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CONFIDENTIAL 

THE E F F E C T OF FABRICATION VARIABLES ON THE STRUCTURE AND 
PROPERTIES OF UO2-STAINLESS STEEL DISPERSION FUEL PLATES 

Stan J. P a p r o c k i , Donald L. Ke l l e r , and George W. Cunningham 

Based on the results of detailed fabrication studies, an evaluation of the 
effects of varying the type and size of I'Oo particles, the type and size of stain­
less steel matrix powders, bleniina, procedures, compacting pressures, sintering 
times, temperatures, and atmospheres, roll-cladding temperatures and reduction 
rates, total cold reduction, and heat-treating times and temperatures has been 
made for UO^f-stainless steel dispersion fuel elements. Transverse tensile tests, 
creep-rupture tests, metallographic examination, radionraphy, density measure­
ments, and X-ray diffraction studies were used to evaluate the structure and 
properties of the fuel elements. 

From these studies a reference fabrication procedure for GCRE fuel 
elements was established. The fuel element core contains 30 w/'o of minus 
100 plus 200-mesh hydrothermal UO2 dispersed in an 18-14-2.5 alloy matrix 
prepared from minus 325-mesh elemental iron, chromium, nickel, and molyb­
denum powders. Commercial Type 318 stainless steel is used for cladding. 
Core compacts are sintered in steps to 2300 F after cold compacting at 15 tsi. 
Evacuated picture-frame packs are hot rolled from a hydrogen muffle at 2200 F 
with a 40 per cent reduction in thickness on the first pass and a 20 per cent 
reduction in thickness on remaining passes. After annealing at 2300 F, the 
fuel elements are given a light pickle and cold reduced 15 to 20 per cent in 
thickness to give a total reduction of 8 to I. The find treatment consists of 
a flat anneal at 2050 F. 

INTRODUCTION 

This r epo r t deals with a p a r t of the r e s e a r c h and development studies which p r e ­
ceded the manufacture of fuel e lements for the Gas Cooled Reac tor Exper iment (GCRE). 
A GCRE fuel e lement will be p r e p a r e d by die forming , through 120 deg , twelve s ta in less 
s t e e l - U 0 2 fuel p la tes of four different widths which a re subsequently assembled into four 
concentr ic tubes . Each plate is 0. 045 in. th ick , while the active core is 0. 033 in. thick 
and 28 in. long. Three formed p la tes making up each individual tube will be held together 
mechanica l ly by th ree clips running the full length of the e lement . These clips will a lso 
space the tubes with r e spec t to each other and to the tubular insiilation lining and thus 
form the appropr ia te pa s sages for the gas coolant. The inside d iamete r of the outer and 
inner fuel tube i s approximate ly 1. 2 in. and 0. 5 in. , respec t ive ly . The inside d i ame te r 
is pa r t i cu la r ly impor tant since it p resen ted a d ie- forming p rob lem which ul t imately led 
to the select ion of e lementa l powders as the fuel -e lement m a t r i x m a t e r i a l . 

« The average max imum fuel -e lement surface t e m p e r a t u r e anticipated in the GCRE 
is about 1400 F , while hot -spot t e m p e r a t u r e s a re expected to r each 1650 F . The gas 
coolant will be n i t rogen plus a smal l amount of oxygen to inhibit co r ros ion . The r e su l t s 
from the deta i l co r ros ion studies r epor t ed e l sewhere contr ibuted to the select ion of 
Type 318 s ta in less s tee l as the cladding m a t e r i a l . Other fac tors cons idered in th i s s e l e c ­
tion were the Mgh- t empera tu re s t reng th of Type 318 s ta in less s tee l as well as i ts f abr i -
cability and availabil i ty. 
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Throughout the fuel -e lement development studies it was recognized that an element 
posses s ing outstanding radia t ion stabi l i ty would be requi red to fulfill the lifetime and 
ope ra t i ng - t empera tu re r equ i r emen t s imposed by the GCRE. A grea t deal of at tent ion, 
t h e r e f o r e , was given to the many p roces s ing var iab les encountered during the fabrication 
of s t a in less s t e e l - U 0 2 d i spe r s ion e lements in hopes of "paving the way" toward the 
manufacture of e lements pos se s s ing opt imum c h a r a c t e r i s t i c s . 

It is demons t ra ted throughout this r e p o r t jus t how dependent the mechanica l p r o p ­
e r t i e s a re upon the methods used during fabricat ion. It is further believed that those 
same operat ions which adverse ly affect the mechan ica l p r o p e r t i e s of this type e lement , 
pa r t i cu l a r ly the t r a n s v e r s e tensi le s t r eng th , will a lso lower i ts r e s i s t ance to radiat ion 
damage . This is p re sen t ly being demons t r a t ed in a s e r i e s of GCRE i r rad ia t ion e x p e r i ­
men t s and will be the subject of l a t e r r e p o r t s . 

In an effort to obtain an opt imum s t r u c t u r e , a l a rge number of var iab les have been 
invest igated. F a c t o r s which have been considered include select ion of core m a t e r i a l s 
and the de te rmina t ion of fabricat ion t e m p e r a t u r e s , reduct ion r a t e s , powder par t i c le 
s i z e s , and c o r e - p r e p a r a t i o n methods . The evaluation of these var iab les has been based 
upon r e su l t s of mic roscop ic and m a c r o s c o p i c examinat ions which have been co r re l a t ed 
with r e su l t s of phys i ca l - and mechan i ca l -p rope r ty t e s t s . In p a r t i c u l a r , the t r a n s v e r s e 
tens i le t e s t ( tensi le s t rength m e a s u r e d in the p la te - th ickness direction) has been found to 
be useful in evaluating fabricat ion v a r i a b l e s . Other mechan ica l -p rope r ty t e s t s employed 
include hot t e n s i l e , s t r e s s - t o - r u p t u r e , and bend t e s t s . In addit ion, radiography has 
proven to be a useful tool in evaluating mix ing , compact ing , and rol l ing p r o c e d u r e s . 

The select ion of a c o r e - m a t r i x m a t e r i a l could not be made until both preal loyed 
s ta in less s tee l powders and s ta in less s tee l made from mix tu res of i r on , ch romium, 
n icke l , and molybdenum powders were evaluated. The re fo re , this r epo r t contains the 
r e su l t s of the development s tudies on both types of m a t e r i a l s , andmethods a re descr ibed 
for obtaining optimum core s t r u c t u r e s with e i ther core m a t r i x . Recommended fabr ica ­
tion p r o c e d u r e s a re l is ted in Appendix A. 

Since m a x i m u m s t r inger ing and fractur ing of UO2 occurs in the di rect ion of rolling, 
fuel e lements mus t be sectioned in a d i rec t ion pa ra l l e l with the roll ing di rec t ion if f ab r i ­
cation var iab les a re to be evaluated. T h e r e f o r e , un less otherwise indicated, all photo­
m i c r o g r a p h s were made of longitudinal sec t ions . 

PREPARATION OF GREEN COMPACTS 

The s t r u c t u r e , d is t r ibut ion of UO2? dens i ty , and shr inkage of the s in tered core a re 
par t i a l ly control led by the method of p repa r ing g reen compac ts . Var iab les which were 
invest igated include blending p r o c e d u r e s , select ion and use of a binder and die lubr ican t , 
die des ign , and cold-compact ing p r e s s u r e s . 
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Ma te r i a l s 

The composit ions of m e t a l powders xised in this invest igat ion a r e l is ted in Table 1. 
Core m a t r i c e s of the th ree s ta in less s tee ls studied (Types 302B, 347, and 318) were 
p r e p a r e d from both prea l loyed s ta in less s teel powders and mix tu res of e lementa l i r o n , 
chrora ium, n icke l , and molybdenum powders . Most of the exper imenta l work was 
c a r r i e d out with Type 318 s ta in less which was se lected as the fue l -e lement m a t r i x and 
cladding m a t e r i a l because of i ts compara t ive ly high c r eep s t rength and its r e s i s t ance to 
oxidation and nitr iding at GCRE operat ing t e m p e r a t u r e s . 

S t rong, d e n s e , c rys ta l l ine pa r t i c l e s of UO2 a re requ i red for producing good d i s ­
p e r s i o n s . Mall inckrodt H i - F i r e d UO2 was used as the prototype fuel m a t e r i a l . This UO2 
shows a high degree of c rys ta l l in i ty , nea r ly ze ro po ros i t y , and a u ran ium- to -oxygen 
ra t io of very near ly the s to ich iomet r ic value. It is p r e p a r e d by adding a smal l amount 
of T i02 (approximately 0. 7 w/o) to the UO2 and firing at a t e m p e r a t u r e high enough to 
cause a somewhat v i t reous phase (probably r i ch in Ti02) to form at the gra in boundaries 
and thus d raw the individual g ra ins into a dense p a r t i c l e . Hydro the rmal UO2 produced 
at Oak Ridge by hydrogen reduct ion of c ry s t a l s grown from a UO3 hydra te -u rany l n i t ra te 
solution was used in the fabricat ion of fuel e lements requi r ing fully enr iched UO2. These 
pa r t i c l e s a lso show a high degree of c rys ta l l in i ty and a re very dense , and, in addit ion, 
they m o r e near ly r e s e m b l e fused UO2 pa r t i c l e s than the H i - F i r e d UO2. Recently a 
spher i ca l UO2 powder has been made avai lable by Mal l inckrodt , but only a l imi ted 
amount of work with this powder could be conducted before the complet ion of the p r o g r a m . 
Poor r e su l t s obtained with other types of UO2 were previous ly r epo r t ed ( l ) ; t h e r e f o r e , 
m o s t of the development work was conducted with H i - F i r e d and hydro the rmal UO2. 

Pe t rog raph ic analyses of H i - F i r e d , s p h e r i c a l , and hydro the rma l UO2 a r e l i s ted in 
Table B-1 in Appendix B. 

Blending 

The blending of the compacts containing preal loyed Type 318 powders was s imi l a r 
to the method used for blending compacts containing e lementa l i r o n , c h r o m i u m , n icke l , 
and molybdenum powders with the exception that the prea l loyed powder did not have to be 
blended p r i o r to adding the UO2. Corapar ison of the var ious m i x e r s has c l ea r ly shown 
the advantage of using a twin-she l l V-type b lender . In a rotat ing cylinder the powder may 
s imply slide around the wal ls without mixing. In the obliquely rotat ing cylinder blending 
is soinewhat improved since the powder i s thrown from end to end, but bes t r e su l t s a re 
obtained with the twin-she l l b l ende r , which throws the powder , mixes i t , and divides it. 
The addition of baff les , s c r e e n s , or bal ls will improve the mixing action of the single 
c y l i n d e r s , but the re will also be a tendency for the br i t t le UO2 to be ground or f rag­
mented. If UO2 is not p r e s e n t in the ba tch , a s c r e e n can also be added to the twin-she l l 
blender to improve the mixing of the me ta l powders . 

(1) References at end. 
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TABLE 1. CHEMICAL COMPOSITION OF 

Carbonyl iron 

Electrolytic iron 

Hydrogen"reduced 
electrolytic iron 

Lunex chromium 

Electrolytic chromium 

Carbonyl nickel 

Molybdenum 

Type 30 2B stainless 

Type 347 stainless 
(high silicon) 

Type 318 stainless 

Fe 

Bal 

Bal 

Bal 

0.01 

0.01 

0.1 

0.01 

Bal 

Bal 

Bal 

Cr 

0.005 

0.001 

0.001 

Bal 

Bal 

0.005 

N.D. 

18.94 

18.62 

18.20 

Ni 

0.5 

0.1 

0.1 

0.005 

N.D. 

Bal 

0.01 

8.77 

11.44 

11.31 

Mo 

0.01 

0.005 

0.005 

0.01 

N.D. 

N.D. 

Bal 

— 

__ 

2.34 

Si 

0,005 

0.001 

0.001 

N.D. 

0.001 

N.D. 

0.001 

2.86 

2.35 

2.44 

Mn 

0.005 

0.006 

0.005 

0.01 

0.005 

N.D. 

N.D. 

0.98 

1.56 

0.01 

Analyzed Compo** 
Mg 

0.01 

0.005 

0,005 

0.002 

0.005 

N.D. 

N.D. 

. -

» < a 

»-

Cu 

0.01 

0.03 

0.03 

0.03 

0.01 

N.D. 

N.D. 

(fflaa 

mea 

^^ 

(a) Analyses on prealloyed powders furnished by Vanadium Alloys Co. 
N.D. » not detectedi Bal « balance. 
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METAL CORE-MATRIX POWDERS 

sitionC*), w 
Ce 

N.D. 

0.01 

0.01 

N.D. 

N.D. 

N.D. 

N.D, 

— 

«•« . 

h 
Al 

0.05 

0.01 

0.01 

N.D, 

0.02 

N.D. 

0 .1 

- . 

«^m 

Ca 

0.05 

N.D. 

N.D. 

N.D, 

N.D. 

N.D. 

N.D. 

«>Ba 

«f»M 

C 

0.08 

0 ,01 

0 .01 

0.10 

0 .05 

0.04 

0 .01 

0 .08 

0 .05 

S 

0.006 

0.017 

0.017 

0.006 

0 .021 

0.005 

0 .003 

0.028 

0 .011 

P 

0,003 

0.004 

0.004 

0 .001 

0.002 

0.001 

0.006 

0.013 

0.017 

O2 

0.1680 

0.6050 

0,2000 

0.0995 

0.7110 

0.0425 

0.2770 

— 

m^ 

H2 

0.0020 

0.0020 

0.0004 

0.0019 

0.0150 

0.0023 

0.0031 

„ -

^m 

N2 

0.0024 

•iO.OOlO 

<0,0010 

0.0029 

<0,0070 

0.0025 

0.0900 

..-

. . 

0.10 0.008 0.021 
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The use of a binder or in te rna l lubr icant is n e c e s s a r y to insure a uniform d i s t r i ­
bution of UO2. The UO2 p a r t i c l e s , which a re not only l a r g e r but also of a higher dens i ty , 
tend to segrega te when mixed with the s ta in less s teel powder. When a binder such as a 
camphor-a lcohol solution is added there is a tendency for the individual UO^ pa r t i c l e s to 
be coated with the binder and thus be held in suspension in the meta l l i c m a t r i x . On the 
other hand, if improper ly added, the binder can also cause segregat ion. For example , 
if added at the same t ime as the UO2, the binder can cause the UO^ pa r t i c l e s to be ag­
g lomera ted , as indicated in F igure 1. There a re s eve ra l b inders which can be used 
sa t i s fac tor i ly , but the binder selected should ei ther evaporate at a low t empera tu r e or 
decompose during the s inter ing operat ion in such a manne r that no impur i t i es a re added 
to the core compact . Some of these m a t e r i a l s a re a sh les s wax solut ions , camphor solu­
t ions , s t ea r i c ac id , and zinc s t e a r a t e . 

IX F512 

FIGURE 1. POSITIVE PRINT MADE FROM RADIOGRAPH OF 
ROLL-CLAD SPECIMENS OF 25 w / o UO2 IN 
18-14-2. 5 ALLOY 

Specimen at left was mixed dry before binder was 
added. In the r ight specimen the binder and UO2 
were added s imultaneously. 

If e lementa l powders a re u sed , the blending p rocedure mus t also provide for a 
homogeneous dis t r ibut ion of the n icke l , c h r o m i u m , and molybdenum in the i ron powder. 
To achieve this r e su l t the powders mus t be mixed dry before the UO2 is added. Sc reen­
ing of the powder before mixing is n e c e s s a r y not only to size the powder but to b reak up 
agg lomera te s . It is also advantageous to s c r een the powder mix at some in te rmedia te 
point during the blending. Examinat ion of the m i c r o s t r u c t u r e s shown in Figure 2 shows 
that a homogeneous austeni t ic m a t r i x is e a s i e r to obtain if the s ta in less powder is p r o p ­
er ly blended before adding the U02- When the m e t a l powders a re not sc reened and 
blended before adding UO2, chromium agglomera tes and is difficult to get into solution; 
a l s o , the UO2 agglomera tes if not mixed with dry powders . Both spec imens in F igure 2 
were fabricated by identical p r o c e d u r e s . 
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lOOX Glycena Regia Etch N46782 

a. Metal Powder and UOg Mixed Separately 

Metal powders blended dry 1/2 hr, screened, blended 1 hr, UOg and binder 
added simultaneously. Note homogeneous matrix but agglomerati.d UO^. 

lOOX Glycena Regia Etch N46786 

b. Metal Powder and UOg Mixed Simultaneously 

Metal powders and UO2 blended dry for 2 hr without previous blendmg of metal 
powders and 2 hr after addition of bmdet. Note less agglomeration of UOg, but 
presence of clicomiuin-tich areas. 

FIGURE 2. EFFECT OF BLENDING PROCEDURE ON STRUCTURE OF ROLL-CLAD 25 w/o UO2 IN 
18-14-2.5 ALLOY 

Transverse sections. 
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Cold P r e s s i n g 

After the powders were p rope r ly blended, the weighed por t ions were cold p r e s s e d . 
The length and width dimensions of the p r e s s e d compact were approximately 0. 010 in. 
l a r g e r than the die punch, depending upon the compacting p r e s s u r e . The thickness of the 
compact was regulated by the quantity of m a t e r i a l used and the compacting p r e s s u r e . 
When p r e s s i n g rec tangula r compacts such as those used for GCRE fuel p l a t e s , it was 
n e c e s s a r y to spread the powder evenly in the die cavity to obtain a uniformly thick com­
pact . A 50- t s i p r e s s u r e was used to p r e s s compacts with a preal loyed s ta in less s tee l 
m a t r i x and a 15- ts i p r e s s u r e was used for the compacts with an e lementa l s ta in less s teel 
m a t r i x in m o s t of the work. The higher p r e s s u r e was des i r ab le with p r ea l l oyed -ma t r i x 
compacts because higher final dens i t ies would be obtained, but the low p r e s s u r e was 
used with the e lementa l -powder compacts to d e c r e a s e the ini t ial density and thus promote 
the hydrogen reduct ion of any oxides p r e s e n t during the s inter ing operat ion. A detailed 
d i scuss ion of oxide reduct ion is included in the sect ion on s in ter ing . 

Fo r exper imenta l work , it was found m o r e des i rab le to use a spl i t - type die (F ig ­
u re 3) r a t h e r than an eject ion-type die since in many c a s e s the ejection p r e s s u r e can be 
g r e a t e r than the compacting p r e s s u r e . Although the use of a double-act ing or floating 
die is advantageous for producing compacts of a uniform dens i ty , it is not n e c e s s a r y for 
p r e s s i n g thin compacts . In fact , the uniformity is m o r e dependent upon uniform loading 
of the die. Mechanical vibrat ion was not sa t i s fac tory for leveling the powder.- Such an 
action tends to segrega te the UO2- The bes t method cons is t s of adjusting the die so that 
the top of the fill is even with the top of the die. The bottom punch is then lowered , the 
top punch i n s e r t e d , and the powder is p r e s s e d . The effect of compacting p r e s s u r e s on 
the green s t rength as re la ted to handling for both prea l loyed and e lementa l powders is 
shown in Table 2, 

SINTERING 

The s inter ing of s t a in less s tee l s is far m o r e complex than the s inter ing of pure 
m e t a l s . The only p rob lem in producing dense bodies from pure m e t a l powders cons is t s 
of bonding the individual pa r t i c l e s and shrinking the voids to a low volume pe r cent. The 
final densi ty which can be at tained will be due to the r a t e of self-diffusion or c reep at the 
s inter ing t e m p e r a t u r e , but the final pore s ize will a lso be l imited to a size at which the 
force exer ted by entrapped gas equals the force due to surface tension, l^l In p r a c t i c e , 
densif icat ion of s ing le -meta l compacts occurs at a low ra t e after 2 to 4 hr at tennpera-
t u r e , but much longer t imes a re r equ i red to produce homogeneous alloys from mix tu re s 
of i r o n , c h r o m i u m , n icke l , and molybdenum powders . Diffusion r a t e s should be s imi l a r 
to those obtained in s tandard diffusion coup les , but the r a t e s can be grea t ly affected by 
the p r e s e n c e of absorbed gases or oxide f i lms , i n t e rmed ia t e -phase format ion , and r e a c ­
tion with other impur i t i e s . In addit ion, the surface a r e a in contact with the base m e t a l 
as de te rmined by pa r t i c l e size and g r een densi ty has a d i r ec t influence on the diffusion 
r a t e . Even when prea l loyed s ta in less s tee l powders a re u sed , the p r e s e n c e of impur i t i e s 
such as carbon and sil icon can cause the formation of secondary phase s . F u t h e r m o r e , 
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the poros i ty is usual ly g r e a t e r than would be expected m the e lementa l m i x t u r e s . The 
s ta in less s tee l powder is bas ica l ly h a r d e r than the i ron and nickel powders and, in addi­
t ion, the ha rdness is i nc reased by work-hardening effects which may even occur in mix­
ing. This inc reased ha rdness p revents p las t ic flow to a cer ta in extent and thus 
d e c r e a s e s the contact a r e a s of the p a r t i c l e s ; consequent ly, the g reen s t rength and 
s in te red densi ty a r e d e c r e a s e d . 

|PM5»-.»Kfs 

1/2X N38035 

FIGURE 3. SPLIT-TYPE COMPACTING DIE 

Elementa l Mixtures 

The use of chromium is the cause of two major difficulties in s inter ing e lementa l 
m ix tu re s to produce an austeni t ic s ta in less s tee l s t r uc tu r e . The f i r s t p rob lem occurs 
because complex s inter ing procedui*es a r e n e c e s s a r y to reduce C r 2 0 3 , while the second 
prob lem a r i s e s from the fact that chromium is the mos t difficult consti tuent to get into 
solution. Of these two p r o b l e m s , the reduction of G r 2 0 3 was the m o s t t roublesome to 
solve. 

An examination of Table 1 shows that of commerc ia l ly available powders only 
e lec t ro ly t ic chromium and e lec t ro ly t ic i ron have excess ive ly high values of oxygen. In 
e lec t ro ly t ic chromixim with 0. 6 to 0. 8 w / o oxygen, the re could be up to 3. 5 volume pe r 
cent C r 2 0 3 , which if not reduced during sintering would r e su l t in approximately 
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TABLE 2. RESISTANCE OF GREEN COMPACTS TO DAMAGE BY HANDLING^^^ 

O 

o 

u 

Composit ion 

Elementa l 18 -14-2 .5 alloy^^^ 

Prea l loyed Type 318 s ta in less s tee l 

Compact i 
P r e s s u r e , 

15C<̂ ) 

25(d) 

35(^) 

50(c) 

isC'^) 

25C<=) 

35(c) 

50(c) 

50(d) 

ng 
t s i 

Dens i ty , p e r cent of 
theore t i ca l 

63 .0 

69 .6 

74 .9 

79. 1 

Too fragile to m e a s u r e 

Too fragile to m e a s u r e 

Too fragile to m e a s u r e 

7 0 . 5 

66 .5 

Weight Loss 
After Indicated Testing 

T i m e , pe r cent 
5 Min 

7 . 6 

3.04 

1,26 

0.75 

100.0 

100.0 

100.0 

100.0 

59.0 

15 Min 

17.9 

6.34 

2 .53 

1.50 

— 

__ 

— 

— 

~ . CD 

30 Min 

32. 2 

11. 15 

4 .55 

2. 51 

— 

— 

— 

^BO _ 

o 
o 
2 

(a) Compacts for each composition and fabrication condition were placed on an 80-mesh screen and run in a Tyler Rotap for the indicated time. 
(b) Iron 18 w/o chromium-14 w/o nickel-2.5 w/o molybdenum, 
(c) Camphor-methanol binder. 
(d) Methyl-cellulose binder. 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
=
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0. 7 volumLC p e r cent C r 2 0 3 in an 18-8 s ta in less s teel . Oxygen in i r o n , if not removed by 
reac t ion with hydrogen, can also r e a c t to form C r 2 0 3 . For example , as shown in F ig ­
u re 4 , h igh-pur i ty c r y s t a l - b a r ch romium reac ted with i ron containing 0. 7 w / o oxygen to 
form C r 2 0 3 . Up to 3 volume pe r cent C r 2 0 3 in s ta in less s tee l could be produced by the 
i ron powder. On the other hand, commerc ia l ly produced nickel and molybdenum powders 
did not p romote the formation of C r 2 0 3 . Specimens of iodide chromium d i spe r sed in 
nickel (0. 042 w / o oxygen) or molybdenum (0. 277 w/o oxygen) s in te red at the same t ime 
as the i r o n - c h r o m i u m spec imen mentioned above did not contain any detectable C r 2 0 3 , 
As further evidence that C r 2 0 3 is p r e sen t o r forms during s inter ing from oxygen in the 
me ta l p o w d e r s , compacts s in te red for 4 hr in vacuo at 2250 F contained C r 2 0 3 . 

Usually the final step in the product ion of e lec t ro ly t ic i ron powder is a hydrogen 
anneal which reduces the oxygen content , but after long per iods of s torage the oxygen 
content mtay again approach 0. 8 w / o . A 1-hr anneal at 1200 F short ly before use will 
reduce the oxygen to approximately 0. 2 w / o . Carbonyl i ron powder as rece ived has l e s s 
oxygen than a s - r e c e i v e d e lec t ro ly t ic i ron powder , but the carbon content (0. 08 w/o) may 
be higher than des i r ed . The use of a low-oxygen i ron powder is m o r e impor tant than 
using a low-oxygen chromium powder such as Lunex l i th ium-reduced powder , but a c o m ­
plex s inter ing p rocedure and a very dry hydrogen a tmosphere a r e r equ i red in both c a s e s . 

The reduct ion of the C r 2 0 3 inay be r ep re sen t ed by the equation 

Cr203(c) + 3 H2(g) - 2 Cr(c) + 3 H20(g). 

According to thermodynamic da ta , the products and r eac t an t s a re in equi l ibr ium at 
2000 F with a dew point of -25 F and at 2300 F with a dew point of - 2 F , However , the 
hydrogen furnace exit dew points mus t be mainta ined at a considerably lower level . 
F igure 5 shows how the dew point var ied with t ime and t e m p e r a t u r e in s eve ra l typical 
runs . All compacts s in te red in a tmospheres in which the dew point did not exceed -30 F 
and r ecove red to l e s s than -40 F after 2 hr at 2300 F were free from C r 2 0 3 , When the 
dew point exceeded -5 F and did not r ecove r to l e s s than -15 F , al l compacts contained 
C r 2 0 3 , If in s inter ing the max imum dew point was -10 F and it r ecove red to l e s s than 
-20 F , the amount of C r 2 0 3 was smal l and in some cases all the C r 2 0 3 was reduced. 
In all t e s t s the hydrogen which entered the furnace had a -100 F dew point. 

The reduct ion of the C r 2 0 3 is not only dependent upon the dew point but a lso indi­
rec t ly upon the compacting p r e s s u r e . At t e m p e r a t u r e s high enough for the C r 2 0 3 to be 
r educed , the s ta in less s tee l s in t e r s and po re s a re closed off which p e r m i t easy flow of 
hydrogen into the compact and passage of wa te r vapor out. Thus dew points which o r d i ­
nar i ly would provide a sufficient driving force for the C r 2 0 3 reduct ion may not be r e p r e ­
sentat ive of conditions within the compact . However , if compacts a r e p r e s s e d at low 
enough p r e s s u r e s , it may be poss ible to reduce the C r 2 0 3 before extensive s inter ing 
takes p lace . The data l is ted in Table 3 and the m i c r o s t r u c t u r e s in F igure 6 show the 
effect of compacting p r e s s u r e as re la ted to the p r e s e n c e of C r 2 0 3 and to the final density 
obtained. 

The actual dew point r equ i red may also be considered as dependent upon the cold 
compacting p r e s s u r e . If the dew point is sufficiently low, al l the C r 2 0 3 can be reduced 
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'•%. 0 CrgOg 

lOOX Oxalic aod NaCN Etch 

a. Electrolytic Iron Matrix (0.7 w/o Oxygen) 

N50816 

\ '« . \ 

lOOX 10 Pet Cent NaCN Etch N50808 

b. Carbonyl Nidcel Matrix (0.042 w/o Oxygen) 

I I 

P̂  • > » > . 

lOOX 10 Pet Cent NaCN Etch N50809 

c. Hydrogen-fieduced Molybdenum Matrix (0.277 w/o Oxygen) 

FIGURE 4. EFFECT OF OXYGEN IN 18 w/o IODIDE CRYSTAL-BAR CHROMIUM POWDER COMPACTS 

Note that diffusion zones can be seen in all specimens but Cr20g is present only in the 
iron-matrix specimen. 
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Temperature, F and Time, hr ^ ^°^" 

F I G U R E 5 . VARIATION O F DEW P O I N T W I T H T I M E AND T E M P E R A T U R E F O R T Y P I C A L S I N T E R I N G RUNS 

T e m p e r a t u r e w a s m e a s u r e d a t t he i n d i c a t e d t i m e . 
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250X Electrolytic 10 Per Cent Oxalic Etch RM8461 

a. Cold Pressed at 10 Tsi 

Note almost complete absence of Cr203. 

^ ^ . - . ' ^ > . • ; - ' • . > 
^ 

7 ^ ^ V ^. - , »^. | 

250X Electrolytic 10 Per Cent Oxalic Etch RM8458 

b. Cold Pressed at 50 Tsi 

Note gray Cr203 particles. 

FIGURE 6. EFFECT OF COMPACTING PRESSURE ON THE REDUCTION OF Cr203 IN COMPACTS 
OF 18-14-2.5 ALLOY 

Compacts were sintered 48 hr at 2200 F in dry hydrogen and coined at 50 tsi. 
Porosity is visible in both specimens. 
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before extensive s inter ing can occur even when the compact is cold p r e s s e d at high p re s ­
s u r e s . As an example , the wors t conditions under which C r 2 0 3 - f r e e compacts were 
produced after cold p re s s ing at 15 t s i consis ted of s inter ing with a max imum dew point 
of -10 F which r ecovered to -17 F at 2300 F , while the wor s t conditions under which 
C r 2 0 3 - f r e e compacts were produced after cold p re s s ing at 35 t s i consis ted of s inter ing 
with a m a x i m u m dew point of -35 F which r ecove red to -42 F at 2300 F . 

TABLE 3. E F F E C T OF COMPACTING PRESSURE ON DENSITY AND 
DEGREE O F C r 2 0 3 REDUCTION IN 18-14-2 . 5 ALLOY 

Compacting P 
t s i 

10 

20 

30 

40 

50 

r e s s u r e . Densi ty, 
Green 

60 .2 

66 .8 

73 .0 

78 .6 

82 ,6 

p e r cent of the 
Sinteredl^-) 

85 .6 

87. 5 

89 .0 

90 .6 

91 ,0 

o re t i ca l 
Coinedlb) 

9 3 . 8 

93 .9 

94. 2 

94 .5 

94. 5 

Thickn 
Free 

ess of C r 2 0 3 -
L a y e r , in. 

0, 134 

0.070 

0.054 

0.030 

0.025 

(a) sintered 48 ht at 2200 F. 
(b) Coined at 50 tsi. 

The f u r n a c e ex i t d e w p o i n t i s d e p e n d e n t upon bo th t he d r y n e s s of t he e n t e r i n g 
h y d r o g e n and the w e i g h t of m a t e r i a l c h a r g e d in t he f u r n a c e . H y d r o g e n w i t h a - 1 0 0 F d e w 
p o i n t c a n be r e a d i l y o b t a i n e d by p a s s i n g t a n k h y d r o g e n t h r o u g h a p u r i f i c a t i o n s y s t e m 
c o n s i s t i n g of (1) a p a l l a d i u m c a t a l y s t w h i c h c o n v e r t s o x y g e n to w a t e r v a p o r , (2) an 
a c t i v a t e d - a l u m i n a d r y i n g t o w e r , and (3) a m o l e c u l a r - s i e v e ( s y n t h e t i c z e o l i t e p r o d u c e d by 
L i n d e C o m p a n y ) d r y i n g t o w e r . A s ox ide i s r e d u c e d t he h y d r o g e n dew p o i n t i n c r e a s e s , 
b u t if only a s m a l l a m o u n t of w a t e r v a p o r i s p r o d u c e d t h e e x i t d e w p o i n t w i l l q u i c k l y 
r e c o v e r to a low v a l u e . I n c r e a s i n g t h e f u r n a c e c h a r g e i n c r e a s e s the a m o u n t of w a t e r 
v a p o r p r o d u c e d and i t m a y not be p o s s i b l e to o b t a i n a low dew p o i n t e v e n w h e n h igh h y d r o ­
g e n flow r a t e s a r e u s e d . F o r a f u r n a c e c o n t a i n i n g a ho t zone of 4 in . i n d i a m i e t e r by 
15 in . long and a h y d r o g e n flow r a t e of a p p r o x i m a t e l y 15 ft-^ p e r h r , t he m a x i m u m d e w 
p o i n t and the r e c o v e r y dew p o i n t a r e s h o w n in T a b l e 4 for 25 w / o U 0 2 - * s t a i n l e s s 
c o m p a c t s of s e v e r a l w e i g h t s . 

S i n t e r i n g t i m e s and t e m p e r a t u r e s , a l t h o u g h m o r e i m p o r t a n t f r o m the s t a n d p o i n t of 
d e n s i f i c a t i o n , a r e o t h e r f a c t o r s w h i c h af fec t t he r e d u c t i o n of C r 2 0 3 . The ef fec t of t i m e 
c a n be i l l u s t r a t e d by the c u r v e s in F i g u r e 7 . The r a t e of d e n s i f i c a t i o n i s v e r y r a p i d in 
the f i r s t 2 to 4 h r b u t t h e r e a f t e r long t i m e s a r e r e q u i r e d to obtaiin an a p p r e c i a b l e g a i n in 
d e n s i t y . The r e d u c t i o n of C r 2 0 3 i s a l s o m o r e r a p i d in t he e a r l y s t a g e s w h e n d i f fus ion of 
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FIGURE 7. E F F E C T OF SINTERING TIME AT 2200 F ON DENSITY AND DEGREE 
OF C r 2 0 3 REDUCTION OF ELEMENTAL 18-14-2 . 5 ALLOY MIXTURES 
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the hydrogen and water vapor is ixiore rapid. The r e su l t s indicate that even though long 
per iods of t ime a re requ i red reduct ion will continue until all C r 2 0 3 is removed. How­
ever , it is possible that as the C r 2 0 3 is reduced a dense surface l aye r of s in te red alloy 
will be formed and the diffusion of wate r vapor from the center of the core will be at a 
low r a t e . In one s e r i e s of s p e c i m e n s , for which the data a re l is ted in Table 5, this b e ­
havior has occur red . 

TABLE 4. E F F E C T OF SPECIMEN WEIGHT ON 
FURNACE EXIT DEW P 0 I N T ( 3 - ) 

Total Specimen Weight, g Maximum Dew Poin t , F Recovery Dew Poin t , F 

50 -49 -56 

128 - 3 5 - 4 9 

252 - 1 6 - 2 9 

504 -1 - 1 4 

(a) Specimens of 25 w/o UOo in an elemental matrix of iron-18 w/o chromium-14 w/o nickel-2.5 w/o molybdenum sintered b) 
a technique described m Appendix A. 

The effect of inc reas ing the s inter ing t e m p e r a t u r e is m o r e complex. Diffusion is 
m o r e rapid and densif icat ion, homogenization of the a l loy, and reduct ion of the C r 2 0 3 
a r e promoted . However , at t e m p e r a t u r e s above 2300 F , a c e r a m i c muffle was used and 
contamination occur red m o r e readi ly than when a Inconel muffle was used . Also the 
interconnect ing po re s near the outside surfaces of the compact apparent ly were closed 
before the C r 2 0 3 was completely reduced , and t h u s , even though a higher dew point can 
be to le ra ted at higher t e m p e r a t u r e s , the data in Table 5 do not indicate that there is a 
significant reduct ion of C r 2 0 3 due to an i n c r e a s e in t e m p e r a t u r e above 2300 F . 

The mos t p r ac t i c a l method of reducing the C r 2 0 3 is a s t ep - s in te r ing p rocedure 
which allows the use of c o m m e r i c a l hydrogen furnaces and commerc ia l ly available me ta l 
powders . The method r e q u i r e s a 1600 F s inter ing t r e a t m e n t and a slow heating to the 
max imum sinter ing t e m p e r a t u r e . At 1600 F no extensive densification occu r red and with 
low-densi ty c o m p a c t s , hydrogen flow through the compact was sufficient to reduce m o s t 
of the i ron oxide before i t could be conver ted to 0 x 2 0 2 . The low heating ra t e allows con­
tinuous reduct ion of the oxides before rapid s inter ing at high t e m p e r a t u r e s sea ls the 
po re s and lowers the ra te at which hydrogen diffuses into the specii-nen and water vapor 
diffuses out. By p re s s ing at 10 t s i , C r 2 0 3-free compacts were obtained by step s i n t e r ­
ing to 2200 F , but the green s t rength of the compacts was poor and a total of 28 hr (18 hr 
at 1600 F , 6 hr heating to 2200 F , 4 hr at 2200 F) was requ i red . A 2300 F s inter ing 
t e m p e r a t u r e cut the total t ime requi red to 18 hr (12 hr at 1600 F , 4 hr heating to 2300 F , 
2 hr at 2300 F) and pe rmi t t ed cold compacting at 15 t s i . When annealed i ron powder con­
taining 0. 25 w / o oxygen was u s e d , the t ime requ i red was lowered to 10 hr (4 hr at 
1600 F , 4 hr heating to 2300 F , 2 hr at 2300 F) for compacts cold p r e s s e d up to 30 t s i . 
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TABLE 5. EFFECT OF SINTERING TIME AND TEMPERATURE ON DENSITY AND DEGREE OF 0 2 % REDUCTION 

Nominal Composition 
(Balance Iron), w/o 

18 Cr-14 Ni-29 5 Mo 

18 Cr-9 Ni 

18 Ct-14Ni-2.5 Mo 

18 Cr-8 Ni 

Time, 
hr 

2 

4(b) 

48 

96 

144 

2 

4Cb) 

48 

96 

144 

2 

2 

2 

2 

Temperature, 
F 

2200 

2200 

2200 

2200 

2200 

2200 

2200 

2200 

2200 

2200 

2300 

2400 

2300 

2400 

per 
Green 

59.2 

57.0 

60^2 

58.3 

58.5 

59.7 

57.4 

59.8 

58.3 

57.8 

61.0 

60.0 

59.5 

58.7 

DensityCa), 
cent of theoretical 

Sintered 

77.0 

76.4 

86.0 

89.5 

89.4 

77.6 

75.7 

84.9 

90.8 

90.4 

80.2 

82,6 

77.7 

81.6 

Coined 

87.0 

91.0 

93.8 

94.3 

96.5 

84.5 

87.5 

86.8 

93.4 

96.6 

88.9 

91.7 

87.6 

90.0 

Thickness of Cr203-
Free Layer, in. 

0.058 

0.185 (no Cr203)Cc) 

0.122 

0.148 

0.129 

0.027 

0.140Cc) 

0.096 

— 

0,187 (no Cr20g) 

0.074 

0.067 

0.067 

0.057 

(a) Green compacting pressure of 10 tsi and coining pressure of 50 tsi. 
(b) Specimen sintered by holding 18 hr at 1600 F and heating at 100 F per hr to 2200 F and holding at temperature for 4 hr. 
(o) Thickness cannot be compared directly with other specimens since a step-sintering technique was used. 
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If it is des i r ed to obtain a homogeneous s in te red al loy, long s inter ing t imes a re 
r equ i red . T imes on the o r d e r of 150 hr at 2200 F , or 60 to 70 hr at 2300 F a re n e c e s ­
s a ry for placing al l the ch romium in solution. This p r o c e s s is not readi ly adaptable to 
quantity production of fuel e l emen t s . However , as d i scussed in a l a te r sec t ion , it is 
poss ib le to dissolve the ch romium at a much higher ra te by heat t rea t ing after hot ro l l 
cladding. The re fo re , it is des i rab le to use the s t ep - s in te r ing technique even thoiigh the 
p r e s e n c e of free chromium and c h r o m i u m - r i c h f e r r i t e may be detected in the a s -
s in tered spec imens . Other than the r emova l of the C r 2 0 3 film surrounding the c h r o ­
m i u m p a r t i c l e s and the use of a re la t ive ly high s in ter ing t e m p e r a t u r e (2300 F ) , the con­
t r o l of chromium powder pa r t i c l e s ize is the mos t impor tant factor in the dissolut ion of 
chromium. As shown in F igure 8, the m o s t favorable r e su l t s a re obtained with minus 
400-mesh chromium powder , but sa t i s fac tory r e su l t s a re obtained with minus 325-mefah 
powder . 

As shown in Table 6, additions of UO2 have some effect on densification. P rev ious 
workl'-) has shown that a pronounced i nc rea se in poros i ty occur s when smal l UO2 p a r t i ­
cles (1 to 5 ju) a re added, but the i nc rea se is not g rea t when la rge UO2 pa r t i c l e s a re 
used. The data do ind ica te , however , that there is a tendency for densi ty to d e c r e a s e 
with dec reas ing UO2 par t i c l e size and inc reas ing loading. 

P rea l loyed Sta inless Steel 

Because of the tendency for g reen prea l loyed compacts to b reak up when handled, 
only compacts p r e s s e d at 30 t s i or higher were used . Most of the spec imens contained 
25 w / o UO2 and very li t t le work was done with unfueled compac ts . Information on s in­
t e red compact d e n s i t i e s , mechan ica l p r o p e r t i e s , and m i c r o s t r u c t u r e s has been repor ted 
by Grobe and Roberts i^) for Types 302B, 316, 318, 318 Si , and 431 s ta in less prea l loyed 
powders . 

P rea l loyed powders were s in tered in hydrogen a tmosphe res by the s imple p r o c e ­
dure of loading compacts d i rec t ly into the hot zone at the s inter ing t e m p e r a t u r e , holding 
at t e m p e r a t u r e for 2 to 4 h r , and cooling rapidly in the furnace cold zone. 

One of the major advantages usual ly cited for prea l loyed powder is the homogene­
ous s t ruc tu re which can be obtained without extensive diffusion. However , an examina­
tion of the chemical composit ion of Type 318 prea l loyed powder shows a high si l icon con­
ten t , and i t would be expected that during the s in ter ing opera t ion , the si l icon would 
p romote the formation of f e r r i t e , pa r t i cu la r ly if the carbon content i s reduced with the 
hydrogen a tmosphe re . The high si l icon content is usual ly des i rab le because of the in­
c r e a s e d moldabil i ty and green s t rength of the powders as compared with powders with 
l i t t le or no si l icon. If a low-s i l i con-bear ing powder is u s e d , the formation of f e r r i t e can 
be prevented but , due to oxygen contamination during the shotting p r o c e s s , the spec imens 
will contain c h r o m i u m - r i c h c h r o m i u m - i r o n ox ides , as shown in F igure 9. Even when 
complex s inter ing techniques a re u s e d , it is difficult to completely reduce these oxides . 
As i l lus t ra ted in F igure 10, the s t ep - s in t e r ing p rocedure developed for reducing C r 2 0 3 
in e lementa l s ta in less s tee l m a t r i c e s did not r e su l t in complete reduct ion of the C r 2 0 j 

CONFIDENTIAL 

============ 
============

============= 
=============



CONFIDENTIAL 

24 

. . J * 

' ^ ^ ^ " " ^ • - , . - ' ' ,^-?/ -
*% 

% 

250X 10 Per Cent Oxalic Etch 

a. Minus 200 Plus 325-Mesh Electrolytic Chromium Powder 

- X > 

RMH407 

250X 10 Per Cent Oxalic Etch 

•^JT 
RM11408 

b . Minus 326-Mesh Electrolytic Chromium Powder 

C^-

250X 10 Per Cent Oxalic Etch RM11409 

c. Minus 400-Mesh Electrolytic Chromium Powder 

FIGURE 8. EFFECT OF CHROMIUM PARTICLE SIZE ON THE STRUCTURE OF 18-14-2. 5 ALLOYS STEP 
SINTERED TO 2300 F 

Note that chromium dissolution increases with decreases in particle size. 
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TABLE 6. E F F E C T OF UO2 LOADING AND PARTICLE SIZE ON 
SINTERABILITY OF 18-14-2. 5 ALLOY 

UO2 P a r t i c l e Dens i ty , p e r cent of theore t ica l 
UO2, w/o S ize , /i Green Sintered(a-) ""Coinedft*) 

15 
25 
35 
15 
20 
30 
35 
25 
25 
25 
25 

„ . 

<44 
<44 
<44 

74-149 
74-149 
74-149 
74-149 

105-149 
74-149 
53-74 
44-53 

65. 7^^^ 
63.8Cc] 
64. 5(c) 
66.0CC) 
64. sCc] 
65. l(c) 
66. 2(c] 
65. 0(c) 
81.6(d) 
82. 2(d] 
80. 5(d) 
81.8(d) 

77 .9 
72 .5 
70 .3 
69 .3 
75 .2 
73 .5 
7 2 , 4 
71 .6 
83 .6 
84 .0 
81.7 
82. 1 

89.7 
86.0 
85 .3 
83.0 
86 .0 
85 .9 
85.0 
83 .8 
89 .2 
89. 1 
8 8 . 4 
88 .3 

(a) Step sintered to 2300 F by process described in Appendix A. 
(b) Coined at 50 isi. 
(c) Compacted at 15 tsi. 
(d) Compacted at 50 tsi. 
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*# . I- < v * •> 

500X As Polished N61830 
'* ,-^ 

FIGURE 9. CHROMITE IN LOW-SILICON PREALLOYED TYPE 318 STAINLESS STEEL DUE TO OXYGEN 
CONTAMINATION OF THE POWDER DURING THE SHOTTING PROCESS 

• Chromite 

250X As Polished RM11176 

FIGURE 10. CHROMITE IN LOW-SILICON PREALLOYED TYPE 318 STAINLESS STEEL SPECIMEN STEP 
SINTERED TO 2300 F 

The step-sintetmg procedure developed for reducing Cr203 in elemental stainless 
matrices did not result in complete reduction of the 01203 contained in die low-silicon 
prealloyed powder. 
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contained in the low-s i l icon prea l loyed powder . N e v e r t h e l e s s , since the disadvantage of 
using s ta in less s tee ls which contain smal l amounts of a secondary phase has not been 
c lea r ly demons t r a t ed , the use of the prea l loyed powder was not e l iminated on this b a s i s . 

Sintering studies were d i rec ted toward the production of compacts with a max imum 
of 15 pe r cent poros i ty and with a min imum of secondary phase s . Sintering t e m p e r a t u r e s 
as low as 2100 F were cons idered as a means of dec reas ing the decarbur iza t ion . How­
e v e r , since fe r r i t e could s t i l l be de tec ted , as shown in F igure 11 , and since double s in­
te r ing was requ i red to obtain the min imum dens i ty , no dis t inct benefit was gained by 
s in ter ing at 2100 F . At 2300 F la rge amounts of l a rge fe r r i t e g ra ins were formted, while 
at 2200 F the fe r r i t e was usual ly p r e s e n t as s m a l l e r p r e c i p i t a t e s , but the actual amount 
var ied from 5 to 20 volume p e r cent. Pho tomicrographs which show the p r e s e n c e of 
f e r r i t e a re p resen ted in F igure 11. In addition to select ive e t c h e s , a colloidal suspension 
of Fe-jO^ was placed on the specimen and a magnet ic field applied for identification of 
f e r r i t i c a r e a s . Confirmation of r e su l t s was obtained by X - r a y diffraction. The low-
sil icon Type 318 s ta in less s teel may contain 10 to 15 volume per cent chromite after fab­
r i ca t ion , as shown in F igure 9. Thus , the percen tage of nonmetal l ic pa r t i c l e s may be 
i n c r e a s e d from the 19 vokxme p e r cent due to UO2 to a to ta l of approximately 30 volume 
pe r cent. 

Fo r the prea l loyed p o w d e r s , no change in composit ion of individual pa r t i c l e s occur s 
during s in ter ing; t h e r e f o r e , it is not n e c e s s a r y to se lec t a pa r t i c le s ize which p romotes 
diffusion of the a toms beyond the dis tance n e c e s s a r y to obtain a dense compact . How­
e v e r , as shown in Table 7 , the pa r t i c l e s ize m a y have sonae effect on the s in tered den­
s i ty , but special blends did not grea t ly improve the s interabi l i ty over that of the a s -
rece ived minus 100-mesh powder . Screen ana lyses of a s - r e c e i v e d powders a re l is ted in 
Table 8. 

Data l is ted in Table 9 show that UO2 of the pa r t i c l e s izes tes ted did not grea t ly 
affect the s in terabi l i ty of prea l loyed powders . There appeared to be a slight tendency 
for i nc reased U O T loading and dec rea sed UO2 par t i c l e s izes to d e c r e a s e the dens i ty , but 
the var ia t ion in density was within no rma l l imi t s of compacts produced under s imi l a r 
condit ions. 

ROLL-CLADDING STUDIES 

Long, thin p la tes of UO^-s ta in less s tee l d i spe rs ions clad with s ta in less s tee l can 
be m o r e readi ly produced by ro l l -c ladding p rocedu re s than by other commonly used fab­
r ica t ion methods . Roll cladding offers advantages other than ease of fabricat ion such as 
increas ing the core dens i ty , improving homogeneity of the c o r e , and decreas ing fuel 
segregat ion . However , s eve ra l d isadvantages inherent in the p r o c e s s tend to produce 
s t r i nge red and f rac tured U O T p a r t i c l e s . Var ia t ions in hot ro l l ing , cold ro l l ing , and heat 
t r ea tmen t can be made to improve the appearance of the UO2 d i spe r s ion , but other fac ­
t o r s such as core- to-c ladding bond s t r eng th , me ta l gra in s i z e , and surface finish m u s t 
a lso be cons idered . Thus , optimum p r o c e d u r e s for ro l l cladding wil l not n e c e s s a r i l y 
produce the bes t poss ible UO2 d i spe rs ion . 
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Fernte 

. ' * 

•» • 

•^ . " ' • ' - J >-"« 

1 ^ 

r ^:4-' -r7r 
* ' » - " ^ • » • 

250X Glycena Regia Etch N53886 lOOOX Glycena Regia Etch N44912 

a. 25 w/o UO2 m Type 318 Stainless Sintered 3 Hr at 2100 F b. 25 w/o UO2 m Type 318 Stainless Sintered 4 Hr at 2200 F 
and annealed at 2060 F. and annealed at 190aF. 

No UO2 visible. 

Fernte 

. ^ » - « . . . , 

250X Glycena Regia Etch RM10155 250X Glycena Regia Etch RM10157 

c. 25 w/o UO2 m Type 318 Stainless Sintered 2 Hr at 2300 F 
and annealed at 2050 F. 

d. 25 w/o UOg m Type 302B Stainless Sintered 2 Hr at 
and annealed at 2050 F. 

FIGURE 11. PRESENCE OF FERRITE IN UO2-STAINLESS STEEL DISPERSIONS 

All specimens were hot tolled at 2200 F and cold rolled. White 
secondary phase is fernte. 
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TABLE 7. E F F E C T OF METAL POWDER SIZE ON THE SINTERABILITY OF 
UO2-TYPE 318 PREALLOYED STAINLESS STEEL COMPACTS 

Powder P a r t i c l e Size, JL Dens i ty , p e r cent of theore t ica l 
UO2, w / o UO2 Type 318 Green(a) 

75 .3 
76 .5 

76 .6 
73 .3 
77 .5 
72 ,6 
73 ,9 
71.0 

Sintered 

76.9(c) 
77. 4Cc) 

79, 0(c) 
76.8(c) 
81.3(d) 
75, 0(d) 
79. 7(e) 
80.0(e) 

CoinedCb) 

84 .0 
84 .0 

84 .5 
83.0 
86 .8 
81 ,8 
8 4 . 4 
8 4 . 4 

25 
25 

25 
25 
20 
20 
25 
25 

74-105 
74-105 

74-105 
74-105 
53-74 
53-74 
74-105 
74-105 

As r e c e i v e d , <149 
10 w/o <44, 10 w/o 4 4 - 5 3 , 

80 w/o 105-149 
20 w/o <44, 80 w/o 105-149 
80 w/o <44, 20 w / o 105-149 
As r ece ived , <149 
80 w/o <44, 20 w/o 105-149 
37-44 
<̂ 37 

(a) Compacted at 50 tsi. 
(b) Coined at 50 tsi. 
(t) Sintered at 2100 F. 
(d) Sintered at 2200 F. 
(t) Sintered at 2300 F. 

T A B L E 8. S C R E E N ANALYSIS O F P R E A L L O Y E D 
S T A I N L E S S S T E E L P O W D E R S 

M e s h S ize 

+ 100 
- 1 0 0 + 1 4 0 
- 1 4 0 + 2 0 0 
- 2 0 0 + 3 2 5 
- 3 2 5 

302B 

„ „ . 

- -
3 . 5 

5 5 , 8 
4 0 . 7 

D i s t r i b u t i o n i n I n d i c a t e d M e t a l 
P o w d e r , 

347 

0 . 6 
19. 1 
2 2 . 0 
40, 1 
1 8 , 2 

w / o 
318 

0 . 3 
1 8 . 4 
2 4 , 8 
2 7 . 5 
Z9. 0 

318 Si 

0 . 5 
1 1 . 7 
2 2 . 9 
3 1 . 2 
3 3 . 7 
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T A B L E 9. E F F E C T O F UO2 LOADING AND P A R T I C L E S I Z E 
ON S I N T E R A B I L I T Y O F T Y P E 318 P R E A L L O Y E D 
S T A I N L E S S S T E E L P O W D E R S 

U 0 2 ^ w / o 

15 

25 

35 

20 

30 

35 

0 

20 

20 

20 

20 

P o w d e r 
P a r t i c l e S i z e , jj. 

UO2 

< 4 4 

< 4 4 

< 4 4 

7 4 - 1 4 9 

7 4 - 1 4 9 

7 4 - 1 4 9 

— 

105-149 

7 4 - 1 0 5 

5 3 - 7 4 

4 4 - 5 3 

(a) Compacted at 50 tsi. 
(b) Sintered at 2200 F for 4 hr. 
(c) Coined at 60 tsi. 

Type 318 

5 3 - 7 5 

5 3 - 7 5 

5 3 - 7 5 

5 3 - 7 5 

5 3 - 7 5 

5 3 - 7 5 

< 1 4 9 

< 1 4 9 

< 1 4 9 

< 1 4 9 

< 1 4 9 

Dens 
G r e e n i ^ l 

8 0 . 1 

8 0 . 4 

8 0 , 4 

7 9 . 4 

8 0 . 4 

8 0 . 0 

7 7 , 0 

7 7 . 4 

7 7 , 7 

77 . 5 

7 8 . 6 

j i t y . p e r c e n t of the 
Sin te reditu) 

8 0 . 5 

8 1 . 0 

8 1 . 0 

8 0 . 5 

8 1 . 0 

8 0 . 5 

7 7 . 8 

8 2 . 5 

8 1 , 4 

8 1 , 3 

8 1 . 0 

o r e t i c a l 
Co ined(c ) 

8 7 . 8 

8 7 . 2 

8 6 . 0 

86 . 3 

8 6 . 5 

8 6 , 7 

87 . 3 

8 6 . 8 

8 6 . 8 

8 6 . 8 

8 8 , 2 
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Hot Rolling 

The hot-rol l ing operat ion s e rves the purposes of creat ing a meta l lu rg ica l ly sound 
core - to -c ladd ing bond, densifying the c o r e , and extending the plate to ve ry near i ts final 
length. Fac to r s which have been cons idered include p i c t u r e - f r am e pack des ign , furnace 
a t m o s p h e r e s , roll ing t e m p e r a t u r e s , r a t e s of reduc t ion , and total reduction. 

Components of a p i c t u r e - f r a m e pack of the type used in this study a re shown in 
F igure 12. In product ion it would probably be m o r e des i rab le to use a one-piece frame 
with a sma l l rad ius at each inside c o r n e r , but because of frequent changes in core d i ­
m e n s i o n s , exper imenta l work can be conducted fas te r and cheaper with s q u a r e - c o r n e r 
split d ies and s q u a r e - c o r n e r two-piece p ic ture f r a m e s . The interlocking design a s s u r e s 
a me ta l lu rg i ca l bond between the two f rame components , as shown by the rad iograph and 
photomicrograph in F igure 13. It was cons idered n e c e s s a r y to use an evacuated 
pack since development studies were made for p la tes to be used at t e m p e r a t u r e s on the 
o r d e r of 1500 F and core - to -c ladd ing bonds of the highest integri ty were requ i red . Good 
core - to -c ladd ing bonds can be produced without evacuated p a c k s , but fai lures frequently 
occur and a b l i s t e r anneal or nondest ruct ive t e s t s mus t be depended upon to locate p la tes 
with defec t s , and, thus f a r , no t e s t is being applied to U 0 2 - s t a i n l e s s p la tes which can 
detect sma l l defects . In this invest igat ion over 400 p la tes were fabricated in evacuated 
packs . More than 50 of these p la tes were subjected to meta l lographic examination along 
the full length of the core and an additional 150 to 200 p la tes were examined in random 
locat ions . In no case was a defective core - to -c ladd ing bond detected. B l i s t e r s did occur 
in four p l a t e s . Of t h e s e , welds broke on the f i r s t roll ing pa s s in two cases and an evacu­
ation s tem broke on one pack during the f i r s t p a s s , Metal lographic examination indicated 
the failure of the fourth pack may have been due to imprope r cleaning of the components 
before welding. In o rder to remove al l entrapped gases packs were evacuated at 500 to 
600 F and the s t ems were forged closed. 

When roll ing t e m p e r a t u r e s on the o rde r of 2200 F were used it was n e c e s s a r y to 
control the furnace a tmosphere in o r d e r to p reven t excess ive scaling of the s ta in less 
s tee l . F igure 14 shows the effect of roll ing from a i r , hydrogen, and argon a tmosphe re s . 
Forming gas was a lso t e s t ed , but r e su l t s were poo re r than obtained with argon. The 
hydrogen a tmosphere resu l ted in the formation of a thin adherent oxide film which could 
be eas i ly removed after hot roll ing by pickling in a w a r m solution of 5 p a r t s H F , 15 p a r t s 
HNO3, and 80 pa r t s wate r for 5 min. It was not n e c e s s a r y to d ry or otherwise purify 
tank hydrogen for the rol l ing; however , a f lash-back a r r e s t e r was placed in the line b e ­
tween the furnace and hydrogen tank. 

Rolling t e m p e r a t u r e s in the range 1900 to 2200 F were invest igated. Good c o r e - t o -
cladding bonds can be achieved at any t e m p e r a t u r e in this range but core s t r uc tu r e s vary 
with the t e m p e r a t u r e . As shown in F igure 15, the individual UO2 pa r t i c l e s a re m o r e 
severe ly broken up and s t r ingered and fewer pa r t i c l e s a re completely surrounded by 
m a t r i x m e t a l in p la tes rol led at 1900 F than in p la tes at 2200 F . For compar i son of the 
m i c r o s t r u c t u r e s shown, the f ine , d a r k , s t r i nge red prec ip i ta te which was identified as 
C r 2 0 3 should not be cons idered . Since the spec imens were s in te red at 2200 F , all of the 
C r 2 0 3 was not reduced. As shown in F igure 16, s imi l a r r e su l t s a re obtained with p r e ­
alloyed powders but a m o r e severe f rac tur ing of UO2 occurs at all t e m p e r a t u r e s . The 

CONFIDENTIAL 

============ 
============

============= 
=============



CONFIDENTIAL 

32 

1/2X RM9344 

FIGXJSE 12. COMPONENTS OF A STAINLESS STEEL PICTURE-FRAME PACK 
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Bond line 
a. Positive Print of Radiograph 

F512 

.'-̂ ^ 
• * . ! 

I 
250X RM11418 

b. Structure of liiteitace Paialkl With Rolling Direction 

MGURE 13. METALLURGICAL BOND OBTAINED WITH TWO-PIECE INTEM-OCklNG PICIURE 
FRAME 4F'lERROLLIN(r 
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fif*̂ ^ '̂ ŷ *̂*̂  •4 - . « •? • ^ ' " - ' s ; 

RM11400 

a. Rolled in Air (Appearance Before Pickling) 

RM11402 

b. Rolled m Argon (Appearance Before Picklmg) 

. ^ - ^ 

V 
RM11401 

c. Rolled m Hydrogen (Appearance Before Picklmg) 

FIGURE 14. OXIDE SCALE AND PICKLED SURFACE «• TYPE 318 STAINLESS ROLLED AT 2200 F IN 
ATMOSPHERES OF AIR, ARGON, AND HYDROGEN 

\s can be seen m the photographs, best lesttlts WL,re obtained with the hydrogen 
atmospherej the thm oxide layer was easily removed by picklmg. 
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a. Rolled in Air (Appearance After Pickling) 

b. Rolled in Argon (Appearance After Pickling) 

c. Rolled in Hydrogen (Appearance After Pickling) 

FIGURE 14. (Continued) 

RMll'. 

RM11405 
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As Polished RM8736 lOOX As Polished RM8735 

a. Hot RoUed at 1900 F b . Hot RoUed at 2000 F 

"4 
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Ct203 
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lOOX 
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»• ^^..•-«-T^"l#-lff 

As Polished 

, ^ ~ \ > * H! ^ 
t^„» 

RM8734 lOOX 
m^ 

As Polished 

t 

RM8733 

c. Hot Rolled at 2100 F d. Hot Rolled at 2200 F 

FIGURE 15. EFFECT OF HOT-ROLLING TEMPERATURE ON THE FRACTURING AND STRINGERING OF 
UOg PARTICLES IN AN 18-14-2 ,5 ALLOY MATRIX 

At the lower rolling temperature, the individual UOg particles are more severely broken 
up and stringered and fewer particles ate completely surrounded by matrix me ta l . Since 
all of the specimens were sintered at 2200 F , al l of the CraOg, evident m the micro-
structures as a fine, dark, stringered precipi ta te , was not reduced and should not be 
considered when comparing the microstructures. Voids m UO2 particles are due to 
metallographic pull-out Specimois were sintered at 2200 F and hot roll clad to a r e ­
duction of 6 to 1 in thickness, annealed for 2 hr at 2000 F, and cold reduced 20 per 
cent m thickness. 
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lOOX As Polished 

a. Hot Rolled at 1900 F 

. - , • * 

RM8919 

H '*"'"'''̂ ** 

%̂  

lOOX 

* 

As Polished 

c. Hot Rolled at 2100 F 

RM8921 

lOOX As Poli&ed 

b. Hot Rolled at 2000 F 

RM8920 

» . ^ ' * ^ - ' f. i 
«^'*^ 

i% ^ 

lOOX As Polished 

d. Hot Rolled at 2200 F 

RM8922 

FIGURE 16. EFFECT OF HOT-ROLLING TEMPERATURE ON THE FRACTURING AND STRINGERING OF UOg 
PARTICLES IN A PREALLOYED TYPE 318 STAINLESS STEEL MATRIX 

Note tliat more severe fracturing of UO2 occurs with prealloyed powders than with elemental 
powders (Figure 16). Specimens were sintered at 2200 F, hot roll clad to a reduction of 
6 to 1 m thickness, annealed 2 hr at 2000 F, and cold rolled to a 20 per cent reduction m 
thickness. 
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t e m p e r a t u r e s d i scussed above a re furnace t e m p e r a t u r e s . The actual t empe ra tu r e of the 
plate dropped approximate ly 200 F as it pa s sed through the r o l l s . The t empe ra tu r e of 
the plate after pass ing through the ro l l s was approximately 350 F lower . 

The ra te of reduct ion used on the f i r s t p a s s can be re la ted to the final core s t r u c ­
ture and the f i r s t p a s s is probably the m o s t impor tant pass as far as achieving a good 
core - to -c ladd ing bond is concerned. Good core - to -c ladd ing bonds a r e obtained for a 
wide range of ini t ial reduct ion r a t e s . P r ev ious work'^^ has indicated that if an ini t ial 
reduct ion in th ickness of 10 p e r cent is used the re is a g r e a t e r tendency for s t r inger ing 
of UO2 pa r t i c l e s and the co re - to -c l add ing bond is not as good as when init ial reduct ions 
of 25 to 50 p e r cent in th ickness a r e used . As shown in F igure 17, the effect on m i c r o -
s t ruc tu re is not g r e a t , but it appears to be beneficial to use higher ini t ial r a t e s of r educ ­
tion. Although good s t r u c t u r e s were obtained when a 50 p e r cent reduction in th ickness 
was used on the f i r s t p a s s , no improvement in s t ruc tu re was obtained by using a higher 
reduct ion ra t e than 40 per cent in th ickness on the f i rs t p a s s . Sat isfactory resu l t s were 
obtained when a 20 pe r cent reduct ion in thickness was used for al l remaining p a s s e s . 
No significant improvement was noted when a 10 pe r cent reduct ion in thickness pe r pass 
was used after the ini t ial p a s s . 

An i n c r e a s e in to ta l reduct ion tends to i n c r e a s e f ractur ing and s t r inger ing of UO2 
p a r t i c l e s . However , in the range considered (5 to 1 to 8 to 1 total reduct ion in thickness) 
the effect was s m a l l , but even in the mos t seve re case the final core thickness was five 
t imes the or ig ina l d i amete r of the l a r g e s t UO2 par t i c le used . 

After annealing at the roll ing t e m p e r a t u r e for 1 h r , fine equiaxed gra ins were ob­
tained in both prea l loyed and e lementa l core m a t r i c e s . In the e lementa l m a t r i c e s 
s t r i n g e r s of c h r o m i u m - r i c h a r e a s could be detected, while from 5 to 20 volume pe r 
cent of f e r r i t e could be seen in the prea l loyed m a t r i c e s . The cladding m a t e r i a l con­
s is ted of l a r g e r fully annealed gra ins containing coa r se niobium ca rb ide -n i t r ide com­
plex pa r t i c l e s as well as the fine NbC prec ip i t a t e . Additional d i scuss ion of the rol led 
s t ruc tu re is included in the section on heat t r ea t ing . 

Cold Rolling 

Close to le rances placed on fuel-e lement t h i cknes s , s t r a igh tness of c o r e , and s u r ­
face finish can be m e t only when a cold-ro l l ing opera t ion i s included in the fabricat ion 
p r o c e s s . However , cold roll ing can also cause severe f ractur ing and s t r inger ing of UO2 
p a r t i c l e s . Var ia t ions in s inter ing i ncu r r ed during hot rol l ing can be completely ignored 
if cold reduct ion is l a rge . 

The effect of cold work on the appearance of the UO2 d i spers ion is i l lus t ra ted in 
F igure 18. Cold work also tends to d e c r e a s e core dens i t ies slightly as shown in Table 10 
In addit ion, mechan ica l s t rength d e c r e a s e s as a r e su l t of the change in s t r u c t u r e . The 
r o o m - t e m p e r a t u r e tens i le s t r eng th of the specimens shown in F igure 18 (measured in the 
th ickness direct ion) d e c r e a s e d from 13,800 ps i for the 14. i pe r cent cold-worked spec i ­
m e n to 8,600 ps i for the 69 p e r cent cold-worked spec imen. 
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As Polished RM8922 

a. 30 Pet Cent First Pass 
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lOOX 
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As Polished RM8319 

b. 30 Per Cent First Pass 

25 w/o UO9 in prealloyed Type 318 matrix; minus 140 plus 
200-mesh UOg. 

25 w/o UOg in 18-14-2.5 elemental matrix minus 100 plus 
140-mesh UO„. 

lOOX 

"' ^ w. '^-W* 

;^^ - . i^» . 

. i # : , 1 % ' , 

^.:" v'--

sfW^.; 

As Polished 

c. 40 Pet Cent First Pass 

RM8924 lOOX As Polished 

d. 40 Per Cent First Pass 

RM8565 

25 w/o UOg in prealloyed Type 318 matrix; minus 140 plus 
200-mesh UO2. 

25 w/o UO2 m 18-14-2,5 elemental matrix; minus 100 plus 
140-mesh UO2. 

FIGURE 17. EFFECT OF INITIAL RATE OF REDUCTION ON FINAL CORE STRUCTURE 

A slight improvement In mictosttucture Is evident in the specimens 
given the heavier initial reduction. 
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lOOX As Polidied RM8317 

a. Before Cold RoUmg 
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^.. "̂  "'' «%»^ss ^ 

lOOX As Polished RM8325 

b. After 14.3 Per Cent Reduction m Thickness 

.^ . .. > ^^ 

lOOX As Polished RM8318 

c. After 69 Per Gent Reduction m Thickness 

FIGURE 18. DELETERIOUS H'FECTS OF GOLD ROLLING TO HEAVY REDUCTIONS ON FINAL CORE STRUCTURE 

25 w/o UO2 (minus 270 plus 325-mesh size) dispersed in 18-14^2,5 elemental matrix, sintered at 
2200 F, roll clad at 2200 F, annealed at 2000 F, and cold toUed. 
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T A B L E 10, E F F E C T O F C O L D WORK ON DENSITY O F R O L L - C L A D 
25 w / o UO2 E L E M E N T A L 1 8 - 1 4 - 2 . 5 M A T R I C E S 

Co ld R e d u 
p e r ce 

0 

10 

30 

50 

c t i o n , 
n t 

S p e c i m e n ' ^ ' 
D e n s i t y , 

g p e r cm-^ 

8. 15 

8 . 0 8 

8 . 0 1 

8 . 0 5 

C a l c u l a t e d 
C o r e D e n s i t y , 

g p e r cm-^ 

8 . 2 7 

8. 16 

8 . 0 7 

8. 13 

D e n s i t y of C o r e , 
p e r c e n t of 
t h e o r e t i c a l 

9 7 . 5 

9 6 . 2 

9 5 . 1 

9 5 . 8 

(a) Measured on same specimen by immersion. Both water and CCl^ were used. Specimen includes 30 volume per cent wrought 
stainless steel cladding. 

The u s e of l i gh t r e d u c t i o n s ( a p p r o x i m a t e l y 1 p e r c e n t p e r p a s s ) in t h i c k n e s s w e r e 
found to be b e n e f i c i a l in r e d u c i n g the d e t r i m e n t a l e f fec t on the UO2. It w a s a l s o found to 
be d e s i r a b l e to a n n e a l a f t e r the f ina l h o t - r o l l i n g p a s s in o r d e r to r e m o v e any r e s i d u a l 
s t r e s s e s b e f o r e co ld r o l l i n g . A p p r o x i m a t e l y 14 p e r c e n t co ld w o r k w a s n e c e s s a r y to 
o b t a i n p i t - f r e e s u r f a c e s . 

H e a t T r e a t i n g 

B o t h the m i c r o s t r u c t u r e s and m e c h a n i c a l p r o p e r t i e s of the fuel e l e m e n t s a r e c o n ­
t r o l l e d to a c e r t a i n e x t e n t by h e a t t r e a t m e n t s g i v e n d u r i n g and a f t e r r o l l c l a d d i n g . S ince 
t he fuel e l e m e n t w a s d e s i g n e d for s e r v i c e a t a p p r o x i m a t e l y 1500 F , i t w a s d e s i r e d to 
p r o d u c e a c o r r o s i o n - r e s i s t a n t a l l oy w i t h a m i n i m u m of f e r r i t e , s i g m a , and o x i d e s , and 
w i t h good m e c h a n i c a l s t r e n g t h a t 1500 F . A l s o , b e n d i n g a r o u n d a t l e a s t a 4 . 2T b e n d w a s 
r e q u i r e d for r o o m - t e m p e r a t u r e f a b r i c a t i o n of s u b a s s e m b l i e s . 

C o r r o s i o n r e s i s t a n c e i s p a r t i a l l y d e p e n d e n t upon the a b s e n c e of c h r o m i u m c a r b i d e 
o r c h r o m i u m - d e p l e t e d a r e a s . D e t a i l e d d i s c u s s i o n s on c a r b i d e s and the s t a b i l i z a t i o n of 
s t a i n l e s s s t e e l s have a p p e a r e d in the o p e n l i t e r a t u r e . ' ^ ' ^ * " ' A f ina l a n n e a l a t 2050 F 
g i v e s s a t i s f a c t o r y r e s u l t s . S ince the f u e l - e l e m e n t s e r v i c e t e m p e r a t u r e l i e s w i t h i n t he 
c r i t i c a l r a n g e of 1000 to 1700 F , e i t h e r a l o w - c a r b o n o r a s t a b i l i z e d s t a i n l e s s s t e e l i s 
r e q u i r e d . If the f ina l a n n e a l w e r e above 2200 F , N b C , w h i c h i s p r e s e n t in the n i o b i u m -
s t a b i l i z e d Type 318 s t a i n l e s s s t e e l , wou ld be p a r t i a l l y d i s s o l v e d , and if f a s t coo l ed and 
l a t e r h e a t e d in t he r a n g e 1000 to 1700 F t h e p l a t e wou ld c o n t a i n c h r o m i u m , c a r b i d e . E v e n 
i n Type 318 s t a i n l e s s s t e e l a n n e a l e d a t 2150 F and f a s t c o o l e d , t h e r e i s s o m e e v i d e n c e 
t h a t c h r o m i u m - r i c h c a r b i d e s w i l l f o r r a in t he t e m p e r a t u r e r a n g e 1200 to 1500 F . F i g ­
u r e 19a s h o w s t h a t a g r a i n - b o u n d a r y p r e c i p i t a t e c o n s i s t i n g of n i o b i u m c a r b o n i t r i d e s a n d 
a n o t h e r p h a s e t e n t a t i v e l y i d e n t i f i e d a s a c h r o m i u m - r i c h c a r b i d e w e r e p r e s e n t in w r o u g h t 
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Chromium-rich 
carbide 

NbC or chromium-rich 
catbide Sigma 

iOOOX Aqua Regia Etch N53488 lOOOX Aqua Regia Etch N53494 

a. Annealed 2150 F, Ait Cooled, Heated 282 Hr at 1500 F b. Amealed 2050 F, Air Cooled, Held 2000 Hr 1500 F 

Chromium-rich 
catbide NbC 

«. « . , 
y 

I 

lOOOX Aqua Regia Etdi N48740 

c. Annealed 2150 F, Air Cooled, Heated 1000 Ht at 1425 F 

IOOOX Aqua Regia Etch N50705 

d. Annealed 2450 F, Held 2 Ht at 1850 F, Heated 930 Hr at 
1500 F 

FIGURE 19. EFFECT OF FINAL ANNEAL ON FORMATION OF CHROMIUM CARBIDES IN TYPE 318 STAINLESS AT 
SERVICE TEMPERATURES 

Note the presence of chromium-rich carbides m grain boundaries of specimens annealed at 2150 F. 
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Type 318 s ta in less s tee l a i r cooled from 2150 F and held 282 hr at 1500 F in hel ium. 
Also shown (Figure 19b) is a spec imen annealed at 2050 F , a i r cooled, and held 2000 hr 
at 1500 F which did not contain a carbide phase other than NbC. A be t te r indication that 
NbC par t i a l ly d isso lves at 2150 F and thus does not tie up al l available carbon is i l l u s ­
t r a t ed by the other two photomicrographs in F igure 19. A specimen (F igure 19c) 
annealed at 2150 F , a i r cooled, and held 1000 hr at 1425 F contained a gra in-boundary 
prec ip i ta te which probably consis ted of c h r o m i u m - r i c h c a r b i d e s , but a specimen (F ig ­
u r e 19d) annealed at 2450 F , held at 1850 F 2 hr to form NbC, and then heated 930 hr at 
1500 F did not contain any carbide other than NbC. Since the exper iments were original ly 
designed for c reep and co r ros ion t e s t s , a c lose r co r re l a t ion is not poss ib le ; however , 
S impkinson '" ' has d i scussed the behavior of ca rb ides in n iobium-s tabi l ized s ta in less 
s t ee l s . 

As d i scussed in the sect ion on s in te r ing , f e r r i t e forms in the high-s i l icon p r e ­
alloyed s ta in less compacts at s inter ing t e m p e r a t u r e s as low as 2100 F and consequently 
ro l l cladding at 2200 F and heat t rea t ing at 2050 produced no apparent d e c r e a s e of f e r ­
r i t e . As shown in Figure 20 a short anneal at 2000 F after hot roll ing or at 1900 F after 
cold rolling had l i t t le effect on the f e r r i t e . F igure 20 also shows that the s t r i nge r s p r o ­
duced by cold roll ing tend to be spherodized by annealing at 2150 F . At a t e m p e r a t u r e of 
1800 F or lower fe r r i t e is rapidly converted to s igma plus austeni te as shown in 
F igure 21, 

F e r r i t e in e lementa l 18-14-2 . 5 m a t r i c e s is not an equi l ibr ium phase . It usual ly 
exis ts near the edge of undissolved chromium pa r t i c l e s and can be placed in solution by 
p rope r heat t r e a tmen t . The s tandard p rocedure of hot roll ing at 2200 F , annealing at 
2000 to 2200 F , cold ro l l ing , and annealing at 2050 F is not sufficient to dissolve the 
c h r o m i u m - r i c h a r e a s . As shown in F igure 22, even long- t ime anneals at 2200 F did not 
place al l the ch romium in solution. However , as shown in F igure 23 , a 2-hr anneal at 
2300 F resu l ted in a s ingle-phase s t ruc tu re r e g a r d l e s s of whether the plate was annealed 
before or after cold rol l ing. When the chromium powders a re not s c r e e n e d , la rge ag­
g lomera t e s may be included in the s t ruc tu re which do not go into solution even when the 
plate is annealed at 2300 F (F igure 24). The anneal is m o r e re l iab le after cold ro l l ing , 
since diffusion of the ch romium is m o r e r ap id , but if the 2300 F anneal i s the final heat 
t r e a t m e n t ex t remely l a rge g ra ins (some the full width of the cladding) occur in the 
cladding. 

Sigma did not occur in as-fabr icated-fuel e lements s ince fabricat ion and requ i red 
he a t - t r e a t m e n t t e m p e r a t u r e s were well above the t e m p e r a t u r e at which s igma is s table . 
However , s igma can form (par t i cu la r ly in molybdenum-bear ing s ta in less s teels) if an­
nealing or se rv ice t e m p e r a t u r e s of 1200 to 1700 F a r e used . The p r e s e n c e of impur i t i e s 
or secondary phases may also p romote the formation of s igma. For example , as shown 
in F igure 2 1 , fe r r i t e in h igh-s i l icon prea l loyed Type 318 s ta in less s tee l t r ans fo rmed to 
s igma plus austenite after a shor t t ime at t e m p e r a t u r e s as high as 1800 F . A t e m p e r a ­
tu re of 1713 F was the highest t e m p e r a t u r e at which s igma was detected in c o m m e r c i a l 
wrought Type 318 s ta in less which did not contain f e r r i t e p r i o r to heat t rea t ing (F igure 25). 
After 1622 h r , a 10 volume p e r cent p rec ip i ta te of s igma was p r e s e n t — mos t ly in the 
gra in boundar ies . 
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%... 

IOOOX Aqua Regia Etch N463Z2 

a. Hot RoUed at 2200 F and Annealed 2 Hr at 2000 F 

IOOOX Aqua Regia Etch N46320 

b . Hot RoUed 2200 F, Annealed at 2000 F, and Cold 
Reduced 20 Per Cent In Thickness. 

Ferrite Ferrite 

IOOOX Aqua Regia Etch N46321 

c. Annealed 45 Min at 2150 F After Cold Rolling 

IOOOX Chromic Electrolytic Etch N44912 

d. Annealed 45 Min at 1900 F After Cold Rolling 

FIGURE 20. FERMTE IN FUEL ELEMENTS MADE WITH HIGH-SILICON PREALLOYED TYPE 318 STAINLESS STEEL POWDER 

Annealing at 2000 or 1900 F has MtHe effect on fertile. Stringers produced by cold rolling tend to be 
spherodized by annealing at 2160 F. 
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Sigma 

IOOOX Sodium Cyanide Electrolytic Etch N44916 

»p rf}. --« 

' >, > 

IOOOX 

^^. * * * * 
*."**, 

'<^^^ ^ 

•'̂ X ĥ 'i'^ 

' ^ - ^ : - ! ^ ^ 

Chromic Electrolytic Etch 
(Sigma Selectively Attacked) 

N44913 

FIGURE 21. SIGMA. PRODUCED BY THE TRANSFOlMATION OF FERRITE TO SIGMA PLUS AUSTENITE BY ANNEALING 45 
MIN AT 1800 F AFTER COLD ROLLING, IN FUEL ELEMENTS CONTAINING A HIGH-SILICON PREALLOYED 
TYPE 318 STAINLESS POWDER MATRIX 
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lOOX Aqua Regia Etch 

a. Annealed 2 Hr at 2200 F 
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lOOX Aqua Regia Etch 

b. Annealed 40 Hr at 2200 F 

.T, 

N46785 

FIGURE 22. EFFECT OF ANNEALING AT 2200 F ON CHROMIUM SOLUTION IN 18-"14-2.5 ALLOY MATRICES 

As can be seen, even 40-hr annealing at 2200 F did not place all chromium in solution. 
Specimens were sintered at 2200 F, hot roll clad at 2200 F^ annealed at 2200 F, and cold 
roUed to a 20 pet cent reduction in thickness, (Transverse sections) 
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•« 
25 ox Aqua Regia Etch RM10174 

a. Annealed 2 Hr at 2300 F, Cold Rolled to 21 Per Cent Reduction m 
Thickness, Annealed 1 Hr at 2050 F 

% - ^ * - ^ - , ^ , = , 

v̂  . k 

^ ^ r . c 

^ -. r J "- it. 

25 ox 

'^y- -y :i '̂ .;-

Aqua Regia Etch RM9421 

b. Annealed 2 Ht at 2000 F, Cold Rolled to 21 Per Cent Reduction in 
Thickness, Annealed 2 Ht at 2300 F 

FIGURE 23. EFFECT OF ANNEALING AT 2300 F ON CHROMIUM SOLUTION IN 18-14-2.5 ALLOY 

Annealing at 2300 F resulted m a single-phase structure regardless of whether the 
plate was annealed before or after cold tolling. Specimens were sintered at 2300 F 
and hot roll clad at 2200 F. 
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25 ox 
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Aqua Regia Etch 

i_i4--^^«*'-*-—-s«^'-'--~Chromium i 

RM10152 

• I ' - I 

j-Chromium-tich area 

25 ox Aqua Regia Etch RM10151 

FIGURE 24. CHROMIUM-RICH AREAS IN FABRICATED FUEL ELEMENTS WITH AN 18-14-2.5 ALLOT MATRIX 

Annealing for 2 hr was not sufficient to dissolve the iaige chromium particles. Plates were 
annealed 2 ht at 2300 F prior to cold rolling. Unscreened chromium powder containing large 
agglomerates of chromium was used to mix the matrix. 
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-Sigma 

500X Aqua Regia Etch N48737 

a. Wrought Type 318 StainlehS. Annealed 2150 F, and Heated 
1622 Hr in NaK at 1713 F 

-Sigma plus austenite 

IOOOX Sodium Cyanide Electrolytic Etch N44915 

b . Prealloyed H i ^ - S i l i c o n Type 318 Stainless Hot Rolled 2200 F, Cold 

Reduced 15 Pet Cent in Thickness, and Heated 2 Ht at 1500 F 

-—Sigma 

IOOOX Aqua Regia Etch N53495 

c. Elemental 18-14-2 .5 Alloy, Annealed 2050 F, and Held 2000 Ht at 1500 F 

FIGURE 25. EXAMPLES OF SIGMA PHASE IN FUEL ELEMENTS 
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At 1500 F s igma was p r e s e n t in the wrought alloy after 282 h r , but approximiately 
10 volume p e r cent s igma could be detected in a specimen heated for 2000 hr (see F ig ­
u r e 19). Two hours at 1500 F after 15 pe r cent cold work was sufficient to t r ans fo rm 
fe r r i t e in high-s i l icon preal loyed Type 318 powder compacts to s igma plus austenite 
(Figure 25). The cold work i s not cons idered n e c e s s a r y since annealing at 2150 F and 
furnace cooling was observed to t r ans fo rm the f e r r i t e , Sigma can also form in the 18-
14-2. 5 e lementa l m a t r i x but since the impur i ty level is low^ the alloy is l e s s suscep t i ­
ble — pa r t i cu la r ly since the s igma m u s t form from austeni te or c h r o m i u m - r i c h a r e a s . 
After 2000 hr at 1500 F , a spec imen containing some chromium segregat ion contained 
about 5 volume pe r cent of sigina (F igure 25), Another p h a s e , p r e s e n t in smal l amounts 
in some of these s t r u c t u r e s , could not be posi t ively identified but may be the chi phase 
r epor t ed by some inves t iga to r s , i ' ' Sigma foraxiation can be par t ia l ly suppressed by 
removing the molybdenum, but a lower s t rength fuel e lement will r e su l t . S igma-phase 
forination has been the subject of many i n v e s t i g a t i o n s ! ' S ° J ° ) , but i ts effect on mechanica l 
p r o p e r t i e s or r e s i s t ance to i r r ad i a t i on at elevated t e m p e r a t u r e s has not been de termined . 
C r e e p - s t r e n g t h data p re sen ted in the next sect ion indicate that no de t r imen ta l effects 
occu r red due to the p r e s e n c e of s igma , and the c reep s t rength may actually have been 
inc reased . 

Oxide format ion has been d i scussed in the sect ion on s in ter ing . Oxides a re not 
formed or reduced during ro l l cladding and heat t r e a t i n g , but a re usual ly broken up and 
s t r inge red . 

A final anneal after cold roll ing is not only useful for flat anneal ing, r e c r y s t a l l i z -
ing the g r a i n s , and convert ing the carbon to niobium c a r b i d e , but it is also n e c e s s a r y if 
bend ductil i ty is de s i r ed . P l a t e s subjected to bend t e s t s after cold roll ing showed litt le 
or no bend ducti l i ty. As indicated in Table 1 1 , shor t anneals at any t e m p e r a t u r e above 
1900 F r e su l t ed in the m a x i m u m bend ducti l i ty for prea l loyed m a t r i x p l a t e s . Cooling 
r a t e s did not appear to affect the bend ductil i ty. 

RELATIONSHIP OF OTHER VARIABLES 

In g e n e r a l , changes in roU-cladding p r o c e d u r e s tended to produce the same effects 
r e g a r d l e s s of how the U 0 2 - s t a i n l e s s s tee l core compacts were produced. Thus , optimum 
hot - ro l l ing and cold-rol l ing techniques for a pa r t i cu l a r U02~sta in less s tee l d i spers ion 
a r e ve ry l ikely to be opt imum for s i m i l a r U 0 2 - s t a i n l e s s s tee l d i spe r s ions p r e p a r e d from 
different m a t e r i a l s or by different p r o c e d u r e s . However , the actual appearance of the 
m i c r o s t r u c t u r e , the mechan ica l p r o p e r t i e s , and probably the r e s i s t ance to co r ros ion and 
i r r ad ia t ion depend to a g r e a t extent on the m a t e r i a l s used and the method of core p r e p a r a ­
tion. The effects of var ia t ion in pa r t i c l e size and type of both UO^ and me ta l powders 
and in dens i t ies of core compacts p r i o r to rol l ing were cons idered . Varia t ions in core 
p repa ra t ion as re la ted to obtaining cores with a uniform dis t r ibut ion of UO2 and a p a r t i c ­
u la r core densi ty were d i scussed in a prev ious section. 
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TABLE 11, E F F E C T OF ANNEALING CONDITIONS ON THE BEND 
DUCTILITY OF 25 w / o UO2-STAINLESS FUEL ELEMENTS 

C o r e - M a t r i x UO2 P a r t i c l e Bend Rating, 
Ma te r i a l S ize , /i Annealing Conditions T 

Effect of Annealing T e m p e r a t u r e After Cold Rolling 

Prea l loyed Type 318 s ta in less 50-75 

50-75 

50-75 

50-75 

50-75 

50-75 

50-75 

50-75 

50-75 

15 min at 2250 F 

45 min at 2150 F 

45 min at 2150 F plus 
2 hr at 1500 F 

45 min at 2025 F 

45 min at 1900 F 

45 min at 1800 F 

45 min at 1700 F 

2 hr at 1500 F 

As cold rol led 

4. 2 

4 . 2 

4 . 2 

4. 2 

4. 2 

5 . 6 

5 . 6 

> 8 . 3 

> 8 . 3 

Effect of Cooling Rate F r o m Annealing T e m p e r a t u r e 

Prea l loyed Type 318 s ta in less 50-75 10 min at 2150 F, slow cool 4. 2 

50-75 10 min at 2150 F , fast cool 4. 2 

E lementa l 18-14-2 . 5 alloy 7 5 - i 0 5 10 min at 2150 F , slow cool 1, 4 

75-105 10 min at 2150 F^ fast cool 1.4 
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Core Densi t ies 

When co re s of low dens i t ies were ro l l clad the s t r inger ing of UO2 pa r t i c l e s was 
pronounced. Apparent ly the UO2 was free to m o v e , at l eas t on the f i rs t pass^ and tended 
to line up in the rol l ing d i rec t ion . In the high-densi ty compacts ^ as the m e t a l su r round­
ing a pa r t i cu l a r UO2 pa r t i c l e flowed i t c a r r i e d the UO2 par t i c l e along to a ce r t a in extent 
and the s t r inger ing was reduced. As shown in F igure 26, s t r inger ing was severe for 
compacts of l e s s than 80 p e r cent of theore t i ca l densi ty p r i o r to ro l l cladding. Resul ts 
in this invest igat ion indicated that good d i spers ions could be obtained if the densi t ies 
w e r e 85 pe r cent of theore t i ca l or higher p r i o r to ro l l cladding. The main difference in 
fabricat ion of compacts to get the different dens i t ies and s t r u c t u r e s of the spec imens in 
F igu re s 26a and 26b was the coining of the spec imen in F igure 26b after s in ter ing. Com­
pac t s with e lementa l m a t r i c e s a r e not as severe ly affected by density v a r i a t i o n s , but , as 
shown in F igure 27, g reen compacts r e su l t in seve re s t r inger ing r e g a r d l e s s of the 
m a t r i x used . 

Mat r ix P a r t i c l e Size 

As d i scussed in the sect ion on s in t e r ing , if e lementa l powders a re u s e d , it is 
des i rab le to use fine powders in o r d e r to p romote diffusion; t h e r e f o r e , e lementa l powders 
of minus 325-mesh size were used consis tent ly . No m a r k e d improvement was noted 
when minus 400-mesh powder was used (F igure 28). 

As rece ived minus 100-mesh powder was used throughout the investigation for mos t 
of the work with prea l loyed powders . However , as shown in F igure 29, be t te r d i s p e r ­
sions could be obtained with the finer powders . 

Compar i son of Elenaental and Prea l loyed Mat r ices 

Although a var ia t ion in a pa r t i cu l a r opera t ion will usual ly affect the s t ruc tu re in a 
s imi l a r manne r r e g a r d l e s s of whether the m a t r i x is p r e p a r e d from e lementa l or p r e ­
alloyed p o w d e r s , slight var ia t ions in p rocedure cause a m o r e seve re change in the strxic-
tu re of e lements containing prea l loyed powder s . The difference in s t ruc tu re is pa r t i a l ly 
due to the difference in ducti l i ty. In F igure 30 compara t ive s t r uc tu r e s of p rea l loyed- and 
e l e m e n t a l - m a t r i x e lements a re shown. The p la tes were fabricated under the m o s t favor­
able conditions for prea l loyed e l e m e n t s ; i. e. , u se of a high s in ter ing t e m p e r a t u r e 
(2300 F ) , which reduces ca rbon , i n c r e a s e s f e r r i t e , and improves duct i l i ty , and use of 
fine m e t a l powders . Even under these conditions s t r inger ing and fractur ing of UO2 is 
m o r e seve re when prea l loyed Type 318 powder i s used . The Type 302B powder is m o r e 
ductile and a be t ter s t ruc tu re r e s u l t s , but the e lementa l m a t r i x , even though it contains 
2. 5 w / o molybdenum, has a sl ightly be t t e r d i spe r s ion . If a 2200 F s inter ing t e m p e r a t u r e 
i s used to reduce the amount of f e r r i t e fo rmed , the difference in s t r u c t u r e s is m o r e no­
t i ceab le , as shown in F igure 31. 
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lOOX As Polished RM8761 

a. 78 Per Cent of Theoretical Density 

lOOX As Polished RM8767 

b. 82 Per Cent of Theoretical Density 
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lOOX As Polished RM8809 

c. 90 Per Cent of Theoretical Density 

FIGURE 26. EFFECT OF COMPACT DENSITY ON ROLL-CLAD STRUCTURE OF 25 w/o UO2 (MINUS 200 PLUS 270-MESH) 
DISPERSED IN A TYPE 318 PREALLOYED STAINLESS STEEL POWDER MATRIX 
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lOOX As Ptolished 
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RM8b79 lOOX As Polished 

# » j 

RM5!:M.2 

a. Specimens Roll Clad After Cold Pressing 

20 w/o UO2 (minus 200 plus 270-mesh size) in a Type 318 

prealloyed matrix. Roll clad green after pressing at 50 tsi 

to 76 per cent of theoretical density. 

25 w/o UOo (minui 100 plub 200-mesh size) m an 
18-14-2 .5 alloy elemental matrix. Roll clad greeo 
after cold pressing at 40 tsi to 78.5 per cent of 
theoretical density. 

^w^m*$, 'fc^fV''*?^ im" 

.-« f̂, , f " 

.*Ct. 
«» wv. ip . 41 I 

.#f/fr̂ : -
'* 

lOOX As Polished RM8579 lOOX 

b . Specimens Roll Clad After Sintering 

As. Polished RM5961 

20 w/o U0„ (minus 200 plus 270-mesh size) m a Type 318 

prealloyed matrix. Core pressed at 50 tsi, sintered for 4 hr 

at 2200 F, and coined at 50 tsi to 86 .8 per cent of theoret i­

cal density. 

25 w/o UOo (minus 100 plus 200-mesh size) m an 

18-14-2 .5 alloy elemental matrix. Roll clad after 

sintering at 2200 F to 89.5 per cent of theoretical 

density. 

FIGURE 27. COMPARISON OF ROLL-CLAD CORES MADE FROM GREEN AND SINTERED COMPACTS 
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lOOX As Polished RM9914 

a. Minus 325 Plus 400-Mesh Matrix Particles 

lOOX As Polished RM9915 

b. Minus 400-Mesh Matrix Particles 

FIGURE 28. EFFECT OF MATRIX POWDER SIZE ON THE STRUCTURE OF FUEL ELEMENTS CONTAINING 
a w/o UO2 (MINUS 100 PLUS 400 MESH) IN AN ELEMENTAL 18-14-2.5 ALLOY MATRIX 

In cores made from elemental powder mixtures, fine panicle sizes are desirable to promote 
diffusion. However, as Is evident in the photomicrographs, no marked improvement in 
structure was produced by use of a minus 400-mesh instead of the standard minus 325-mesh 
particle size. Compacts were sintered at 2300 F, roll clad at 2200 F, and cold reduced 
20 per cent in thickness. 
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lOOX As Polished RM8579 

a. Matrix has minus 100-mesh size powder (approximately 30 w/o is 
minus 325-mesh size). 

'!«# 
'•1 

lOOX As Polished RM8677 

b. Matrix has 80 w/o minus 326 -mesh size, 20 w/o minus 100 plus 
140 mesh size. 

FIGURE 29, EFFECT OF MATRIX PARTICLE SIZE ON STRUCTURE OF FUEL ELEMENTS CONTAINING 
20 w/o UO2 IN TYPE 318 STAINLESS PREALLOYED POWDER 

For prealloyed powder matrices, minus 100-mesh particles give satisfactory results, but, 
as can be seen, a finer particle size can give a better dispersion. Compacts were sintered 
at 2200 F, roll clad at 2200 F, and cold reduced 20 per cent in thickness. 
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lOOX As Polished RM11076 

a. Elemental 18-14-2.5 Matrix 

^•%^' 

ti 

!•; 
•«<f*... 

• * . , 
•«4»>i 

: • ; ' # _ „ ' • ' 

' ' ; - ! • * . " 

•Xifl . * '* 

lOOX As Polished 

b. Prealloyed Type 302B Matrix 

RM11080 

tf" 

lOOX 

''-*^"'* '" ^ . . l i > - > - - - " ̂  -̂ 1 
»> « - > , ^ ' 

• ^ 1 ^ 

RM11078 As Polished 

c. Prealloyed Type 318 Matrix 

HGURE 30. THE EFFECT OF VARIATION IN MATRIX MATERIAL ON FUEL-ELEMENT STRUCTUffiS 

Specimens contain 25 w/o minus 100 plus 140-mesh UO2. Matrix powder of minus 325 
plus 400 mesh was used. Compacts were sintered at 2300 F, roll clad at 2200 F, and 
cold reduced 20 per cent m thickness. 
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lOOX As Polished RM9924 

a. 18-14-2.5 Alloy Matrix Compact Sintered at 2300 F 

^. » . . , * > * • ' . « ^:' '*^'^' ' ^ 

lOOX As Polished N53879 

b. Type 318 Prealloyed Stainless Matrix Compact Sintered at 2200 F 

FIGURE 31, COMPARISON OF ELEMENTAL AND PREALLOYED MATRICES 

The superiority of the elemental matrix evident in Figure 30a 
becomes more noticeable when a sintering temperature of 
2200 F IS employed to reduce the amount of ferrite formed m 
the prealloyed powder. 25 w/o UO2 (minus 100 plus 140 mesh) 
dispersed m minus 325-mesh matrix powders. Roll clad at 
2200 F and cold rolled to a 20 per cent reduction in thickness. 
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By the use of minus 325-mesh prea l loyed powder , minus 100 plus i 4 0 - m e s h UO?;. 
and fabricat ion under optimum conditions,, fuel e lements having r o o m - t e m p e r a t u r e bend 
ductil i ty equal to that for e l e m e n t a l - m a t r i x powders (1,4T) can be achieved. However , 
the prea l loyed powders a re m o r e sensi t ive to fabricat ion var iab les and p r e a l l o y e d - m a t r i x 
e lements fabricated in this invest igat ion var ied in bend ductili ty from ra t ings of 1.4T to 
5. 6 T , with the average being 4. 2T. E lementa l m a t r i x p la tes had an average T- ra t ing of 
1. 4 , with the wor s t ductil i ty obtained in this invest igat ion being 2. 8T. 

Because of s t r inger ing and fractur ing of U02^ it would be expected that the co res 
would have d i rec t iona l p r o p e r t i e s with the lowest s t rength being in the th ickness d i r e c ­
tion. Compar i sons of tensi le s t rengths m e a s u r e d in the th ickness d i rec t ion a re shown in 
Table 12. It is c l ea r that d i spe r s ions of UO2 in e lementa l m a t r i c e s have higher 
s t r eng ths . This higher s t rength m u s t be a t t r ibuted to l ess s t r inger ing and fractur ing of 
UO2 s i n c e , as indicated in Table 13 , when specimens a re pulled in tension in the d i r e c ­
tion of ro l l ing , the tensi le s t rength of the p r e a l l o y e d - m a t r i x p la tes is slightly be t ter at 
room t e m p e r a t u r e . The higher s t rength of both types of p la tes is par t i a l ly due to the 
s t rength of the cladding, which occupies 30 p e r cent of the c r o s s - s e c t i o n a l a r e a . At 
t e m p e r a t u r e s below 1650 F , the tens i le s t rength of prea l loyed spec imens is slightly 
higher than for e lementa l spec imens . However , at the tinae the t e s t s were run the only 
e lementa l p la tes available contained C r 2 0 j . It would be expected that tens i le s t rength 
would i n c r e a s e with a d e c r e a s e in oxide as indicated both by the poor s t rengths of 
chromite-conta in ing low-s i l icon prea l loyed spec imens and the higher tensi le s t rengths of 
spec imens which do not contain UO2. 

TABLE 12. COMPARISON OF TRANSVERSE TENSILE STRENGTH OF 
FUEL ELEMENTS CONTAINING PREALLOYED MATRICES 
AND ELEMENTAL MATRICES 

Composit ion 
T r a n s v e r s e Tensi le 

T e m p e r a t u r e , F UOz P a r t i c l e S ize , ji S t rength , ps i 

25 w / o UO2 in Type 318 
preal loyed s ta in less 

Room 75-105 15,400 

25 w / o UO2 in e lementa l 
18-14-2. 5 alloy 

1000 

1300 

Room 

75-105 

75-105 

75-150 

11,900 

10,200 

24,700 

1000 

1300 

75-150 

75-150 

16,900 

14,400 
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TABLE 1 3 . COMPARISON OF HOT TENSILE STRENGTH OF VARIOUS 

FUEL PLATES WITH PLATES CONTAINING NO UOgC^) 

Material 
Temperature, 

F 

Ultimate 
Tensile 

StrengthCb), 
psi 

Elongation 
in 2 In.(b), 

per cent 

Commercial Type 318 
stainless steel sheet 

Preallo>ed Type 318 

stainless core, no UO2 

Elemental 18 -14 -2 .5 

alloy core, no UO2 

25 w/o UO2-elemental 18 -14 -2 .5 

aMoy core 

25 w/o UO2-prealloyed high-

silicon Type 318 stainless core 

25 w/o UO2-prealloyed low-
silicon Type 318 stainless core 

Room 

1350 

1500 

1650 

Room 

1350 

1500 

1650 

Room 

1350 

1500 

1650 

Room 

1350 

1500 

1650 

Room 

1350 

1500 

1660 

Room 

1350 

1500 

1650 

81, 000 

45, 000 

30. 000 

17,500 

96, 000 

41. 000 

28, 000 

15. 000 

79, 000 

35, 000 

22. 000 

13. 000 

60. 700 

28,200 

20. 200 

14. 200 

62, 000 

36. 500 

23 . 000 

13. 000 

45, 000 

30, 000 

28. 000 

14. 500 

61 

37 

27 

35 

53 

45 

30 

42 

40 

28 

20 

13 

9 

12 

10 

8 

10 

10 

13 

13 

4 

3 

4 

6 

(a) Fueled cores are 0.031 In. thick 
(b) Average of three or more tests. 

and plates have 0 .006- in . cladding. Core edges are exposed. 
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The c reep s t rength as indicated by the s t r e s s - t o - r u p t u r e curves in Figure 32 is 
higher at 1500 and 1650 F for fuel eleiTients containing preal loyed m a t r i c e s . All e l emen­
ta l p la tes used contained C r 2 0 3 which may have dec rea sed the s t rength. It is in teres t ing 
to note that prea l loyed pla tes contained from 5 to 10 volume pe r cent s igma which did not 
appear to be de t r imenta l and may actually have inc reased c r eep r e s i s t a n c e . The curves 
also show that the addition of molybdenum to the core and the use of Type 318 s ta in less 
cladding inc reased the c r eep r e s i s t a n c e . 

UOz P a r t i c l e Size 

It is usual ly considered p re fe rab le to have UO2 pa r t i c l e s of 50 jU or m o r e in d i a m ­
e te r so that radia t ion damage due to r eco i l wil l not be continuous in the m a t r i x . Good 
d i spe r s ions can be produced with any pa r t i c l e s ize UO2 in the range 50 to 150 jj, in d i am­
e t e r , but , as shown in F igure 33 , there appears to be l e s s tendency for s t r inger ing with 
l a r g e r p a r t i c l e s . As shown in F igure 34, pa r t i c l e s of a wide range of s izes can be used 
to obtain good d i spe r s ions . It should be noted, however , that the g r ea t e s t percentage of 
UO2 pa r t i c l e s a re re la t ive ly l a r g e . Table 14 indicates that dec reas ing the par t i c le size 
i n c r e a s e s t r a n s v e r s e tens i le s t rength (measu red in the th ickness d i rec t ion of the plate) 
but d e c r e a s e s r o o m - t e m p e r a t u r e bend ducti l i ty. As confirmed by m i c r o s t r u c t u r e s and 
the bend-duct i l i ty v a l u e s , the i nc rea se in tens i le s t rength is not due to an improved d i s ­
pe r s ion of UO2S l3u.t the c r o s s - s e c t i o n a l a r e a of m e t a l subjected to tension is probably 
m o r e uniform ac ros s the th ickness d i rec t ion of the pla te , 

TABLE 14. E F F E C T OF UO2 PARTICLE SIZE ON TRANSVERSE 
TENSILE STRENGTH AND BEND DUCTILITY 

Core 
Composi t ion UO2 P a r t i c l e S ize , jU 

T r a n s v e r s e 
Tensi le 

St rength , ps i Bend Ducti l i ty , T 

25 w / o UO2 in e lementa l 
18-14-2. 5 alloy 

25 w / o UO2 in prea l loyed 
Type 318 s ta in less 

<44 
44-50 
50-75 
75-105 
105-150 
75-150 

<44 
50-75 
75-105 
100-150 

30,500 
- -
__ 
_« 
__ 

2 4 , 7 0 0 

1 8 , 0 0 0 
1 6 , 0 0 0 
1 5 , 4 0 0 
1 4 , 2 0 0 

0. 5 
1.0 
1,0 

1,0 to 1,6 
__ 

__ 

4 . 2 
2 , 8 
1,4^^^ 

(a) Plate contained minus 326-mesh prealloyed powder. 
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' A Commercial Type 318 stainless steel 
H 25 w/o UOg-prealloyed Type 318 stoinless steel 
o No UOg-elemental 18-14-2.5 core 
® 25 w/o UOg-elemental 18-14-2.5 core 
o 25 w/o UO2—elemental iron-18 w/o chromium-9 w/o nickel 
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10,000 A 30513 

8 

S 
ft 

FIGURE 32. STRESS-RUPTURE CURVES FOR VARIOUS UO2 F U E L PLATES COMPARED 
WITH PLATE NOT CONTAINING UO2 
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lOOX As Polished RM8580 lOOX As Polished RM8578 

a. Minus 100 Plus 150-Mesh UO2 b. Mious 150 Plus 200-Mesh UO2 
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lOOX As Ptthshed RM8579 lOOX As Polished RM8577 

c. Minus 200 Plus 270-Mesh UO2 d. Mmus 270 Plus 325-Mesh UOg 

FIGURE 33. EFFECT OF UO2 PARTICLE SIZE ON STRUCTURE OF FUEL ELEkffiNTS CONTAINING 
20 w/o UO2 IN A TYPE 318 PREALLOYED STAINLESS MATRIX 
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lOOX As Polished RM9412 lOOX As Polished RM9415 

a. 10 w/o Minus 100 Plus 140-Mesh- b. 40 w/o Minus 100 Plus 140-Mesh-
90 w/o Minus 140 Plus 200-Mesh UO2 60 w/o Minus 140 Plus 200-Mesh UO2 

"̂ *"̂ :>.v • '^-^-^m^: 
lOOX As Polished RM9416 lOOX As Rjkshed RM9417 

c. 30 w/o Minus 100 Plus 140-Mesh- d. 60 w/o Minus 100 Plus 140-Mesh-
40 w/o Minus 140 Plus 200-Mesh- 20 w/o MmiB 140 Plus 200-Mesh-
30 w/o Minus 200 Plus 270-Mesh UO2 20 w/o Minus 200 Plus 270-Mesh UO2 

FIGURE 34, EFFECT OF UO2 PMUCLE-SIZE VARIATION ON THE STRUCTURE OF 25 w/o UO2 
DISPERSED IN AN EttMENTAL 18-14-2.5 ALLOY 

As can be seen, particles of a wide range of sizes can be used to obtain good dis­
persions. Note, however, that the greatest percentage of UO2 particles are relatively 
large. 
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UO2 Loading 

Str inger ing and fractur ing of UO2 pa r t i c l e s became m o r e seve re as the UO2 load­
ing was inc reased . An example of the change in s t ruc tu re is shown in F igure 35. An 
i n c r e a s e in UO2 loading also d e c r e a s e d tens i le strength^ t r a n s v e r s e tens i le strength^ 
and bend ducti l i ty. Table 15 shows the effect of i nc r ea sed UO2 loading on the t r a n s v e r s e 
tens i le s t rength. 

TABLE 15. THE EFFECT OF UO2 LOADING ON THE TRANSVERSE TENSILE 
STRENGTH OF UO2-STAINLESS STEEL FUEL PLATES 

U 0 2 , 
w / o 

U02 
P a r t i c l e S ize , 

M 
Core 

Ma t r ix 

Ult imate 
Tensi le 

StrengthC^-)^ ps i 

15 

20 

25 

30 

35 

15 

25 

25 

30 

35 

75-150 

75-150 

75-150 

75-150 

75-150 

75-150 

50-75 

75-105 

75-150 

75-150 

Elementa l 
18 -14 -2 .5 alloy 

Elementa l 
18-14-2. 5 alloy 

E lementa l 
18-14-2 . 5 alloy 

E lemen ta l 
18-14-2, 5 alloy 

E lemen ta l 
18-14-2. 5 alloy 

Prea l loyed 
Type 318 s ta in less 

P rea l loyed 
Type 318 s ta in less 

P rea l loyed 
Type 318 s ta in less 

P rea l loyed 
Type 318 s ta in less 

Prea l loyed 
Type 318 s ta in less 

36,800 

32,500 

24,700 

21,900 

16,600 

29,000 

16,000 

15,400 

14,700 

11,200 

(a) Values obtained at room temperature. 
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FIGURE 35, SEVERE STRINGERING AND FRACTURING RESULTING FROM AN INCREASED LOADING OF 
UO2 IN AN ELEMENTAL 18-14-2.5 ALLOY 
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Type of UO2 

Four types of UO2 were invest igated. Use of Mall inckrodt c e r a m i c - g r a d e minus 
325-mesh UO2 was discontinued ea r ly in the p r o g r a m because of the s in ter ing and c r u s h ­
ing requ i red to obtain powders of the c o r r e c t pa r t i c l e s ize and also because the s in tered 
pa r t i c l e s did not appear to r e s i s t crushing during fabricat ion to the extent that 
Mall inckrodt H i - F i r e d powder or Oak Ridge hydro the rmal UO2 did. Near the conclusion 
of the p r o g r a m Mall inckrodt spher i ca l UO2 became available and was invest igated to a 
l imited extent. As shown in F igure 36, a far m o r e uniform d i spe r s ion with a negligible 
amount of s t r inger ing can be produced with spher ica l UO2. As would be expected, the 
t r a n s v e r s e tensi le s t rength is a lso improved. 

DISCUSSION OF RESULTS 

A m a t e r i a l with re la t ive ly high s t rength at 1500 to 1650 F , good cor ros ion r e s i s t ­
ance in oxidizing and nitr iding a tmosphe res , and good ductil i ty at room t empera tu r e was 
r equ i red for use in GCRE fuel e l emen t s . Type 318 s ta in less s tee l p o s s e s s e s these c h a r ­
a c t e r i s t i c s . Sigma phase will form after long per iods of t ime at operat ing t e m p e r a t u r e s , 
but the good c r eep r e s i s t ance at 1500 to 1650 F cannot be obtained in s ta in less s tee ls 
which do not contain molybdenum (a s igma p r o m o t e r ) . F u r t h e r m o r e , at the p r e s e n t t ime 
no conclusive evidence concerning de t r imenta l effects of s igma on e i ther i r rad ia t ion r e ­
s is tance or mechan ica l p r o p e r t i e s has been offered. Limited data obtained in this i n v e s ­
tigation suggest that s igma may inc rea se c reep r e s i s t a n c e . 

However , f rom genera l cons idera t ions of radia t ion d a m a g e , it would be predic ted 
that an austeni t ic s t a in less s tee l would have be t te r r e s i s t a n c e to radia t ion damage than a 
s t a in less s tee l containing two or th ree o r four p h a s e s . A l so , a m a t e r i a l which contains 
a m o r e uniform d i spe r s ion with l e s s s t r inger ing and fractur ing of UO2 would be expected 
to have be t te r r e s i s t ance to i r rad ia t ion . Although a h igh - t empera tu re anneal is requ i red 
(2300 F ) , the use of an e lementa l mix tu re of i r o n , c h r o m i u m , n icke l , and molybdenum 
m o r e nea r ly m e e t s these r equ i r emen t s than does prea l loyed Type 318 s ta in less s tee l . 
A l so , the effect of p r o c e s s va r i ab les on r o o m - t e m p e r a t u r e ductil i ty is much sma l l e r and 
even neglible in the n o r m a l range of var ia t ions for e lementa l -powder-conta in ing fuel 
e l emen t s . In addit ion, when compared with p r e a l l o y e d - m a t r i x fuel p l a t e s , hot tensi le 
s t rength i s always g r e a t e r for e l emen ta l -powder -bea r ing fuel p la tes when m e a s u r e d in 
the t r a n s v e r s e d i rec t ion ( thickness d i rec t ion or t r a n s v e r s e to roll ing di rec t ion) . The 
c r o s s sect ion of me ta l perpendicu la r to the applied force is naore uniform when tension is 
applied in the roll ing di rec t ion than in any other d i rec t ion. A l so , an added 30 volumie per 
cent of m e t a l is contr ibuted by the cladding, and under these conditions the tens i le 
s t rengths for fuel p la tes of both m a t r i c e s fall within the same sca t t e r band. If c r eep 
s t rength is the only c r i t e r i on cons ide red , the exper imenta l r e su l t s indicate that the p r e ­
alloyed m a t r i x is supe r io r . 

The major advantage usual ly cited for prea l loyed powders is the fact that a homo­
geneous alloy can be eas i ly obtained. While a homogeneous alloy is the r e s u l t , a 
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a. Minus 100 Plus 200-Mesh Sintered Ceramic-Grade UO2 
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FIGURE 36, EFFECT OF TYPE OF UO2 ON STRUCTIKE OF 25 w/o UO2-ELEMENTAL MATRIX FUEL ELEMENTS 
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s ingle-phase s t ruc tu re i s not obtained. The r e su l t s in this invest igat ion indicate that i t 
would be ex t remely difficult to obtain p r e a l l o y e d - s t a i n l e s s - b e a r i n g fuel p la tes free of 
f e r r i t e or s igma and, as in the wrought ixiaterial , ca rb ides will always be p r e sen t . 
F u r t h e r m o r e , the techniques which have been developed for producing p r e a l l o y e d - m a t r i x 
fuel p la tes with good duct i l i ty , modera t e ly good d i spe r s ion , and good t r a n s v e r s e tensi le 
s t rength closely approximate techniques used in making p la tes with e lementa l powders . 
T h u s , many advantages cited lor using preal loyed powders a re los t when s t r i c t r e q u i r e ­
men t s a re placed on mechan ica l pi-operties or high se rv ice t e m p e r a t u r e s a re 
contemplated. 

Reliable methods have been developed for removing the two t roublesome minor 
phases found in e l e m e n t a l - m a t r i x p la tes ( C r 2 0 3 and c h r o m i u m - r i c h g ra ins ) . Cold p r e s s ­
ing at low p r e s s u r e s (15 to 30 tsi) and step s inter ing to 2300 F will remove all chromium 
oxide. The lower p r e s s u r e is r equ i red if a s - r e c e i v e d e lec t ro ly t ic i ron and e lec t ro ly t ic 
ch romium a r e u s e d , but the higher p r e s s u r e is sa t i s fac tory when hydrogen-annealed 
e lec t ro ly t ic i ron (approximately 2000 ppm oxygen) and Lunex chromium a re used . A 2 to 
4 - h r anneal at 2300 F after hot or cold roll ing will convert all c h r o m i u m - r i c h a r e a s into 
austeni te . 

Of the UO2 powders inves t iga ted , the hydro the rma l and H i - F i r e d powders appear 
c o m p a r a b l e , but the hydro the rmal powder may be slightly m o r e r e s i s t a n t to f rac tur ing. 
The spher i ca l UO2 appears very proxnising but was not available in t ime to be completely 
invest igated. Sintered c e r a m i c - g r a d e powder was used in the ea r ly work , but when 
be t t e r -qua l i ty powders in the des i red pa r t i c l e s ize became ava i lab le , use of this powder 
was discontinued. 

Powder par t i c le s izes were loiind to be impor tant in determining the final core 
s t r u c t u r e . Metal powders of minus 325 m e s h were p re fe rab le whether e lementa l m i x ­
t u r e s or prea l loyed s ta in less powders were used . Var ia t ion of UO2 pa r t i c l e s over the 
range of 44 to 150 /i was not found to se r ious ly affect the s t r u c t u r e , but mechanica l 
p r o p e r t i e s of prea l loyed m a t r i x p la tes appear to be sensi t ive to UO2 par t i c l e s ize . Large 
pa r t i c l e s (75 to 150 [i in d iameter ) a re cons idered the m o s t de s i r ab l e . 

The des i red s in te red densi ty (85 p e r cent of theoret ica l ) could be obtained over a 
wide var ia t ion of compacting p r e s s u r e , UO2 par t i c l e s i z e , m e t a l pa r t i c l e s i z e , and UO2 
loading; t he r e fo r e , the s in ter ing p r o c e s s could be adjusted according to r equ i r emen t s 
for obtaining a good ro l l - c l ad s t ruc tu re without affecting the compact densi ty. Of c o u r s e , 
s in ter ing techniques used for purposes such as remova l of C r 2 0 3 were fixed within close 
l imi t s . 

Cold roll ing produced m o r e de t r imenta l effects on the s t ruc tu re than any other r o l l -
cladding operat ion. As l i t t le as an 8 pe r cent reduct ion in th ickness produced some 
s t r inger ing and fractur ing of UO2 p a r t i c l e s , and 30 p e r cent reduct ion in th ickness 
caused modera te ly s eve re s t r inger ing and fractur ing of UO2. Approximately 15 to 20 pe r 
cent reduct ion in th ickness was found to be n e c e s s a r y to produce the des i r ed surface 
finish on the p l a t e s . Use of light p a s s e s for the reduct ion was found to be beneficial . 

Hot rol l ing at 2200 F from a hydrogen a t m o s p h e r e , with a 40 p e r cent reduct ion in 
th ickness on the f i r s t p a s s and a 20 p e r cent reduct ion pe r pass on remaining p a s s e s 
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until a 6 - t o - l up to a 7 - to - l total hot reduct ion was m a d e , was found to be the mos t d e ­
s i rab le p rocedu re . However , because of overshadowing effects produced by cold ro l l ing , 
var ia t ions from 30 to 50 p e r cent reduct ion in thickness on the f i r s t pa s s and var ia t ions 
from 2000 to 2200 F in roll ing t e m p e r a t u r e did not produce severe changes in the final 
core s t r u c t u r e . Decreas ing the rol l ing t e m p e r a t u r e appears to be m o r e de t r imenta l 
than changing the rol l ing schedule. 

A 2050 F anneal after cold roll ing was n e c e s s a r y to tie up excess carbon in the 
form of niobium carb ides and to give a f lat , ductile p la te . 

CONCLUSIONS 

Although the effect of single va r i ab les i s l is ted below, the re la t ive impor tance of 
each var iab le and i ts effect on other va r i ab les m u s t be considered in establ ishing a fab­
r ica t ion p r o c e s s . Considera t ion of the factors l i s ted below has resu l ted in the fabr ica ­
tion p rocedure l i s ted in Appendix A. 

(1) Fo r fuel p la tes containing core m a t r i c e s made from e lementa l i r on , 
c h r o m i u m , n icke l , and molybdenum p o w d e r s , only powders with a low 
impur i ty content , pa r t i cu l a r ly oxygen content , and with a smal l pa r t i c le 
s i z e , <44 /i in d i amete r (minus 325 m e s h ) , should be used . 

(2) The s t ep-s in te r ing p r o c e s s p e r m i t s the use of e lec t ro ly t ic i ron and 
chromium powder , carbonyl nickel powder , and hydrogen-reduced 
molybdenum powder as rece ived from c o m m e r c i a l s o u r c e s , but the s t e p -
s in ter ing technique can be simplified when hydrogen-reduced e lec t ro ly t ic 
i ron and Lunex l i th ium-reduced chromium powder a re used, 

(3) Use of h igh-s i l icon prea l loyed s ta in less s tee l powders can cause up to 
20 volume p e r cent f e r r i t e to be p r e s e n t after normial fabricat ion p r o c e d u r e s . 

(4) Use of low-s i l icon prea l loyed s ta in less s tee l powders m a y cause the 
formation of up to 15 volume p e r cent chromi te after n o r m a l fabricat ion 
procedures, 

(5) The bes t p r o p e r t i e s a r e obtained for p la tes containing preal loyed powders 
when minus 325-mesh powder is used, 

(6) P l a t e s containing e lementa l m a t r i c e s show consis tent ly higher t r a n s v e r s e 
tens i le s t rength then p la tes containing prea l loyed m a t r i c e s , 

(7) M i c r o s t r u c t u r e s show that be t t e r d is t r ibut ion of UO2 and m o r e uniform 
UO2 par t i c l e s ize as well as an absence of secondary phases a re obtained 
with p la tes made with e lementa l powders . 
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(8) Only by the use of minus 325-mesh me ta l powder and 100 to 150-mesh 
UO2 were prea l loyed m a t r i x p la tes produced with a bend ducti l i ty equal 
to that for p la tes with e lementa l m a t r i c e s , 

(9) UO2 par t i c l e s ize had litt le effect on bend ductil i ty of e l e m e n t a l - m a t r i x 
p l a t e s . 

(10) Longitudinal tens i le t e s t s of clad p la tes at t e m p e r a t u r e s to 1650 F did 
not show significant differences due to use of e lementa l v e r s u s p r e ­
alloyed m a t r i c e s . 

(11) Creep s t rength at 1500 and 1650 F was significantly higher for p la tes 
containing prea l loyed m a t r i c e s . 

(12) F e r r i t e in Type 318 p r e a l l o y e d - m a t r i x p la tes t r a n s f o r m s to s igma plus 
austeni te after about 2 hr at 1500 F , After long per iods of t ime 
(approximately 2000 hr at 1500 F) up to 10 volume p e r cent s igma in 
wrought s ta in less Type 318 and up to 5 volume p e r cent in e lementa l 
18-14-2. 5 m a t r i c e s form by the t r ans fo rmat ion of aus teni te , 

(13) Good d i spe r s ions can be produced by the use of e i ther hydro the rma l 
or H i - F i r e d U02- Spher ica l UO2 gave excellent r e su l t s but was not 
fully invest igated. 

(14) Bes t r e su l t s were obtained by the xise of 75 to 150- / i -diameter UO2 powder. 

(15) A 2300 F anneal i s r equ i r ed to p lace al l chromium of e lementa l m a t r i c e s 
in solution. 

(16) A 2050 F anneal t ies up excess carbon and r e su l t s in p la tes with good 
r o o m - t e m p e r a t u r e bend ducti l i ty. 
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APPENDIX A 

RECOMMENDED PROCEDURE FOR FABRICATION 
OF UO2-STAINLESS STEEL FUEL ELEMENTS 

The recommended fabricat ion technique p resen ted below is for use with s in tered 
c o r e s containing e lementa l i r o n , n icke l , c h r o m i u m , and molybdenum powders . An 
ident ical p rocedure is used for p r e a l l o y e d - m a t r i x p la tes except for deletion of d r y - m e t a l 
powder blending and 2300 F heat t r e a tmen t , 

A. P r e p a r a t i o n of Mate r i a l s 

(1) Shear cover p la tes to s ize and machine p ic ture f r ames to a 25 r m s surface . 
Mate r ia l is Type 318 s ta in less s tee l . 

(2) Clean components in alcohol or t r i ch lo roe thy lene , sc rub with wire b rush 
in hot soap solut ion, r inse in cold w a t e r , hot w a t e r , cold w a t e r , and pat 
dry with paper towels . 

(3) Blend mix ture of minus 325-mesh powders consist ing of 18 w / o ch romium, 
14 w/o n icke l , 2. 5 w/o molybdenuin, and the balance i ron for 2 hr dry in 
a twin-she l l b lender . Add 25 w / o hydro the rmal UO2 (minus 100 plus 
200-mesh size) and blend dry for 1 h r . Add 1/2 w/o camphor-a lcohol 
binder and blend 1 h r . Note: a s - r e c e i v e d powders mus t be passed through 
a 325-mesh s c r een before blending. 

B. Sintering 

(1) Cold p r e s s core compact at 15 t s i . 

(2) Sinter 2 to 16 hr at 1600 F (s in ter unti l -90 F exit dew point is obtained), 
then heat at 170 F p e r hr to 2300 F and hold for 2 hr . 

(3) Coin compacts at 50 t s i . 

(4) Assemble bil let components and Hei ia rc weld in a ine r t -gas - f i l l ed dry box. 

(5) Evacuate pack at 600 F and sea l by forging the evacuation s t em closed. 

C. Rolling 

(1) P r e h e a t bi l lets and hot ro l l at 2200 F from a hydrogen-a tmosphere muffle 
to an 80 pe r cent reduct ion in th ickness . Reductions in th ickness of 40 per 
cent pe r p a s s on the f i r s t p a s s and 20 pe r cent p e r p a s s on remain ing 
p a s s e s a re used. 

(2) Pickle in H N 0 3 - H F - w a t e r br ight etch to remove scale and anneal in a 
hydrogen a tmosphere for 2 hr at 2300 F . 
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(3) Cold ro l l to a 15 to 20 p e r cent reduct ion in th ickness using very light 
p a s s e s (3 p e r cent) . 

(4) F la t anneal 1 hr at 2050 F and cool in furnace cold zone. 
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APPENDIX B 

PETROGRAPHIG ANALYSES OF UO2 POWDERS 

Three types of UO^ were examined for phase distribution^ c r y s t a l gra in size^ 
po ros i t y , and degree of c rys ta l l in i ty . The r e su l t s for H i - F i r e d UO2J spher i ca l UO2J and 
hydro the rmal UO2 (fully enriched) a r e l i s ted in Table B - 1 . A d i rec t count of poros i ty 
for hydro the rmal UO2 was not m a d e , but the examinat ion indicated a poros i ty cons ide r ­
ably l e s s than 1 p e r cent. 

TABLE B - i , POROSITY AND CRYSTAL GRAIN SIZE OF UO2 

Total Di rec t 

Type oC UO2 

H i - F i r e d 

Spher ica l 

Hydrothe r m a l 

Crys 
Maximum 

100 

61 

110 

tal G ra in Size 
Minimum 

2 . 5 

1.0 

6 . 5 

, IJ. 

Average 

19.6 

5 , 3 

41 , 1 

Number of 
P a r t i c l e s 
Measured 

100 

100 

- -

Visual 
P o r o s i t y , 

volunae 
pe r cent 

1.96 

4 . 2 

— 

Equivalent 
Wate r -

Ab sorpt ion 
Value 

0.49 

1,05 

1.0 

The degree of c r y s t a l - s t r u c t u r e development and the re la t ive perfect ion of c rys t a l 
shape of the u ran ium oxide (UO2) phase within the H i - F i r e d UO2 powder as rece ived from, 
the manufac ture r appeared to suggest that the u ran ium oxide was made by a high-
t e m p e r a t u r e calcination p r o c e s s . The inajor phase (95.9 volume p e r cent) consis ted of 
i so t rop ic c r y s t a l g ra ins of i s o m e t r i c UO^. A var ie ty of c ry s t a l shapes could be detected. 

The chenaical identity of the secondary p h a s e , which a s s i s t ed in cementing the 
uran ium oxide c ry s t a l s together in the aggregate p a r t i c l e s , could not be de te rmined under 
the mic roscope but probably contained T i02 . The secondary phase occu r r ed as s t r i n g e r s 
in the i n t e r s t i c e s between the UO2 c rys t a l s and as inclusions within the individual c r y s ­
t a l s . No evidence of bi refr ingence was seen in polar ized light. In g e n e r a l , the second­
a ry phase was black and opaque in t r ansmi t t ed light. 

The major i ty p e r cent of v isual poros i ty at lOOOX (d iameters ) magnification was 
confined to very sma l l sphe r i ca l - shaped p o r e s that occu r r ed within the individual c r y s ­
t a l s . A few na r row s t r inge r - type channel p o r e s were seen in the i n t e r s t i c e s between the 
UO2 c r y s t a l s . The aggregate pa r t i c l e s appeared to be very compact and dense in 
s t r u c t u r e . T h e r e f o r e , t he re was l i t t le opportunity for elongated channel po res to be 
p r e s e n t . 
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The spher ica l UO2 powder exhibited an unique aggregate pa r t i c l e s t r uc tu r e . All of 
the aggregate pa r t i c l e s were p r e s e n t as sphe res of var ious s i ze s . Each sphere could 
contain s eve ra l hundred s m a l l , brown c r y s t a l s of the UO2 phase . The smal l c rys t a l 
g ra ins were r e m a r k a b l y uniform in s ize . Brown aggregate highly p redomina ted , but the 
p r e s e n c e of da rk -co lo red aggregate probably contributed to the da rk visual color of the 
powder as received from Mall inckrodt . E i ther the octahedron shape , a half-octahedron 
shape , or the t r i a n g u l a r , oc tahedra l c r y s t a l face predominated . Approximately 95, 2 
volume pe r cent of the sample was the UO2 phase . 

A number of da rk chocola te-brown aggrega tes were seen. The amount was l e s s 
than 5 pe r cent. The average c ry s t a l g ra in size in the da rk aggrega tes was close to the 
average c ry s t a l gra in size in the l ighter brown aggrega te s . Any slight differences inight 
be a t t r ibuted to the p re sence of hidden phase impur i t i e s concealed within the space lat t ice 
of the UO> c rys t a l s in the da rk aggrega tes . F r o m the mic roscop ic point of view, the 
amount of phase impur i t i e s n e c e s s a r y to produce a d a r k e r aggregate could not be d e t e r ­
mined, A few c o a r s e c ry s t a l s were seen in the powder and a rnxmber of da rk c rys t a l s 
w e r e counted. 

The hydro the rmal UO2 appeared to have been made in the e l ec t r i c furnace using a 
fusion method , although the prec ip i ta t ion from UO2 hydrate was actually used. T h e r e ­
f o r e , the space la t t ice within the u ran ium oxide c ry s t a l s is set and well defined, A 
careful inspect ion of the sample failed to d isc lose the p r e s e n c e of m e a s u r a b l e p e r c e n t ­
ages of ext raneous m a t e r i a l . 

Examinat ion of the fine powder in ref lected light revealed that nea r ly all of the 
c ry s t a l s were dark and nea r ly black in color . A few c r y s t a l s were c lear and yellow 
brown in appearance . Although only 92. 2 volume p e r cent of the UO2 phase was m e a s ­
u r e d , the secondary phase was also i so t ropic and the index of ref ract ion indicated that 
the composi t ion was ve ry nea r that of pure UO2. No evidence of impur i t i es was 
detected. 
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