuel element as received for final machining was complete. 

All surfaces except the fuel plate ends and fuel plate slot ends were in 

a rough machined condition and required final machining. 

were machined according to the fuel element drawings in Appendix A. Final 

machining was a more arduous task than the side plate machining because 

less prior experience had been gained, the tolerances were tighter, and 

the machinists were subjected to considerably more pressure because of 

the financial investment involved. The procedures used for this final 

machining are shown on the flowsheet in Fig. 46. 

The fuel elements 

The only preparation for machining was to mask the fuel plate ends. 

Doughnut-shaped pieces of plastic were cut to fit over the fuel plates 

and attached with masking tape. Care had to be taken to make sure the 

masking tape did not overlap areas to be machined. 

to minimize entry of machining chips into the channels. 

This masking was done 

After masking, the fuel element was set up on the same mandrel used 

during weld preparation machining. The fuel element was set up for 

minimum runout on the top and bottom inner wall assurance grooves. The 
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top and bottom outer wall assurance grooves were then checked and the 

fuel element was readjusted to the best average center line. 

annulus was turned to between 17.197 and 17.200 in. OD at a 130-rpm 

speed and a 0.006-in. feed. 

10.698 to 10.702 in. at 150 rpm. 

with alcohol. This was necessary since the finished fuel element could 

be cleaned with only alcohol or water and these liquids would not remove 

cutting fluids well enough to meet the rigid cleanliness requirements of 

the reactor. 

The outer 

The inner annulus was similarly turned to 

All machining was done dry or lubricated 

At this stage, the fuel element was removed from the lathe and 

mounted on special cradles in a Giddings Lewis boring mill. 

was aligned by use of the top and bottom wall-assurance grooves to 

establish the best center line with the cutter bar. The inside was 

machined to between 11.240 and 11.250 in. in diameter for the outer 

annulus and 5.067 and 5.077 in. for the inner annulus; we used 97 rpm 

and 0.005-in. feed for the outer annulus and 110 r p m  and 0.005-in. feed 

for the inner annulus. A maximum of 0.015 in. on a side was taken during 
the initial cuts, but after the wall became thin, it was necessary to 

reduce the cut to 0.005 in. to prevent taper and bell mouthing, 

final cut was 0.0025 in. on a side and lubricated with alcohol. To 

ensure proper wall thickness, it was necessary to machine both the inner 

and outer annuli to minimum inside diameters. This condition arose from 

the shrinkage of the inside surfaces during welding. 

was completed, the fuel element was removed from the boring mill and set 

on its end until the inside diameter had stabilized. At this time the 

wall was so thin that the diameter could not be measured with the element 

horizontal. After the inside diameter was inspected, the wall thickness 

was calculated from the wall-assurance-groove diameter and the inside 

diameter . 

The element 

The 

After the machining 

The fuel element was next placed on a special expandable mandrel, 

shown in Fig. 47, which had been designed to hold the inside surface of 

the element round while the machining was completed. The center support 

is tapered steel. 

inside surface is machined with a taper matching the steel mandrel, and 

The flexible outer shell is 6061-T6 aluminum, its 
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Fig. 47. Expandable Mandrel f o r  Inner  Annulus Machining. 

i t s  outs ide  surface i s  machined t o  l i m i t  t h e  amount of bear ing support 

on t h e  in s ide  of t h e  inner  f u e l  element. The mandrel was mounted i n  a 
l a t h e  with a four-jaw chuck a t  t h e  d r ive  end and a l i v e  center  a t  t h e  

t a i l s t o c k  end. 

centered on t h e  bored in s ide  surface.  The f i n i s h  machining was s t a r t e d  

on t h e  t a i l s t o c k  end, f i n i sh ing  t h e  n o n c r i t i c a l  dimensions f irst .  A l l  

f i n i s h  work was done a t  110 rpm. 

l a t h e  compound moved away from t h e  work, 0.004-in. automatic feed was 
used; when t h e  l a t h e  compound moved toward t h e  work, hand feed was used. 
Af t e r  machining of t h e  n o n c r i t i c a l  dimensions on t h e  adapters  w a s  f in i shed ,  

a rough cut  w a s  taken on t h e  outs ide  surface;  then t h e  f i n i s h  work was 

was done on t h e  adapters  on t h e  t a i l s t o c k  end. The fuel element was then 

released from the  l a t h e  and, with t h e  mandrel s t i l l  i n  place,  was ro t a t ed  
end f o r  end, and t h e  same procedure was followed on t h e  opposite end 

adapters .  

For a l l  f i n a l  cu ts ,  a lcohol  was used a s  a l ub r i can t .  

were tungsten carbide t ipped.  

t h e  reach required t o  complete t h e  f u e l  p l a t e  s ides  of t h e  adapters .  On 

t h e  inner  annulus, a form c u t t e r  was used t o  make t h e  end adapter rad ius  

on t h e  t o p  s ide  of t h e  outer  side p la t e .  

The mandrel was al igned so  t h a t  t h e  f u e l  element was 

If a sur face  could be machined so  t h e  

The f i n a l  operat ion w a s  t h e  f i n i s h  cut on t h e  outs ide  surface.  

A l l  c u t t i n g  t o o l s  

Several  s p e c i a l  c u t t e r s  were used t o  ge t  

This was done i n  two s teps .  The 
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c u t t e r  was f irst  indexed i n  from t h e  s i d e  u n t i l  t h e  f ace  of the  c u t t e r  

was tangent  with t h e  outs ide  sur face  of t h e  adapter ;  then  t h e  c u t t e r  was 
indexed 90" and indexed i n t o  t h e  end of  t h e  adapter  u n t i l  t h e  f ace  of 

t he  c u t t e r  w a s  tangent  wi th  t h e  previous cu t .  On t h e  inner  annulus, t he  

f i n a l  cu t  w a s  taken on the  0.250-in. land on t h e  outs ide  surface;  t h i s  

land ensures  f i t u p  between inner  and ou te r  annul i .  

On t h e  ou te r  annulus,  t h e  las t  c u t  was t h e  mating sur face  t o  t h e  

inner-annulus f i n a l  cu t .  This sur face  was machined a f t e r  t h e  outer  annulus 

was removed from t h e  l a the .  A template was in se r t ed  over t h e  inner  

adapter  and locked i n  place.  Grooves i n  the  template matched a r o u t e r  

support ,  which al igned a c u t t e r  i n  t h e  r o u t e r  head and allowed t h e  c u t t e r  

t o  cu t  away only t h e  required metal t o  f i n i s h  t o  s i z e ,  l eav ing  t h e  six 

lands untouched. 
Af te r  f i n a l  machining w a s  completed, t h e  two annu l i  were inspected 

100% by t h e  Inspec t ion  Engineering Department. 

were measured with t h e  f u e l  element v e r t i c a l .  

A l l  d i ame t ra l  dimensions 

ACCOMPLISHMENTS 

The i n t e n t  of t h i s  s ec t ion  i s  t o  present  da t a  showing what has been 

accomplished by t h e  procedures out l ined  i n  t h i s  r epor t .  It i s  not  

intended a s  a complete p re sen ta t ion  of t h e  ava i l ab le  da ta .  When r e p e t i -  

t i v e  operat ions,  more experience,  and c lose r  dimensioning of d i e s  a r e  

used, as i s  the  case i n  production, even b e t t e r  recover ies  a r e  expected. 

A sample inspec t ion  r e p o r t  on a completed f u e l  element i s  given i n  
Appendix B. 

Fue l  P l a t e  Recoveries 

Table 9 l i s t s  da t a  on f l a t  f u e l  p l a t e s  f ab r i ca t ed  f o r  t h e  t h i r d  

c r i t i c a l  experiment and f o r  t h e  f i r s t  r eac to r  core. With t h e  except ion 

of  b l i s t e r i n g ,  t he  r e j e c t i o n  rates on fue l  p l a t e s  f o r  t h e  r eac to r  element 

were s i g n i f i c a n t l y  h igher  than f o r  t h e  c r i t i c a l  t e s t .  A s  w i l l  be 

discussed, many of  the  values  can be a t t r i b u t e d  t o  s i n g l e  occurrences 

and should not  be ind ica t ive  of a production operat ion.  
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Dimensional rejects of inner plates resulted from trouble in early 

batches with excessive interference between fuel compacts and frames 

during billet assembly and inexperience during rolling with mill con- 

ditioning. These troubles were compounded by a decision to keep the 

core length on the high side of nominal. A single operator shearing 

error accounted for 80% of the outer plates rejected for dimensions. 

Airborne particles of iron oxide loosened from roof ventilators by a 

very heavy storm and picked up by plate surfaces during rolling produced 

the surface rejects. These inclusions did not become evident until the 

plates were etched before assembly. 

During much of the period of fabrication of the outer-annulus reactor 

plates, difficulties were being encountered with the building ventilation 

system, resulting in very high humidities. On some days condensation 

occurred on the room walls. We believe that this excessive humidity was 

reflected in three areas: increased fuel inhomogeneity, spurious non- 

bonds, and an increase in blisters. The U3O8 and aluminum powders picked 

up moisture by both adsorption and condensation on the sides of the 

blending bottles. The damp powders clumped during blending and the 

clum-ps were not broken up during subsequent fabrication. 

also was more prone to stick to the sides of the pressing dies, resulting 

in increased concentrations at the edges of the compacts, which manifested 

themsleves as streaks of high U3Og concentration at the plate ends. 

The damp U3O8 

While these concentration problems obviously caused high rejection 

rates for homogeneity, they also caused difficulty with the ultrasonic 

test for nonbond. With the recommended ultrasonic technique, a large 

clump of fuel that contains cracks or excessive porosity will cause a 

nonbond rejection signal. The nonbond indications occurred predominantly 

near the ends in areas shown by radiography to have high fuel concen- 

trations. Several plates with these indications were destructively 

examined, and no true nonbond was found. 

technique, in which the amount of sound attenuation was measured, enabled 

us to recover some of the plates with these indications. 

A more elaborate ultrasonic 

Data obtained on fuel plate curvature are presented in Tables 10 

and 11. The standard deviations of 0.00252 and 0.00434 in. for the 

n 
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Table 10. Forming Duplicat ion of Fuel  P l a t e s  

~ ~ 

Inner  Annulus Outer Annulus 

C r i t i c a l  Reactor Cr i t ica l  Reactor 

Number of p l a t e s  186 171 393 3 69 
measured 

Number of p l a t e s  20 
i n  s t a t i s t i c a l  
sample 

Duplicat ion of 
i nd iv idua l  m e a -  
sur ing  p o i n t s  
along t h e  l i n e ,  in .  a 

171 50 369 

Maximum range 0.006 0.009 0.024 0.017 

Average s tandard 0.00282 0.00252 0.00728 0.00434 
devia t ionb  

Range of a l l  mea- 0.017 0.021 0.028 0.020 a surement s , i n .  

Stand rd  devia- 0.00764 0.01000 0.00924 0.00856 E t im  
Curved width 

(chord) ,  i n .  

Top 3.308 f 0.004 3.388 t 0.006 3.122 t 0.006 

Center 3.314 t 0.005 3.395 t 0.007 3.128 ? 0.006 

Bottom 3.307 t 0.006 3.386 t 0.009 3.121 t 0.004 

%easurement down l i n e  taken a t  seven equ id i s t an t  p o s i t i o n s .  

b95$ confidence l e v e l .  

r e a c t o r  plates  i n d i c a t e  t h a t  good forming r e p r o d u c i b i l i t y  w a s  obtained.  

The lower value f o r  t h e  inner  p l a t e s  i s  a t t r i b u t e d  t o  t h e  l a r g e r  amount 

of deformation requi red  t o  produce t h e  g r e a t e r  curvature .  

between the  s tandard devia t ions  f o r  t h e  measuring p o i n t s  along a t r a v e r s e  

and f o r  those  a t  a s i n g l e  p o i n t  were caused by a saddle  a t  t h e  cen te r  of  

t he  p l a t e .  This saddle  was a l s o  r e f l e c t e d  i n  t h e  g r e a t e r  chord width a t  

t h e  cen te r  p o s i t i o n  of t h e  p l a t e s .  

d i f f e rences  i n  springback between t h e  fue led  and unfueled a reas  o f ' t h e  

Differences 

These d i f f e rences  were caused by 



Table 11. Summary of Dimensional Measurements on Formed HFIR Fuel P l a t e s  

Deviation of To ta l  Range 
Average from of P o i n t  e 

C P l a t e  Width a Nominalb Variance Measurementsd Duplicat ion Tangent-Chord Angles 
Element Type P o s i t i o n  ( i n .  ) ( i n .  ) ( i n .  ) ( i n .  ) B a s  e T ip 

Flow 
t e s t  

Third 
c r i t i c a l  

Reactor 

Flow 
t e s t  

Third 
c r i t i c a l  

Outer f 1  

Outer' 1 

2 
3 

2 
3 

Outer 1 
2 
3 
1 
2 
3 
4 

1 
2 
3 
4 

h Inner  

i Inner  

Reactor Inner  1 
2 
3 
4 

-0.001 
-0.009 
-0.002 

-0.0151 
-0.0166 
-0.0059 

-0.0066 
-0.0066 
4.0033 

-0.001 
-0.002 
-0.002 
-1-0.008 

+O. 0043 
+O .0046 
+O .0015 
+O .0083 
+O .0019 
-0.0000 
-0.0017 
+O. 0115 

0.0015 
0.0024 
0.0016 

0.0019 
0.0046 
0.0073 

0.0023 
0.0043 
0.0027 

0.0014 
0.0031 
0.0016 
0.0025 

0.0019 
0.0038 
0.0023 
0.0028 

0.0022 
0.0050 
0.0027 
0.0034 

0.011 
0.013 
0.012 

0.010 
0.028 
0.016 

0.014 
0.018 
0.014 

0.007 
0.014 
0.006 
0.012 

0.008 
0.017 
0.010 
0.011 

0.012 
0.020 
0.014 
0.012 

0.008 
0.001 
0.010 

0.007 
0.024 
0.016 

0.010 
0.012 
0.012 

0.006 
0.011 
0.006 
0.01 

0.005 
0.007 
0.005 
0.005 

0.008 
0.009 
0.007 
0.006 

31" 26' 
230' 

19" 50' 
215' 

31" 4' 
f35' 

32" 13' 
f 30' 

48" 24' 
f31' 

49" 49' 
245 ' 

42" 00' 
225' 

22" 58' 
+lo 0' 

18" 43' 
2 20' 

29" 17' 
t 23' 

31" 4' 
f 35' 

28" 36' 
f18' 

a These a r e  p o s i t i o n s  approximately equal ly  spaced across  t h e  p l a t e .  For t h e  ou te r  annulus, pos i -  
t i o n s  1, 2, and 3 correspond t o  p o i n t s  where t h e  nominal r a d i i  of curvature  a r e  2.460, 4.300, and 
5.430 i n . ,  r e spec t ive ly .  S imi la r ly ,  a t  p o s i t i o n s  1, 2, 3, and 4 across  an inner-annulus p l a t e ,  t h e  
nominal r ad i i  of curvature  a r e  1.425, 2.731, 3.563, and 4,250 i n . ,  r e spec t ive ly .  

bThis i s  t h e  dev ia t ion  from t h e  nominal s e c t i o n  of t h e  average measurement a t  a l l  p o i n t s  a t  t h e  
same width coordinate  on a l l  p l a t e s  of t h e  sample. 

C This i s  t h e  quan t i ty  s given by s 2  = [Ex2 - (Cx)* /N] / (N- l ) ,  where x represents  each ind iv idua l ly  
measured dev ia t ion  and t h e  sums are over a l l  N measurements. 

dThis i s  the  d i f f e rence  between t h e  l a r g e s t  and the  smallest values  f o r  a l l  t h e  measurements a t  
t h e  same width coordinate  on a l l p l a t e s ;  it compares a l l  values  along a given scan. 

e This i s  t h e  g r e a t e s t  d i f f e rence  f o r  t h e  given width coordinate  between the extreme values  
measured a t  corresponding p o i n t s  on a l l  p l a t e s .  

fThis i s  a s e t  of 354 p l a t e s  made wi th  depleted uranium t o  demonstrate an ou te r  annulus f a b r i -  
ca ted  by welding t h e  f u e l  p l a t e s  between concent r ic  s i d e  p l a t e s .  

gThis i s  a group of 50 p l a t e s  chosen by chance from a s e t  of 421 made with enriched uranium 
f o r  use i n  t h e  ou te r  annu l i  of t h e  t h i r d  HFIR c r i t i c a l  experiment. This s e t  var ied  more i n  shape 
than t h e  usua l  p l a t e s ,  probably because of excessive handl ing between r o l l i n g  and forming. 

hTen of t h e  p l a t e s  made w i t h  depleted uranium f o r  the inner  annulus of a demonstration element 

i 

wi th  p l a t e s  welded between concent r ic  s i d e  p l a t e s .  

This i s  a group of 20 p l a t e s  chosen by chance from a s e t  of 192 made with enriched uranium 
f o r  use i n  t h e  inner  annulus of t h e  t h i r d  HFIR c r i t i c a l  experiment. 
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p l a t e  and could have been el iminated by a d d i t i o n a l  d i e  modif icat ions;  

however, s ince  they  d id  no t  i n t e r f e r e  with assembly they were allowed t o  

remain. On these  tables t h e  more s i g n i f i c a n t  columns a r e  those present ing  

data on p o i n t  dupl ica t ion .  If these  d i f fe rences  are s m a l l  as shown, 

good p l a t e  spacing i n  a completed element i s  much e a s i e r  t o  achieve; 

however, considerable  co r rec t ion  i s  provided with the  p re sen t  assembly 

technique. 
The s l i g h t l y  l a r g e r  d i f f e rences  i n  p o i n t  dup l i ca t ion  with the  

r eac to r  ou te r  element a r e  thought t o  have been caused by var ia t i .ons i n  

work hardening caused by f u e l  p l a t e  handling a f t e r  the  f i n a l  anneal .  

The data on the  base and l i p  angles  show how much t h e  p l a t e s  may 

devia te  from ideal  along t h e  two edges. 

devia t ions  are not  a problem as long as they a r e  reproducible ,  s ince  

t h e  s i d e  p l a t e s  are grooved t o  f i t .  

A s  e ,qlained previously,  such 

Uranium Content and Di s t r ibu t ion  

A s  would be expected with a powder metal lurgy product  i n  which t h e  

f u e l  f o r  each core i s  ind iv idua l ly  weighed, exce l l en t  con t ro l  was main- 

t a ined  on t o t a l  uranium content ,  as shown by data i n  Table 1 2  f o r  p l a t e s  

f o r  t h e  t h i r d  c r i t i c a l  experiment. Obviously, no mechanisms a r e  opera t ing  

t h a t  l ead  t o  uranium l o s s e s .  

Data on f u e l  p la te  l o s s e s  from f a i l u r e  t o  comply w i t h  t h e  d i s t r i -  

bu t ion  spec i f i ca t ions  are presented  i n  Table 9, page 94, and were very 

low. This  does n o t  mean t h a t  a l l  t h e  accepted p l a t e s  met t h e  s p e c i f i -  

ca t ions  as wr i t t en .  The homogeneity scanner r e j e c t e d  over 80% of the  

plates  examined. The data from t h e  p l a t e s  were then  examined by both 

a r eac to r  designer  and a ma te r i a l s  man on t h e  basis of t he  s i z e  and 

l o c a t i o n  of t he  de fec t s  and t h e i r  r e l a t i o n s h i p  t o  surrounding areas .  
A s  a r e s u l t  of t h i s  more d e t a i l e d  examination, most p l a t e s  were accepted 

f o r  use.  The homogeneity scanner worked very wel l  and o f f e r s  an exce l l en t  

method for measuring f u e l  d i s t r i b u t i o n .  

as d e t a i l e d  an  ana lys i s  of t h e  data as i s  des i red .  

It has t h e  c a p a b i l i t y  of making 
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Table 12. Uranium and Boron Contents in Plates 
Made for Third Critical Experiment 

Content, g 

a 
Annulus Constituent 

Specified Found 

Inner 2 3 5 ~  15.1% +_ 0.15 15.2'7 +_ 0.004 

Outer 

Inner 

23 5 7 ~  

OB 

18.44 2 0.1% +O. 07 
18*35 -0.08 

+o .0008 
O- 0123 -0.0010 0.0124 +_ 0.0012 

%slues represent wet chemical data from ten dissolved fuel plates. 
Reported accuracy of uranium values 0.2% and boron 5% at 95% confidence 
level. 

Boron Content and Distribution 

The excellent control achieved over the total boron content in the 

inner fuel plates is shown by data in Table 12. 

within the specifications. 

The variations are well 

Demonstrating that adequate boron distribution had been achieved 

was complicated by the very small quantities involved, especially in 

the thin area over the hwrrp. It was necessary to modify and develop 

analytical techniques to obtain sufficient accuracy to show that the 

tolerances had been met.20 

over +50% to i6%. 

The analytical accuracy was improved from 

20An unpublished ORNL procedure entitled "Determination of Boron in 
Punchings from HFIR Fuel Plates," dated December 11, 1963, by W. R. Laing 
and B. Philpot is used for the anlaysis. It is available from W. R. Laing, 
Analytical Chemistry Division, ORNL. Essentially, the punchings are 
dissolved in HN03-HCl solution, and the B4C is separated by filtration and 
then solubilized by carbonate fusion. 
fering elements by ion exchange [F. M. Hill, "Ion Exchange Separation of 
Boron from Other Elements," Method No. 100701 (R.  5-16-63), ORNL Master 
Analytical Manual, TID-7015, S u p ~ l .  '7 (March 1965)l 
a potentiometric mannitol-sodium hydroxide titration [F. M. Hill, "Boron 
(Borate), Potentiometric Mannitol-Sodium Hydroxide Titration Method," 
Method Nos. 1211220 and 9 00711220 (R. 5-15-63), ORNL Master Analytical 
Manual, TID-7015, Sqpl. '7 (March 1965)l. 

The boron is separated from inter- 

and determined by 
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To demonstrate t h a t  t h e  spec i f ied  boron d i s t r i b u t i o n  had been achieved 
f i v e  samples 1 / 2  i n .  i n  diameter were punched from each o f  t h ree  scans 
down the  p l a t e .  During development, t hese  were supplemented with addi- 

t i o n a l  random samples. 

c r i t i c a l  element a r e  presented  i n  Table 13. 

t h i n  p o r t i o n  over t he  hump, good con t ro l  we l l  w i th in  spec i f i ca t ions  was 

achieved. 

Data obtained from inner  f u e l  p l a t e s  f o r  t h e  

Even i n  Row 2, which i s  t h e  

These da t a  were a l s o  f i t t e d  t o  a quadra t ic  equation t o  permit  ex t ra -  

p o l a t i o n  t o  o the r  regions of t h e  p l a t e .  From the  data f o r  t h e  c r i t i c a l  

p l a t e s ,  t he  der ived equat ion was: 

0) BC = 537.0 - 4ll.OW + 102.6W2 + 0.17L2, 
where Be i s  t h e  n a t u r a l  boron content  of 0.5-in.-diampunchings i n  pg, W 

i s  t h e  width coordinate  (0.60 i W I 2.85 i n . ) ,  and L i s  t h e  l eng th  

coordinate  measured from t h e  p l a t e  cen te r  (-8.00 < L I + 8.00 i n . ) .  
95% confidence i n t e r v a l  f o r  t h e  p red ic t ed  observat ion i s  +23 pg f o r  an 

ind iv idua l  value and 24 pg f?r t h e  average of s ix  values .  

- -  
The - -  

Equation (1) shows t h a t  t h e  l eng th  coordinate  g ives  a small bu t  

s i g n i f i c a n t  con t r ibu t ion  t o  t h e  boron content  of t h e  punchings. 

p r e d i c t s  a gradual  increase  i n  boron from t h e  cen te r  t o  t h e  ends of t h e  

c e n t r a l  16 i n . ,  reaching 9% a t  L = k8 i n .  

It 

The corresponding r e l a t i o n s h i p  derived f o r  t he  inner  plates  of t h e  

f i r s t  r eac to r  core i s  

where B i s  the  n a t u r a l  boron content  i n  a 0.5-in.-diam punching and Be  

i s  t h e  s imilar  content f o r  t h e  c r i t i ca l -exper iment  p l a t e  given by Eq. (1) 

f o r  t h e  corresponding loca t ion .  The m u l t i p l i e r  of Be r e su l t ed  from a 

70.5% increase  i n  boron content  spec i f i ed  f o r  t hese  p l a t e s  and reduct ion 

o f  t he  experimental  e r r o r .  

content  i n  20 punchings from one r eac to r  p l a t e .  I n  t h e  t e s t ,  samples 
were taken randomly from wi th in  t h e  coordinate  l i m i t s  0.60 5 W 5 2.85 i n .  

and L < - 8.00 i n .  and analyzed chemically f o r  boron. 

d i f f e rences  between t h e  a n a l y t i c a l  resul ts  and t h e  p red ic t ed  values  were 

Equation (2) pred ic t ed  success fu l ly  the  boron 

The maximum 
- 



Table 13. Statistical Analysis of Boron Distribution in 
Six Inner-Annulus Fuel Plates for Critical Element 

Coordinates of Punchings, Boron Contenta(pg) 
Tolerance Distance, in. 

No. of §p ec if i ed Found Limits 

Min Max Min Max Av 
(%> From Reference From Center Replicate Row 

No. Edge of Plate of Plate Punchings 

0.52 0, 24 18 239 495 337 377 355 8 1 
28 12 239 495 343 377 363 8 

0, +-4 18 77 159 107 136 127 22 

+-8 12 77 159 122 145 138 20 
2 1.92 

0, 24 18 138 284 201 225 213 13 

28 12 138 284 209 233 222 13 
3 2.92 

a Isotopic analysis of boron was 18.5 wt $ 'OB. 

bTolerance limits calculated at the 95% confidence level to include at least 99% of the 
distribution for a sample of 76. 
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+5.4$ and -4.3%; this excellent agreement attests to the validity of the 

derived equations. The distribution of boron in this plate appears to 

be fairly homogeneous within the coordinate limits that were examined. 

The largest deviations between the analytical results and the specified 

values were +11.1$ and -4.8%. 

We could not extend the usable limits of the boron equation to 

include values of L up to i9 1/4 in. 
diam punchings decreased significantly beyond L = +8 in., while the 
equation predicts a slight increase. 

boron content of the punchings was approximately 12% below the expected 

value. These samples, however, are well within the allowable boron 

variation of +_35%. 

The boron contents of the 0.5-in.- 

At L = +_9 1/4 in., the average 

Water Channel Spacing 

Maintaining the specified water channel spacing tolerances is one 

of the more critical specifications; however, it also was difficult to 

achieve during the development period. 

have now accomplished this goal is illustrated by the data in Table 14. 

To demonstrate acceptability, 5,643 measurements were made on each inner 

and 12,117 from each outer element obtained from 3 radial and 11 axial 

positions in each channel. To present a broader picture data from the 

flow-test assembly are also included. Both annuli for this assembly 

were fabricated from fuel plates made with depleted uranium. Since the 

critical element contained loose plates, no channel spacing data were 

available from it. All four annuli are well within the required speci- 

fication of +0.010 in. for individual measurements and k0.006 in. for 

the channel averages. 

That the developed procedures 

Weld Quality 

The integrity of the welds joining the fuel plates to the side 

plates of the elements was demonstrated with quality control samples 

welded by procedures identical with those used in manufacturing the 

elements. Each quality control sample was then sectioned through the 
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Table 14. Summary of Plate Spacing on HFIR Fuel Assemblies 

Design 
Requirements 

First Reactor 
Flow Assembly 

Inner Outer Inner Outer 

Number of measurements 5643 

Number of channels 171 

Maximum individual 0.057 

Minimum individual 0.046 

Average channela 0.0510 

Maximum average 0.053 

measured 

measurement, in. 

measurement, in. 

thickness, in. 

channel cross 
section, in. 

channel cross 
section, in. 

Minimum average 0.048 

12,177 

3 69 

0.055 

0.044 

0.0488 

0.052 

0.047 

5 643 12,177 

171 369 A l l  

0.056 0.052 0.060 

0.044 0.044 0.040 

0.0499 0.0484 0.050 

0.052 0.051 0.056 

0.047 0.046 0.044 

a The average thickness of the channels was calculated at each of 
the eleven axial measuring positions for every channel. 

center line of the weld and prepared for metallographic examination. 

Typical sectioned samples are shown in Fig. 48 and illustrate the 

excellent attachment achieved. 

tive of side plates 1 and 3, QC-2 was representative of side plate 2, 

and QC-4 was representative of side plate 4. 

required for the weld joints was demonstrated on mechanical property 

specimens obtained from a cylindrical side plate 1 sample with flat 

plates protruding radially from its outer surface. 
the 160- to 260-lb range were obtained. 

The sample noted as QC-1 was representa- 

The 100-lb pullout strength 

Pullout strengths in 

Final Dimensions 

The dimensional tolerances obtained in the final machining of the 

element were good but not as outstanding as the other accomplishments. 
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Fig. 48.  Typical Quality Control Samples for Welds of Fuel Plates 
to the Support Tubes. See text for explanation of specimen numbers. 

This was not surprising, since no elements had been available to develop 

the machining techniques. It was necessary to develop the procedures as 

these elements were machined. However, this limited development did 

demonstrate that, although the tolerances are very tight and the machining 

is difficult and requires constant attention, the tolerances can be met. 

While not all the values listed as tentative specifications were achieved, 

none appeared to be impossible. 

machining can be obtained, we decided to leave the specifications as 

written. 

Until additional data on fuel element i 
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Data obtained on the final machined dimensions for the flow assembly 

and the reactor assembly are listed in Tables 15 and 16. Dimensions 

designated by Roman numerals affect the fit of the elements together and 

within the core. While many of these dimensions do not meet the tentative 

specifications, none are very far off. Most of the out-of-tolerance 

dimensions were found on the elements after removal from the machines. 

Removing the mandrels or backup sleeves had permitted them to deform. 

Changes in machining sequence and lighter cuts should minimize this 

problem. If not, a stress-relieving operation will be required; however, 

such a step will not be used unless necessary since it would greatly 

increase the possibility of the fuel plates warping. 

Since these data were obtained, we have found that placing the 

element in a horizontal position on a surface plate during measurement 

will cause distortion. Therefore, the actual dimensions were probably 

closer than those reported here. The present technique requires all 

measuring with the element vertical. 

CONCLUSIONS 

A procedure has been presented and shown, on the basis of a single 
element, to be capable of producing a HF'IR fuel assembly to the required 

and very tight specifications. While conventional equipment and operations 

are used, the operations must be more tightly controlled than is cus- 

tomary. 

acceptable recovery rates. On the basis of these results, fie1 plate 

recovery rates of 90% appear to be possible. Sufficient data ere not 

available to predict what recoveries of finished fuel assemblies will 

be likely. 

Operators must be careful and continually alert to achieve 
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Table 15. Flow Test Assembly Dimensions 

Dimensions, i n .  Concentricity, i n .  

a On 
Spec i f  ied Measured Dimensions Specified Unsupported Machine 

Outer element 

Overall  dimensions 
+o‘olo 17.136 Outer diameter: top 

Inner diameter 11.250 iO.010 11.243 

16.750 +0’005 16.750 

17.134 4.000 17.132 

16.471 s8:889 16.~65 

bottom 

Inner f i t  of bottom outer end f i t t i n g ,  V I 1  

Inner  f i t  of top outer end f i t t i n g ,  V I 1 1  

Top inner end f i t t i n g ,  inner diameter of pad, I X  10.922 20.001 10.925 

Inner diameter of top inner end f i t t i n g ,  X 10.962 i0.005 10.960 

Length between bearing surfaces, X I  29.625 20.005 29.627 

-0.000 

Lower bearing surface t o  top of inner adapter, X I 1  28.750 k0.005 28.759 

Inner element 
Overall  dimensions 

Outer diameter: top 
middle 
bottom 

Inner  diameter: top 
middle 
bottom 

17.142 0.0002 
17.U8 0.002 
11.246 0.005 

16.762 0.002 

16.475 0,005 

10.930 

10.971 0.005 

29.629 0.002 

10.590 ?0.010 10.588 10.590 
10.589 10.590 
10.587 10.590 

+o. 010 
5.072 

5.068 5.073 
5.067 I ooo 5.070 

5.068 5.071 

Inner diameter fit  of lower inner end f i t t i n g ,  I 5.557 k0.005 5.559 5.561 

Outer diameter fit  of  top inner end f i t t i n g ,  I1 5.312 20.005 5.313 5.31.: 

0.005 

0.005 

0.005 

0.005 

0.001 
0.001 
0.007 

0.001 

0.004 

0.001 

0.002 P 
0 
4 

0.005 

0.003 

0.004 

0.004 
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Table 16. Reactor Assembly Dimensions 

a Dimensions 

~~ 

Dimensions, in. Concentricity, in. 

On Measured Measured TIR b on 
Specified Specified Machine Free Free Machine 

Overall dimensions 

Outer diameter: top 
bottom 

Outer element 

17.134 iO.010 

11.250 kO.010 

+O .005 

Inner diameter: top 
bottom 

16.750 4.000 Inner fit of bottom outer end fitting, VI1 

Inner fit of top outer end fitting, VI11 16.471 i0.005 

Top inner end fitting, inner diameter of pad, IX 10.922 +0.001 

Inner diameter of top inner end fitting, X 10.962 +0.005 
16.757 k0.005 

Length between bearing surfaces, XI 29.625 i0.005 

17.142 
17.144 

11.248 
11.253 

16.752 

16.475 

10.924 

10.959 
16.7575 

29.622 

17.143 
17.137 

11.245 
11,246 

16.741 

16.471 

10.923 

10.955 
16.750 

17.146 
17.146 

11.256 
11.257 

16.754 

16.477 

10.928 

10.960 
16. ’757 

29.623 

Lower bearing surface to top of inner adapter, XII 28.750 i0.005 

Inner element 

Overall dimensions 

Outer diameter: top 
middle 
bottom 

Inner diameter: top 
middle 
bottom 

10,590 io, 010 

+o. 010 
5.067 4.000 

28.748 

0.002 

0.006 
0.005 

0.002 

0,005 0.004 

0.005 0.003 
0.005 0.005 

Faces flat 
and parallel 

10.593 10.594 10.595 0.005 
10,593 
10,593 

5.071 5.067 5.071 0.005 
5.071 5.067 5.072 
5.071 5.068 5.073 

0.0025 
0.002 

< 0.005 
0.0025 

0.004 P 
< 0.005 a 
< 0.005 
< 0.002 

0 

0.0025 

0 . 000s 



Table 16. (Continued) 

Dimensions, i n .  Concentricity, i n .  

a Dimensions 
b Measured TIR on 

Free Machine Specified On Measured 
Machine Free Specified 

Inner diameter f i t  of  lower inner  end f i t t i n g ,  I 5.5557 k0.005 5.558 0.005 0.0017 

Outer diameter f i t  of top inner end f i t t i n g ,  I1 5.312 f0.005 5.314 0.005 

Inner diameter of top outer  end f i t t i n g ,  I11 10.872 20.005 10.873 10.873 10.874 0.005 

Outer diameter f i t  of top outer  end f i t t i n g ,  I V  10.915 +0.001 10.9155 10.9155 10.9160 0.002 

Length from lower bearing t o  top inner bearing, V 

Length from lower bearing t o  top outer  support ,  V I  

27.938 k0.005 27.934 

28.874 k0.005 28.872 

0.0015 

0.0025 

0.0002 

%oman numerals ident i fy  the dimension on the f u e l  element drawings i n  Appendix A. 

bTotal indicated runout. 

c 
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W K  62 
Lo 

W O  

(TOLERANCE NOT CUMULATIVE) 4- 23 EQUAL SPACES 23 \ wz E W  (TYp) l.ol' r,5.095;:g:, (QId.qt) I 

5.184(REF.)FUEL PLATE SLOT DEPTH DIA. 
AS DEFINED BY CO-ORDINATES 

/'- + 

SEE DETAIL"A" 
FUEL PLATE SLOTS 

elNSPECTlON GROOVEJYP BOTH 
ENDS AND MIDPLANE 

171 SLOTS EQUALLY SPACED WITHIN .002 (SEE NOTE) 
ClRCUM FERENCE(T0LERANCE NOT CUMULATIVE) TO 
BE 24% LONG AND PARALLEL TO THE VERTICAL 
CENTERLINE WITHIN .002(SEE NOTE 2) FIR WHILE 
CYLINDER IS RESTRAINED IN A FIXTURE COMPARABLE 
TO THE ASSEMBLY JIG. 

SECTION OF TANGENT FOR 

FUEL PLATE SLOTS 

ORNL-DWG 68-1 2426 

NOTES 
1. DIAMETERS"B':c':D':E"8r"F" SHALL BE 

CONCENTRIC TO DIA."A" WlTHlN.002 FIR. 
2.TOLERANCES REFERING TO NOTE SHALL 

BE EVALUATED ON THE BASIS OF ORNL 
FABRl CATION E XPER IENCE. 

3.DETAILED PROCEDURES COVERING 
MACHINING 8 INSPECTION SHALL BE 
SUBMITTED ON COMPLETION OF 
FABRICATION. 

~ 

HFlR FUEL ELEMENT 
INNER ANNULUS,INNER SIDE PLATE 1 
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. *  L 2 3  EQUAL SPACES = 23!&(TOLERANCE NOT CUMULATIVE)-- 

:I----- 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
t 
I 
I 
t-- 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I . -  - A -  - -  -- 

INSPECTION GROOVE,TYF! BOTH ENDS AND MIDPLANE 

ASSEMBLY JIG. 
I 

4 2 694 4 

NOTES 

ORN L FABRICATION EXPERIENCE. 

SUBMITTED ON COMPLETION OF FABRICATION. 

k. DIAMETERS"B~C':~,''E'' &"p' SHALL BE CONCENTRIC TO DIAYA" WITHIN .002 FIR. 
2.TOLERANCES REFERING TO NOTE 2 SHALL BE EVALUATED ON THE BASIS OF 

3.DETAILED PROCEDURES COVERING MACHINING AND INSPECTION SHALL BE 

ORNL-DWG 68-12424 
H.F.I.R. FUEL ELEMENT 

INNER ANNULUS,OUTER SIDE PLATE 2 
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86O42'(REF)ANGLE OF INTERSECTION OF TANGENT 
FOR AS FORMED ORNL INVOLUTE PLATES. 

-23 EQUAL SPACES (TOLERANCES NOT CUMULATIVE) 2 3 4  
ID11 k M P .  i 

I \  

COORDINATES 

I /// 
n 
a 
v 

I C  369SLOTS EQUALLY SPACED WITH- 2 
& 0 FERENCE(T0LERANCE NOT CUMULA- 

,p' IN .002(SEE NOTE 2)  AROUND CIRCUM- 
In TIVEITO BE 2 4 h L O N G  AND PARALLEL 1 .002 E1.R. (SEE NOTE 2) WHILE CYLINDER 

IS RESTRAINED IN A FIXTURE COMPARABLE 
TO THE ASSEMBLY JIG. 

TO A VERTICAL CENTERLINE WITHIN 
------------I/ 

I '  ,150TYP 
- .075 TY F! 

7050 4 
-.loo - REF - 

-1.500- 

-3 TYP.-+BOTH ENDS 
r n 2 6 k  I I- 

~ . 3 0 4 t . O 0 1 5  (SEE NOTE 2) NOTES 
1. DlAMETERS'~,''B":'C':"d'~~ 8"F"SHALL BE CONCENTRIC WITHIN ,002 F.I.R. 
2.TOLERANCES REFERING TO NOTE 2 SHALL BE EVALUATED ON THE 

DFTAll " A " F u  PI ATF SI OTS 

BASIS OF ORNL FABRICATION EXPERIENCE. 

BE SUBMITTED ON COMPLETION OF FABRICATION. 
3.DETAILED PROCEDURES COVERING MACHINING AND INSPECTION SHALL 

ORNLDWG 68-1 2425 

H.W.R. FUEL ELEMENT 
OUTER ANNULUSJNNER SIDE PLATE 3 
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1- 23 EQUAL . SPACES= 23 l/dl 
(TOLERANCE NOT CUMULATIVE) 

- 1 7 . 1 0 6 ~ 0 ~ D I A .  (DIAl?D")TYP. INSPECTION GROOVE 

G 
I 

I 
I 

I 
I 

, 
I 
I 
I 
I 
I 
I 
I 
I 
I 

i 
I 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 

I 

I 
I 

-I--. 

OF 
INTERSECTION OF TANGENT 
FOR ORNL AS FORMED 
INVOLUTE PLATE 

DIk.'C"(REF) \ 
(DIA!F") i6.867 DIA.(REF)FUEL 
PLATE SLOT DIA. AS DEFINED 
BY COORDINATES. 

369 SLOTS EQUALLY 

/ 
IN A FIXTURE COMPARABLE TO 
THE ASSEMBLY JIG. 

1310 R 

YF i +- 
.I 00- 

TYP. BOTH ENDS- 

.050 (TY Pl - 

NOTES 
i. D~METERS1lA'~"B1~"C1~ld~l~~F1l  SHALL BE 

CONCENTRIC WITHIN .002 F.I.R. 

INSPECTION GROOVE TYP. BOTH ENDS AND MIDPLANE 

YP.BOTH ENDS 

26 9,  

2.TOLERANCES REFERRING TO NOTE 2 SHALL BE EVALUATED 
ON THE BASIS OF ORNL FABRICATION EXPERIENCE. 

3. DETAILED PROCEDURES COVERING MACHINING B INSPECTION 
SHALL BE SUBMITTED ON COMPLETION OF FABRICATION. 

2\ 
DETAlL"X" FUEL PLATE SLOT (BOTTOM VIEW) 

ORNL-DWG 68-12419 

Hf1.R. ORNL FUEL ELEMENT 
OUTER ANNULUS,OUTER SIDE PLATE 4 
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Notes - 
1. 

2. 

3 .  

4 .  

5. 

6. 

7.  

8. 

9. 
10. 

11. 

@ I d e n t i f i c a t i o n  numbers 2.5-3.0 i n .  high with ind iv idua l  d i g i t s  
1.5-2.0 i n .  wide s h a l l  be engraved t o  a depth 0.0104.015 in .  on 
each f u e l  element i n  a c i rcumferent ia l  d i r e c t i o n  i n  two loca t ions  
i n  t h e  same c i rcumferent ia l  band bu t  180" a p a r t .  The t o p  of t h e  
f u e l  element i s  t o  be t h e  t o p  of t h e  numbers. The cha rac t e r s  a r e  
t o  be formed by two 1/16 i n .  wide c u t s  spaced 0.125-0.1'75 in .  ou ter  
edge t o  inne r  edge t o  produce a double-image charac te r .  
sur face  between double image. 
groove. A l l  d i g i t s  t o  be uniform i n  appearance. 

Vibrato01 
Do not  touch bottom of wall-assurance 

@ The wall-aseuranee groove8 ahall be a mfnfmwia o f  O.Ql2 Pn. deep 
a t  f i n a l  machining on both ends. 

Fuel  p l a t e  l oca t ions  a r e  numbered counterclockwise looking a t  t h e  
t o p  end and t h e  re ference  f u e l  p l a t e  l oca t ion  (number 1) i s  t h e  
loca t ion  immediately ad jacent  t o  t h e  beve l  land i n  a counterclock- 
wise d i r e c t i o n  (viewed from t h e  t o p )  t h e  re ference  coolant  channel 
i s  t h e  channel t h a t  conta ins  t h e  beveled land. 

Fuel p l a t e  t o  s i d e  p l a t e  attachment i s  t o  be by c i r cumfe ren t i a lwe lds  
on 1 i n .  cen ters .  If any meltthrough e x i s t s ,  it s h a l l  be l i m i t e d  
t o  0.01 i n .  measured across  t h e  wid th  of t h e  f u e l  p l a t e  from t h e  
t o p  of t h e  f u e l  p l a t e  s l o t .  

Minimum f in i shed  s i d e  p l a t e  th ickness  s h a l l  be as follows: 

Inner  f u e l  element, i nne r  s i d e  p l a t e  - 0.048 i n .  
Inner  f u e l  element, ou te r  s i d e  p l a t e  - 0.105 i n .  

The coolant  channel th ickness  ( separa t ion  d i s t ance  between ad jacent  
f u e l  p l a t e s )  s h a l l  be 0.050 f 0,010 i n .  measured perpendicular  t o  t h e  
sur face  of t h e  f u e l  p l a t e s .  

The average coolant  channel th ickness  a t  any e l eva t ion  from t h e  core 
midplane s h a l l  be 0.050 f 0.006 i n .  

A l l  f u e l  p l a t e s  s h a l l  be or ien ted  such t h a t  t h e i r  r e spec t ive  ends a r e  
wi th in  fO.015 i n .  of p a r a l l e l  planes which a r e  24 i n .  apart and normal 
t o  t h e  f u e l  element l ong i tud ina l  ax i s .  

Each comb s h a l l  be welded t o  a l l  f u e l  p l a t e s .  

@ An index mark 0.235-0.265 i n .  long, 0.015-0.025 i n .  deep and 
0 .0304 .050  i n .  wide s h a l l  be engraved on t h e  b o t t m  end adapter  
opposi te  t h e  re ference  coolant  channel on each f u e l  element. An 
arrow 0.360-0.390 i n .  long and wi th  0.030-0,050 i n .  wide swath s h a l l  
be engraved perpendicular t o  t h e  index mark t o  i n d i c a t e  t h e  d i r e c t i o n  
of channel numbering sequence. This arrow sha l l  be poin t ing  i n  a 
clockwise d i r e c t i o n  as viewed from t h e  bottom end and s h a l l  be wi th in  
0.2-0.3 i n .  of t h e  index mark. 

Reference from average of high and low f u e l  p l a t e s .  

8- 7213 C 
J 
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1. 

2. 

3. 

4 .  

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

@ I d e n t i f i c a t i o n  numbers 2.5-3.0 i n .  high with ind iv idua l  d i g i t s  
1.5-2.0 i n .  wide s h a l l  be engraved t o  a depth 0.010-0.015 i n .  on 
each f u e l  element i n  a Circumferent ia l  d i r e c t i o n  i n  two loca t ions  
i n  t h e  same c i r cumfe ren t i a l  band but  180" apart. The t o p  of t h e  
f u e l  element i s  t o  be t h e  t o p  of t h e  numbers. The cha rac t e r s  a r e  
t o  be formed by two 1/16 i n .  wide c u t s  spaced 0.125-0.175 i n .  
ou te r  edge t o  inne r  edge t o  produce a double image charac te r .  
d i g i t s  t o  be uniform i n  appearance. 
@ The wall-assurance grooves shall be a m i n i m u m  of 0.015 i n .  deep 
a t  f i n a l  machining on both I D  and OD. 

Fuel p l a t e  l oca t ions  a r e  numbered counterclockwise looking a t  t h e  
t o p  end and t h e  re ference  f u e l  p l a t e  l oca t ion  (number 1) i s  t h e  
loca t ion  immediately ad jacent  t o  t h e  bevel  land i n  a counterclock- 
wise d i r e c t i o n  (viewed from t h e  t o p )  t h e  re ference  coolant  channel 
i s  t-he channel t h a t  conta ins  t h e  beveled land. 

Fue l  p l a t e  t o  s i d e  p l a t e  attachment i s  t o  be by c i r cumfe ren t i a l  welds 
on 1 i n .  cen te r s  i f  any melt-through e x i s t s  it s h a l l  be l imi t ed  t o  
0.01 i n .  measured across  t h e  width of t h e  f u e l  p l a t e  from t h e  t o p  of 
t h e  f u e l  p l a t e  s l o t .  

A l l  

Minimum f in i shed  s i d e  p l a t e  th ickness  s h a l l  be as follows: 

Outer f u e l  element, i nne r  s i d e  p l a t e  - 0.108 i n .  
Outer f u e l  element, ou ter  s i d e  p l a t e  - 0.128 i n .  

The coolant  channel th ickness  ( separa t ion  d i s t ance  between ad jacent  
f u e l  p l a t e s )  s h a l l  be 0.050 f 0.010 i n .  measured perpendicular  t o  t h e  
sur face  of t h e  f u e l  p l a t e s .  

midplane s h a l l  be 0.050 ? 0.006 i n .  

w i th in  f0.015 i n .  of p a r a l l e l  planes which a r e  24 i n .  a p a r t  and normal 
t o  t h e  f u e l  element l ong i tud ina l  ax i s .  

Each comb s h a l l  be welded t o  a l l  f u e l  p l a t e s .  
@ An index mark 0.235-0.265 i n .  long, 0.015-0.025 i n .  deep and 
0.030-0.050 i n .  wide s h a l l  be engraved on t h e  I D  of t h e  bottom end 
adapter  opposi te  t h e  re ference  coolant  channel on each f u e l  element. 
An arrow 0.360-0.390 i n .  long and wi th  0.030-0.050 i n .  wide swath 
s h a l l  be engraved perpendicular t o  t h e  index mark t o  i n d i c a t e  t h e  
d i r e c t i o n  of channel numbering sequence. 
i n  a clockwise d i r e c t i o n  as viewed from t h e  bottom end and s h a l l  be 
wi th in  0.2-0.3 in .  of t h e  index mark. 

Reference from average of high and low f u e l  p l a t e s .  

Do not  machine . i n t o  s l o t  ends. 

The average coolant  channel th ickness  a t  any e l eva t ion  from t h e  core 

All f u e l  p l a t e s  shall be or ien ted  such t h a t  t h e i r  r e spec t ive  ends a r e  

This arrow shall  be poin t ing  

8- 72/4 - c 
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Sample Inspec t ion  Reports 
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Diameters 

D l a .  "A" Nominal//,A5-& y ~ ~ 5 ~  Max.//. dy9 Min.//, 637 

D i a .  B Nomlnal,Q,+Xd -?&$?$ Max.//,+gd2 MIn.//,+73 Concentric t o  "A" r~7uz  TIR 

D l a .  C Nomlnali/, 5-+'634?z Max.//, d-0~3 Mln.//, 3-+5 Concentric t o  "A" , do/ TIR 

Max.&&i'S M i n . m  Concentric t o  "A". odir'J!IR D i a .  D 

D i a .  E Nominal/%;746 Z%E/ Max./hy+~T Min.//,7.7Bd Concentric t o  "A". r 0 / 7 T I R  

D l a .  F Nominal &-p, ,Dla, MBX. Min. Concentric t o  "A" .pdas-TDR 

f. de- c Nominal// ,  2 78 - . &?g 

General Condition Of Side Plate A t  Time Of Inspection 
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Top End: 

No. 1 Slo t :  

ORLFNTATION OF SIDE PLATE FOR 
DIMENSIONAL INSPECTION 

A s  designated by Detai l  "A" of Drawing 

- No. D - 4;t);ZB A - 

Ident i f ied  by scr ibe l i n e  i n  bottom of 

top  inspection groove with arrow indi-  

cating d i rec t ion  of  numbering sequence 

of every t h i r t y  ( 3 0 )  slots t o  coincide 

with locat ion of inspection groove depth 

measurements. 

N o .  1Weld Groove: F i r s t  groove from top end of s ide  p l a t e  

middle groove i s  number twelve (12). 
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REACTOR ELEMENT 

 FA ANNULUS, //MER SIDE PLATE 
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Slot  
No. T O P  

. 

BOTTOM 

INS%'CTIODT GROOVE DEPTH pqqLi 

120 
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INTRA-LABORATORY CORRESPONDENCE 
OAK RIDGE NATIONAL LABORATORY 

J u l y  2, 1965 

TO : G. M. Adamson 

SUBJECT: F i n a l  Inspec t ion  of Outer HFIR Reactor Fue l  Element 

Attached a r e  t h e  da ta  shee t s  showing t h e  r e s u l t s  of t h e  dimensional inspec t ion  
of t h e  Outer RFIR Reactor Element No. 1. The f i n a l  machining r e s u l t s  were 
very good wi th  only two diameters out of to l e rance  0.001 inch before  t h e  
element was removed from t h e  machine. 
maximum out  of t o l e rance  was 0.009 inch.  

Af t e r  removal from t h e  machine t h e  

The inspec t ion  grooves depths ind ica t e  a v a r i a t i o n  of 0.021 inch i n  t h e  
remaining w a l l  th ickness  of t h e  ou te r  s ide  p l a t e .  The inspec t ion  grooves 
i n  t h e  inne r  s i d e  p l a t e  were completely removed i n  some a reas  and t h e  r e -  
maining w a l l  th ickness  cannot be determined. 

Radiographs of t he  end ex tens ion  welds a re  enclosed f o r  your f i l e s .  They 
show considerable  f i n e  po ros i ty  i s  present  bu t  t he  weld pene t r a t ion  i s  
g r e a t l y  improved i n  t h i s  element with e s s e n t i a l l y  no lack  of pene t ra t ion .  

INSPECTION ENGINEERING DEPARTMFNT 

/ ,  E. C. M i l l e r  

m : p c  

Attachments 
Data Sheets  
Radiographs 

cc :  A. L. Boch 
G. A. Bowden 
R. M. F u l l e r  
K. K. Kl indt  
IR-4982 

UCN-430 
13 6e11 
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HFIR REACTOR ELEMENT, OUTER ANNULUS - Dwg. D-42126-Rev. D 

Dimension Concentricity 
Measured I n  T I R  Specif ied Me a s  ure d Measured In  

Dimension On Machine Free Condition Specified Free Condition On Machine 

Ver t ica l  Section 

Din. D i a  . 
IX 10.922 f . O O 1  10.923- 

16.754 .005 V I I  16.750 c.000 16.752 002 

.004 

.0025 

VI11 16.471 e:::; 16.475 16.471- .005 .004 
.oo25 17.134 *::;: 17.142-17.144 1 7 . 1 4 3 m  17.137 7-14 B o t .  TOP .oo2 Not Taken .oo2 

16.757 f.005 16.7575 a 6 750 16.757 .005 .005 Within .OO5 

11.746 c.005 a 1 7 3 4  11.743 .005 .004 Within .005 

11.250 2.010 11.252-11.2528 11.246-11.257 Bot. .005 Not Taken Within .OO5 
.006 11.248-11.2485 11.245-11.256 Top 

11.172 f.005 11.167-11.169 

XI 29.625 c.005 29.622 

28.750 f.005 

1.875 c . O l 5  

1.812 1.812 

16.226 ~ . 0 0 5  16.224 

.750 f .OO5 .751 

1/8 c 1/64 1/8 

3"30'cOo30' 3"30' 

90"+0"30' 90" 

15"i0°30' 15" 

3 O 4 ' f0 30 3"5' 

11.173- .005 .002 Within .OO5 

29.623 Faces F l a t  & P a r a l l e l  Within .OOZ 

28.748 

1.865 -1.875 

1.812 

Detail "x" 

16.221-16.226 .005 .004 

.7505 

1/8 

3"30' 

90 ' 

15O 

3"5' 

. 

' 
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Page 2 

Specif ied Measured 
Dimension On Machine 

16.250 c.005 16.251 

.750 .005 .75i5 

114 2 1/64 114 

1/32 t 1/64 1/32 

Ref. 5"58~20"30'  6" 

15"fO" 30 I 15" 

Dimension Concentricity 
Measured In  Measured In  T I R  

Free Condition Specif ied Free Condition On Machine 

& t a i l  "Y" 

-16.254 .005 Not Taken Within .OO5 

.751 

1/4 

1/32 

6" 

15 

& t a i l  "Z" 
D i m .  
X 10.962 2.005 10.959 

2-118 _+ 1/64 2-1/8 

118 2 1/64 118 

-10.960 .005 .003 

2-1/8 

118 

Within .OO5 

Outer 

TOP .022 - .Ob3 
Middle .050 - .067 

Bottom .024 - .Ob5 

Inspection Groove Depth 

Inner 

.ooo - .012 

.ooo - .015 

.ooo - .008 

Note: All measurements taken i n  f r e e  condition a r e  maximum and minimum. 
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INTRA-LABORATORY CORRESPONDENCE 
OAK RIDGE N A T I O N A L  LABORATORY 

June 21, 1965 

T o :  G. M. Adamson 

SUBJECT: F i n a l  Inspect ion of Inner HFIR Reactor Element 

Attached are t h e  data  shee t s  showing the  r e s u l t s  of t h e  dimensional inspect ion 
of t h e  Inner  HFIR Reactor Element. The f i n a l  machining r e s u l t s  were very good 
with no c r i t i c a l  dimensions out  of t o l e rance .  The maximum out  of t o l e rance  w a s  
-0.0012 inch on a reference dimension. 

Radiography of t h e  end extension welds shows t h a t  lack of pene t r a t ion  was pres-  
e n t  around most of the  circumference. 

INSPECTION ENGINEERING DEPARTMENT 

m : p c  

Attachments 

cc:  A. L. Boch 
G. A. Bowden 
R. M. F u l l e r  
K. K. Klindt 
IR-4982 

/:*E. C. Miller 

, 
, 

UCN-430  
(3 5-61] 

A 



14 5 

INNER HFIR REACTOR ELEMENT #1 

Ref. 

Ref. 

D i m .  V 

Dim.  V I  

DIMENSION CONCENTRICITY 
Measured Measured i n  Free 

Specified on Machine Condition Specified Measured 

10.590 _+ .OK 

11.746 k.005 

5.067 

30.250 

27.938 k.005 

28.875 k.005 

1.812 k.005 

TOP 10 - 593 10- 5 9 3 5 h  - 5950 .005 .0025 
Middle 10.593 10.5935 
Bottom 10.593 10.5935 

a 5.0710 
5.071 5.0715 (Round within .0008 on 

5.0676/ 5.0728 machine. ) 

TOP 
Middle 
Bottom 

30.240 

27.934 

28.872 

%Roundness specif ied within .002. 

De t a i  1 "A" 

5.688 k.005 5.688 

D i m .  I1 5.312 2.005 5.3135 

.500 .4995 

.015 x 45" .015 x 45" 

1/32 x 45" 1/32 x 45" 

1/8 1/8 

1 5 O  1-5" 

3" - 30' 3" - 30' 

Detai l  "B" 

5.937 k.005 5.9385 

Dim.  I 5.557 +SO05 5.558 

5.313 k.005 5.313 

.750 k.005 .754 
5" 5" 

.005 .0015 

.005 . 00 17 

, 
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Page 2 

INNER €FIR REACTOR ELEMENT #I 

- D W N S I O N  CONCENTRICITY 
Measured M easured in Yree 

Speci f ied  on Machine Condition Spec i f ied  Measured 

Surface "X" not a 32 f i n i s h  ( scored) .  

Surface "X" not inspected for s p a r e n e s s  t o  d ia .  "E" a t  t h i s  time. 

15" 

1/4 

Xm. I V  10.915 f.001 

D i m .  I11 10.872 k.005 

10.074 k.OO5 

10 7/16 

7/8 

1/2 

5/8 

1/4 

60" 

1.5" 

1/4 

10 .a73 10.a730/10.8740 

10.074 

10.434 

.876 

.502 

518 

1/4 

60 

.002 .0002 

.005 .0025 

.005 .0020 

Inspect ion Groove Depths 

Outer Inner 

Top .OOG .003 to .ooa 
Middle .008 ,005 to .ooa 
Bottom .010 .006 to .ma 

NOTE: All concent r ic i ty  measurements 
w e r e  made on machine. 

. 
k 
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\ . 

a 

1 

8 

1-3. 
4-5. 

6-45. 
46. 
47. 

48-52. 
53. 
54. 
55. 
56. 
57. 
58. 
59 * 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 

91-96. 
97. 
98. 

99. 
100. 
101. 

102. 
103. 

104. 
105. 
106. 
107. 

108-34 3. 
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