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SEGREGATION IN URANIUM-ALUMINUM ALLOYS AND ITS EFFECT ON THE 
FUEL LOADING OF ALUMINUM-BASE FUEL ELEMENTS 

W. C. Thurber 

SUMMARY 

Techniques were devised for quantitatively de- 
termining the accuracy of potentiometric uranium 
analyses in uranium-aluminum alloys containing 
up to 55 wt % U and for evaluating the segregation 
exist ing i n  uranium-aluminum alloys containing 
as low as 7 wt % U and os high as 50 wt % U. 
A theory for predicting the mode of  uranium 
segregation in  these alloys was postulated. On 
the basis of the observed uranium segregation, 
the uranium content of a hypothetical fuel element 
was predicted by means of several sampling 
schemes. Dip sampling of the melt was demon- 
strated to be satisfactory for alloys containing 
7 to 19 wt % U. However, this technique was 
not considered suitable for a l loys containing 40 
to 50 wt % U, because a significant number of  
samples i s  required from the casting or the 
wrought al toy to  adequately represent the fuel 
content. 

INTRODUCTION 

Accurate knowledge of the uranium content of 
uranium-aluminum al loys i s  a prerequisite for 
control of f issionable material inventories and 
for predicting the uranium loading of reactor fuel 
elements. This  knowledge depends on the effec- 
tiveness of analytical techniques for accurately 
determining the uranium content of alloy samples 
and of the selected sampling procedure for repre- 
senting the uranium distribution i n  the alloy as a 
whole. 

The purposes of the present investigation were 
threefold: 
1. to  determine the accuracy with which uranium 

assays could be made on uranium-aluminum 
al loys containing up to 55 wt % U, 

2. to develop a consistent theory of macroscopic 
segregation in  uranium-aluminum alloys sub- 
st ant iated by exper i mentat ion, 

3. to  i l lustrate the effect of various sampling 
methods on the predicted uranium content of 
fuel elements. 

Standard assaying procedures for measuring the 
uranium content of selected samples were evalu- 
ated by analyzing small buttons of known uranium 
content. The developed segregation theory was 
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substantiated both with experimental a l loys and 
with al loys selected from production heats. 
Finally, these data were interpreted in  several 
ways to predict the uranium content of theoretical 
16-plate fuel elements containing varying loadings 
o f  fissionable material. 

CO NC L US10 NS 

Chemical assay of individual samples of uranium- 
aluminum alloys by potentiometric t itration of the 
tetravalent uranium ion yields results which are 
on the average within 0.4% of the true uranium 
content. However, in  terms of production ac- 
countability, the determination of  U235 over a 
reasonable time period w i l l  be within 0.09% of 
the true uranium content. 

Actual measured density values of arc-melted 
alloy buttons containing up to 35 wt 95 U show 
excel lent correlation wi th the values calculated 
from theoretical data. Significant deviations occur 
i n  alloys more highly concentrated in  uranium. 

Segregation i n  uranium-aluminum alloys con- 
taining up to 55 wt % U and prepared by con- 
ventional casting techniques i s  inverse in  nature 
because the eutectic l iqu id  i s  fed, during sol id i f i -  
cation, to regions remote from the thermal center 
of the ingot. Inverse segregation persists in  
castings sol id i f ied over a wide range of cooling 
rates obtainable with graphite molds, and chi l l ing 
the molds with l iquid nitrogen does not increase 
the rate of cooling sufficiently to alter the mode 
of segregation. 

Because of the good homogeneity in  alloys 
containing 13 to 19 wt % U, dip sampling of the 
molten alloys w i l l  permit accounting of the weight 
of U235 i n  subsequently manufactured fuel ele- 
ments to wi th in 0.8% of the absolute uranium 
content. Accounting for U235 in al loys containing 
about 7 wt % U may deviate by 2% from the 
absolute uranium content. 

Increasing uranium gradients occur as the com- 
position of the alloy deviates from the eutectic 
composition of  13 wt 95 U. Cropping of a l loys in  
the composition range do to 50 wt % U i s  rec- 
ommended to improve homogeneity in  resultant 
fuel cores. 
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Due to the magnitude of segregation in  al loys 
containing 40 to 50 wt % U, dip sampling i s  not 
considered to be a representative sampling tech- 
nique. To adequately predict the U235 content 
of fuel cores from these alloys, it i s  necessary 
to  sample at  intervals along the rolled al loy 
casting. 

Bottom-poured and lip-poured castings of a 
nominal 48 wt % U-AI alloy have comparable 
segregation patterns, indicating that gravity segre- 
gation mechanisms are not important in al loys 
produced by standard techniques. 

Pouring temperatures in the l imited range in- 
vestigated have I i t t l e  effect on segregation in 
45 wt % U-AI alloys. 

Higher mold temperatures are more conducive to 
the production of homogeneous castings containing 
45 wt % U. However, the temperatures required 
are sufficiently high to  be undesirable in  terms 
of  other production considerations. 

A C C U R A C Y  OF U R A N I U M  ANALYSES 

Standard analytical procedures' for predicting 
the uranium content of a fukl assembly by assay 
of the uranium-aluminum fuel alloy also serve 
as the foundation for segregation studies. There- 
fore the f i rs t  requirement of the investigation was 
to  establish the l imi ts of accuracy for uranium 
assay over a wide range of compositions in  order 
to  differentiate between real uranium gradients 
and spurious results stemming from the inherent 
inaccuracies in  the analytical method. Further, 
th is  information serves to establish minimum 
l imi ts  for uranium variation in a fuel element 
based on a completely homogeneous alloy. 

The standard method at ORNL for determining 
the uranium content of uranium-aluminum alloys 
involves potentiometric titration, with a ferric 
sulfate solution,2 of the tetravalent uranium ion. 
In order to quantitatively evaluate th is method, 
13 buttons, each weighing about 10 g, were 
prepared by arc-melting, with the use of a 
tung sten- tipped electrode, the appsopri ate charges 
on a water-cooled copper hearth. The furnace 
atmosphere was purif ied argon maintained at a 
posit ive pressure of 5 to 7 psi. 

'J. E .  Cunninghom and E. J. Boyle, Proc. In te rn  
Conf.  Peaceful  U s e s  Atomic Energy, Geneva,  1955 9, 
203 (1956). 

F e r r  i c 
Sulfate Method," O R N L  Master Analyt ical  Manual. 
2Me t ho d 1 2 1 9 2 2 ,  ' ' U r on i urn, P o te n t io met r i c 

The charge for each melt was weighed to  
t0.2 mg on a standard analytical balance, and 
the as-cast buttons were weighed after melting 
to  evaluate any weight changes that might have 
occurred during processing. The maximum weight 
change noted in  any one button was only 2.9 mg. 
On the basis of these observed weight losses, 
the maximum possible variation in  uranium content 
for each button was calculated, assuming that a l l  
the losses were either aluminum or uranium. The 
expected compositional l imits were thus es- 
tablished and eventually compared with the ana- 
lyt ical  results. The maximum possible deviation 
from the true uranium content resulting from weight 
losses was calculated to be 0.02 wt %. 

In addition, the density of each button was 
determined prior to chemical analysis. The 
buttons were then entirely dissolved in an 
H,SO,-HCI solution to eliminate sampling errors. 

Results of the analytical studies are summarized 
in  Table 1. From the data presented, it can be 
seen that the analytical method i s  equally accurate 
over the entire range of compositions investigated 
and that the magnitude of the inherent inaccuracies 
i s  small. The extreme value (button No. 6) was 
0.80% from the true uranium content and the mean- 
absolute deviation (i.ee, the deviation without 
regard to sign) was 0.4%. Uranium standards, run 
twice dai ly by the Special Analyses Laboratory 
of  the Chemistry Division, indicate an accuracy 
on the standards of t0.296. It would therefore be 
expected that the 0.4% value represents the total 
cuiiiulative error for individual samples. 

However, it should be noted that the method i s  
not biased in  either direction but rather yields 
results above and below the true value with about 
equal frequency. Thus, in terms of production 
accountability over a reasonable period of time, 
deviatisns should average out. The average 
deviation (i.e*! the deviation when considering 
the sign of the variation) of a l l  13 buttons 
analyzed in the present work WQS only -0.09% 
from the true uranium content. 

Good correlation was obtained between actual 
production accountability and the projected average 
deviation with time of -0,09% predicted from the 
l imited number of control samples in the present 
work. Analysis of production records for the 
Process Metallurgy Section for the 12-month period 
ending December 1957 indicated that 58,897 g of 
uranium in the form of uranium-aluminum al loys 
had been shipped. During this time a net loss  
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Table 1. Accuracy of Uranium Analysis in Uranium-Aluminum Alloys 

Uranium Content 
- -____..- 

Intended Uranium Weight L o s s  Calculated - Losses Calculated - Losses 
Button 

N 0. 
Content During Melt ing Assumed TO BC Assumed To B e  Analyzed Deviation 

( 9) Uranium AI umi num (wt  X) ( %) (wt %) 

(wt  %) (wt %) 
__-- 

14 12.90 0.0000 12.90 12.90 12.86 -0.31 

2 13.00 0.0001 13.00 13.00 13.09 +0.69 

3 18.00 0.0007 17.99 18.00 17.93 -0.39 

4 18.00 0.0005 18.00 

5 25.00 0.0013 24.99 

6 25.00 0.0000 25.00 

7 35.00 0.0009 34.99 

8 35.0 1 0.0017 35.00 

9 45.00 0.0019 44.99 

18.00 18.04 +0.22 

25.00 24.82 -0.72 

25.00 24.80 -0.80 

35.00 34.86 -0.40 

35.02 34.96 -0.11 

45.01 45.0 1 4-0.02 
10 45.00 0.0013 44.99 45.0 1 44.88 -0.27 

12 52.39 0.0002 52.39 52.39 52.70 +0.59 

13 52.39 0.0029 52.38 52.40 52.23 -0.30 

11 55.00 0.0013 54.99 55.0 1 55.03 -t0.05 
~. 

of 25.2 g or -0.04% was realized - a value well 
wi th in the predicted limit. 

The theoretical density of each button was 
calculated with equations derived by Aronin and 
Klein, based on equilibrium c ~ m p o s i t i o n s , ~  and 
was compared with the measured density. From 
these data, tabulated in Table 2, it can be ob- 
served that excel lent agreement was obtained 
between theoretical and measured densities for 
as-cast alloys containing 35 wt % U or less. Some 
divergence of theoretical from measured density 
occurred in  alloys containing 45 to 55 wt % U OS 

a result of the marked porosity of a l loys in th is  
compositional range. 

On the basis of the foregoing analysis of 
analytical inaccuracies, it appears that the 
standard method of potentiometric t itration for 
uranium assay introduces insignificant errors i n  
occouritability of U235 in  uranium-aluminum alloys 
containing up to  55 wt % U. 

'Lq R. Aronin and J. L. Klein, Use  of IZ Density 
(Specific Volurne) Method a s  a Sensitive Absolute 
Measure of Alloy Composition, and I t s  Applicution to 
the A1~7ninum-Clraniunz Sys tem,  NMI-1 118 (Oct. 29, 
1954). 

T H E O R Y  OF S E G R E G A T I O N  

Macroscopic or gross segregation in  multicom- 
ponent alloys can be classified as one of three 
primary types: 

Gravity. - This type of segregation occurs when 
one sol id phase i s  considerably denser than 
the l iqu id  from which it nucleates and tends to 
sett le during solidification. 

Normal. - This type of segregation occurs when 
the solute i s  concentrated in the last-to-freeze 
regions of the casting and i s  the type that would 
be predicted solely from equilibrium diagram 
considerations and complete solute diffusion i n  
the melt. 

Inverse. - This  type of segregation occurs when 
the solute-rich l iquid feeds through the inter- 
crystal 1 ine passages to the regions where final 
sol id i f icat ion and consequent contraction are 
taking place. This  feeding of the so luter ich 
phase through interdendritic channels of the pasty 
zone, bounded by the solidus and liquidus iso- 
therms, results in  depletion of the solute phase 
in  the last regions of the casting to solidify. 
Since segregation resulting from this type of 
feeding i s  the opposite of that predicted from 
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Table  2. Comparison of Measured and Theoretical Densit ies for Uranium-Aluminum Al loys 

Density 

Thenreti cal * Measured Deviation* * 
Button Intended Uranium Content ~ 

No. (wt %) 
( d c c )  (g/cc) (%I 

14 

2 

3 

4 

5 

6 

7 

a 
9 

10 

12 

13 

1 1  

12.90 

13.00 

18.00 

18.00 

25.00 

25.00 

35.00 

35.01 

45.00 

45.00 

52.39 

52.39 

55.00 

3.3502 

(1.2408 -we ight  fraction of U) 
Measured density - theoretical density 

Theoretical density 

* .......................... _ _  

** x 100% 

equilibrium diagram considerations, it i s  termed 
inverse. I t  

Although i t  has been shown' that gravity 
segregation can occur in uranium-aluminum at loys 
sol idif ied under very special conditions, the 
cooling rates achieved in conventional practice 
are of such magnitude that th is  type of segregation 
would not be anticipated, It has also been shown 
that, in  general, large or slowly cooled masses 
of metal ore prone to normal segregation but that 
small and rather rapidly cooled masses o f  metal 
tend to exhibit inverse segregations5 It has been 
further demonstrated that a wide freezing range 
i s  conducive to inverse segregation, although thi s 
phenomenon i s  not solely l imited to  such 

< I  

systems. 6 

'B. C. Al len and S. Isserow, Acta Met. 5, 465 (1957). 
5H. C. H. Carpenter and J. M. Robertson, Metals, 

vol 1, p 661-676, Oxford University Press, London, 
1939. 

6A. Phi l l ips  and R. M. Brick, Metals Techno/.  4(2), 
1-17 (Paper No. 785) (1937). 

3.013 

3.016 

3.158 

3.381 

3.158 

3.381 

3.76 1 

3.76 1 

4.236 

4.236 

4.673 

4.673 

4. a50 
- 

3.013 

3.014 

3.159 

3.159 

3.352 

3.383 

3.754 

3.753 

4,194 

4.189 

4.540 

4.608 

4.798 

0 

-0.07 

+0.03 

f 0.03 

+0.03 

+0.06 

-0.19 

-0.21 

-0.99 

-1.11 

- 1.39 
-2.85 

- 1.07 

From the uranium-al uminum constitution diagram 
shown in  Fig. 1, it can be seen that a rapid 
divergence of solidus and liquidus curves occurs 
on either side of the eutectic point (13 wt % u). 
In l ight  o f  th is  marked divergence of solidus 
and liquidus curves coupled with the fact that 
conventionally produced uranium-aluminum alloy 
castings are generally small i n  mass and cool 
relat ively rapidly, such al loys prepared by es- 
tablished techniques would be expected to  manifest 
inverse segregation. Thus, in hypereutectic al loys 
(greater than 13 w t  5% U), a uranium-rich region 
should be found at  the thermal center of the 
casting, resulting from the feeding of the aluminum- 
r ich eutectic through interdendritic networks 
toward the solidifying portions which leaves 
behind a region of primary uranium-rich crystals. 
In hypoeutectic al loys the opposite effect should 
result, with an aluminum-rich region being located 
in the last-to-freeze portion of the casting. 

When a very rapid cooling rate i s  employed, 
solidif ication throughout the casting may occur 
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so quickly that feeding of the solute-rich l iqu id  
toward the solidus i s  greatly minimized. In such 
a case the casting would tend to  be more homo- 
geneous. At the other extreme, that is, wi th 
extremely slow cooling, diffusion of the solute 
through the l iquid would be maximized and pro- 
ductian of either a normally segregated or homo- 
geneous casting may be possible. 

The findings discussed i n  subsequent sections 
of th is report substantiate the hypothesis that 
uranium-aluminum alloys prepared according to 
existing practices do, i n  fact, exhibi t  inverse 
segregation; also discussed are the effects of  
th is mode of segregation on the accountabil ity 
of the U235 isotope in  fuel elements. 

UA12 t a 

i 
80 90 IO0 

S E G R E G A T I O N  IN A L L O Y S  C O N T A I N I N G  L E S S  
T H A N  19 w t  X U R A N I U M  

To determine the extent of uranium segregation 
in  uranium-aluminum alloys containing from 7 to 
19 wt 76 U, four production heats were selected 
for extensive investigation. Cores obtained from 
these heats were ultimately used i n  fabricating 
fuel elements for ini t ial  operations in  the Oak 
Ridge Research Reactor. The heats selected had 
the nominal uranium compositions of 7.30, 13.70, 
16.10, and 18.65 wt %. The f irst composition i s  
hypoeutectic, the second i s  very near the eutectic, 
and the last two compositions are hypereutectic. 

Each heat was prepared by the appropriate 
charge (5000-7000 g) being melted i n  a graphite 
crucible by open-air induction and then being 
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poured into graphite molds at room temperature. 
The pouring temperature for each composition was 
as follows: 

7.30% u 735OC 

13.70% U 745O c 
16.10% U 760° C 

18.45% U 795O c 

the mold cavity was 1.25 in. wide x 4.75 in. 
long x 10 in. deep, and the mold walls were 1 in. 
thick. Two castings of th is size were poured 
from each heat. 

Immediately prior to pouring the heat, the dross 
was skimmed from the surface of the melt and 
three dipsamples were taken. As established by 
standard p a ~ c e d u r e s , ~  two dip-samples were as- 
sayed for uranium and averaged, while the third 
sample was held in  reserve. 

Each casting was preheated to  600°C and rol led 
from the in i t ia l  thickness of 1.25 in. to a final 
thickness of 0.255 in. on a 20 x 30 in. twoh igh  
mill, 10% reductions being used per pass. Thirty- 
eight fuel cores 2.3 in. wide x 2.0 in, long were 
punched from each hot-rolled casting, giving a 
total y ie ld  of 74 cores per heat. F ive  additional 
samples for uranium assay were then removed from 
each remaining skeleton as i l lustrated in Fig. 2. 
This  skeleton sampling i s  not performed as 
standard practice for alloys in th is  compositional 
rungs but was employed only for the present 
studies. Adjacent analyses bracketed either 8 
or 10 fuel cores. These samples were analyzed 
by the same technique (potentiometric t itration) 
us that used for the dip-samples. 

Figures 3, 4, 5, and 6 i l lustrate the uranium 
distribution i n  each of the eight slabs selected 
for study. In graphically presenting these data, 
it was presumed that the uranium gradient between 
successive analyses was linear. Also shown in 
each figure i s  the intended uranium content; the 
uranium content of the heat as determined by the 
average of two dip-samples; and the uranium 
content as determined by direct averaging of the 
10 samples token from the punched skeletons 
which was designated as the “heat average.” 
From these figures, i t  w i l l  be noted that in  every 

7J. E. Cunningham and E. J. Boyle, Proc. Intern 
Conf. Peaceful Uses  A t o m i c  Energy,  Geneva, 1955 9 ,  
205 (1955).  

case Q uranium gradient occurs in  those regions 
which were originally the top of the casting. In 
the hypoeutectic alloy (Fig. 3), the gradient i s  
negative, that is, the uranium content in th is 
region i s  below that of adjacent areas, while in  
the hypereutectic ol loys the uranium gradient i s  
positive. The sharpness of the gradient can be 
seen to increose Q S  the composition deviates 
progressively from the eutectic; in  the nominal 
13.70 wt ‘7; U-hl alloy, only a very slight gradient 
i s  observed, while in the 18.65 wt % U-AI alloy 
a marked gradieni i s  observed, with the compo- 
sit ion r ising in  the top of one b i l le t  to 19.79 
w t  % U. The mognitude of these gradients cor- 
relates closely with divergence of the solidus and 
l iquidus curves shown in  Fig. 1. 

The observed mode of uranium segregation i s  
consistent with the theory outlined in  “Theory 
of Segregation.” In hypereutectic al loys the 
aluminum-rich eutectic feeds away from the top 
and center of the casting, leaving behind a 
uranium-rich region, while in hypoeutectic alloys, 
eutectic feeding creates a uranium-poor region at  
the top and center of the casting. 

Based on the data presented in Figs. 3 to 6, 
the UZa5 content of a hypothetical 16-plate 
aluminum fuel element was predicted by several 
different methods and compared with the U235 
content as determined by dip sampling. Dip 
sampling was selected as a base, since it i s  the 
presently accepted criterion in accounting for 
the U235 content of fuel elements. For the 
purposes of calculation, a constant core volume 
was assumed and the density equivalent to a 
given weight percentage of uranium was computed 
by calculations of the type described in “Accuracy 
of Uranium Analyses.” On this basis, the U235 
content was calculated hy using 
1. 

2” 

3. 

4. 

the average of two dip-sample analyses as 
representative of a l l  16 cores in  the fuel 
element, 
the intended analysis a5 representative of a l l  
16 cores i n  the fuel element, 
the “heat average” (average ad a l l  10 skeleton 
samples) as representative of al l  16 cores in  
the fuel element, 
the average of each pair of skeleton samples 
as representative of the 8 or 10 cores which 
it bracketed and then selecting the cores by 
(a )  random selection of two cores bracketed 
by each pair of samples, ( b )  specially selecting 
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the 16 cores containing the greatest amount of 
uranium, or (c) specially selecting the 16 cores 
containing the least amount of uranium. 

It i s  fe l t  that the weighted average of method 
4 ( a )  i s  the most accurate method for the selection 
of 16 cores. Sample calculations for one heat 
(0665) are given in  the Appendix. Similar calcu- 
lations for a l l  four heats are summarized in 
Table 3. Table 4 gives the differences i n  uranium 
content between the value predicted by dip 
sampling and the values predicted by each of the 
other described techniques. 

Selecting the data in Tables 3 and 4 for the 
nominal 18.65 % U alloy for purposes of dis- 
cussion, it can be seen that the difference be- 
tween the uranium content determined by dip 
sampling and the uranium content determined by 

the most accurate method (weighted average of 
two cores per pair of analyses, Table 3) i s  1.33 g 
of (J235. This i s  equivalent to a measurement 
error of 0.8% in  the U235 content. Further, it 
should be noted that in  the worst conceivoble 
case (weighted average of 16 cores of highest U 
content, Table 3), with  all cores for a given 
16-plate fuel element being selected from the top 
of the two bil lets, the difference between the 
uranium content 05 neasured by dip sampling and 
the uranium content as determined by the weighted 
average and special selection i s  5.59 g of U235 
or 3.4%. 

On the basis of the preceding analysis, it 
appears that the uranium content of u given fuel 
assembly determined by dip sarnpl ing vri I I deviate 
from the best estimate by about 2% for al loys 
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Table 3. Fuel  Content of 16-Plate Fuel Element as Predicted by Several Sampling Techniques* 

40 

~~~5 Content (g) -. ...... ~ I_ - ....... ____ 
Bosed on Bosed on Bosed on Heat*- Intended Uranium 

Based on Based on Weighted Average Weighted Average Weighted Average 
NO. Content (wt 7 5 )  Based on 

Dip Samples Intended Analysis "Heat Average" of 2 Cores per Pair nf 16 Cores of of 16 Cores of 
of Analyses Highest U Content Lowest U Coriterit 

I - _ ............................... 
D-633R 7.30 57.39 58.06 55.63 56.07 58.05 53.27 

C-640 13.70 114.91 115.28 115.96 115.63 116.87 114.88 

0-65 1 16. IO 139.16 138.47 140.07 139.54 142.73 137.23 

0-665 18.65 163.33 164.29 165.41 164.66 163.92 162.90 

*For olloys containing uranium enriched 93.5% in  U235 isotope. 

... _...._._._li 

* * T w o  castings per heat. 
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T a b l e  4. Difference i n  U235 Content  P r e d i c t e d  by Dip-Sampling Techn ique*  and That  P r e d i c t e d  by Other  Methods 

...... ...... ___ .... ...... _._I___._._ 

_.______ 
~~~5 Content _~ ........ ......... 

Sased on Based on Based on 
Intended Uranium Based on Based on Weighted Average Weighted Average Weighted Average 

Content ( w t  W) Intended Analysis ‘‘Hsat Average” of 2 Cores per Pair of 16 Cores of of 16 Cores of 
of Analyses Highest U Content Lowest U Content 

Grams Per Cent Grams Per Cent Grams Per Cent Grams Per Cent Grams Per Cent 

Heat No. 

.-.__ .......... ~ ....... 

.......... ....... ___ .......... ____ .... .._. ....... 

D-633R 7.30 -0.67 -1.2 1.76 3.1 1.32 2.3 -0.66 ---1.2 4,12 7.3 

D-640 13.70 -0.27 -0.2 -0.95 -0.8 -0.74 -0.6 -1.96 -1.7 0.03 0 

D-651 16.10 0.69 0.5 -0.91 --0.7 -0.38 -0.3 -3.57 -2.6 1.93 1.4 

-0.96 0.6 -2.08 -1.3 -1.33 -0.8 -5.59 -3.4 0.43 0.2 
I ... 

D-665 18.65 

*For a l l o y s  c o n t a i n i n g  urahium enr iched 93.5% i n  U235 isotope. 
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Containing 7.30 wt % u and by less than 0.8% for 
alloys containing 13 to  19 wt 76 U. Reactivity 
measurements of MTR fuel elements verify th is  
conclusion, and portions of such data have been 
reported previously.' However, i t i s  conceivable 
that larger variations are possible, i f  a fortuitous 
selection of cores i s  made, 

SECREGATSON IN A L L O Y S  CONTAINING 
40-50 w t  % URANIUM 

Alloys in the cornposition range 40 to  50 wt % U 
are treated separately in  this report, not because 
of any anticipated differences in  mode of segre- 
gation but rather because these alloys are of 
specific interest for Foreign Reactor Program fuel 
elements where enrichment. in the U235 isotope 
i s  l imited to 20%. Although no differences in  the 
mode of segregation would be predicted on the 
basis of the previously described sol idif icat ion 
mechanism, differences in magnitude would cer- 
tainly be expected by virtue of the wide temper- 
ature gradient between solidus and liquidus and 
the wide compositional gradient between the f i rst  
freezing sol id (UAI,) and the last freezing sol id 
(eutectic mixture). Far example, considering a 
45 wt % U-AI alloy, the temperature gradient 
existing between the in i t iat ion and completion of  
crystall ization i s  about 510 Centigrade degrees 
and the cornpositional gradieni of the uranium for 
the same alloy i s  61 wt % 

In view of the expected magnitude of segregation, 
attention was directed toward determining the 
effect of two basic casting variables on the 
homogeneity of these a1 loys: mold temperature 
and pouring temperature. 

Although the liquidus temperature for al loys of 
less than 25% U has been determined,' the 
l iquidus curve can only be estimated for alloys 
richer in uraniuni. The inferred l iquidus ternper- 
ature for a 45 wt % U-AI alloy, shown in Fig. 1, 
i s  1150°C. Consequently a standard pouring 
tempcratwre of  1175°C was adopted for th is  
particular composition. To compare the segre- 
gation in castings poured at 50°C above, as well 
as below, the selected 1175°C pouring temper- 
ature, a series of three cylindrical b i l le ts  was 
prepared. In each case the molten uranium- 

'W. C, Francis, Examination oj Boron Content in 
1-4 Fzwl Element  by Means of Fuel  Scan und E i K  

l'ransmrssion Mrasmetnents, IDO- 16354 (May 25, 1956). 
'H. A. Salter t't al., A Study o/ Aluminum-Uranilm 

Alloys ,  BMI-1066 (Jan. 19, 1956). 

aluminum alloy at the desired temperature was 
poured into a graphite mold l?4 in. in diameter x 
8 in. in depth, whose wall  temperature was 50°C. 
The cylindrical castings were sectioned along a 
vertical center line, and dril l ings were taken at 
I - in.  intervals from bottom to top for chemical 
analyses. Results o f  th is  study, which are 
presented in  Fig. 7, indicate that in  the range 
of temperatures considered, pouring temperature 
has virtual ly no effect on the mode or magnitude 
of urani um segregation. Further, the observed 
segregation pattern i s  a striking i l lustration of 
the inverse segregation occurring i n  these al loys 
under the described conditions. 

Investigation of the effects of mold temperature 
on segregation was accomplished with a similar 
series of castings. In th is case the pouring 
temperature was maintained at 1175"C, and the 
mold temperature varied from subzero to furnace- 
cooling of the melt. On the basis of the inverse 
segregation theory, where feeding of eutectic 
l iqu id  i s  the controll ing factor, it was envisioned 
that the very rapid cooling rates would minimize 
flow of the eutectic l iquid through the interstices. 
In such a situation, a relat ively homogeneous 
b i l le t  would be anticipated. It was also fe l t  that 
with very slow cooling rates (furnace cooling) 
the diffusion processes would predominate and 
a homogeneous product might again be produced, 
To test these hypotheses, one casting was poured 
into a mold chi l led with l iquid nitrogen to ab0u.t 
- 185"C, and another casting was melted, heated 
to 1175"C, and allowed to furnace-cool in the 
crucible. In addition, intermediate mold temper- 
atures of 25, 160, and 500"C, where appreciable 
inverse segregation was anticipated, were in- 
vestigated. These results are summarized in 
Fig. 8. From the data presented i t  can be ob- 
served that cusiings of  the described shape 
poured into molds at 500°C or furnace-cooled 
exhibited only random segregation; this obser- 
vation substantiates the coiiiecture that, when a 
melt freezes under either of these conditions, 
diffusion supplants feeding as the mode-controlling 
process, creating randomly or normally segregated 
billets, As was predicted, b i l le ts  poured into 
molds at 160 and 25°C exhibited pronounced 
inverse segregation. The casting poured into the 
mold, chi l led with l iqu id  nitrogen to - 185"C, also 
exhibited a marked degree of inverse segregation, 
suggesting that the cooling rate obtained was 
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insufficient to eliminate interdendritic feeding. 
It should be pointed out that although such 
practices are theoretically of interest, the attain- 
ment of very rapid or very slow cooling rates may 
not he desirable from a manufacturing point of 
view, and economics may dictate selection of a 
m t h o d  which i s  part ia l ly  or entirely conducive 
to inverse segregation. 

A mold temperature of 300-350°C was f inal ly 
adopted as a compromise condition for the pro- 
duction of fuel alloy slabs at ORNL, and pouring 
temperatures were maintained at 1175°C except 
for certain experimental heats. 

In  producing alloy slabs containing 40 to 
50 w t  % U for fuel element application, two 
different alloys were used. One was a nominal 
uranium-aluminum al loy and the other was a 
uranium-aluminum a1 loy containing a ternary 
addition of 3 wt % Si. The si l icon additions were 
made to p p p r e s s  the peritectic reaction occurring 
ut 75OoC, wherein UAI, transforms to UAI,. These 
modified al loys are more easily fabricated because 
of the reduced volume of intermetallic compound 
for a given weight percentage of uranium. Cooling 
curves made on the ternary alloy indicated that 
the eutectic temperature was, within the accuracy 
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of the measurements (t5'C), unchanged from the 
reported value of  640°C. In view of these con- 
siderations, i t  WQS presumed that the mode o f  
segregation in  both the silicon-free and sil icon- 
modified alloys would be identical. Data presented 
in  Fig. 9 substantiate th is  supposition. Com- 
parison of the data for b i l le ts  Si-7-S, a silicon-free 
alloy, and Si-36-S, a silicon-modified alloy, 
indicates that the magnitude and pattern of segre- 
gation were about the same for each casting. 

In a l l  the experiments with high-uranium-content 
alloys the possibi l i ty existed that the selected 
pouring temperature of 1175°C was actually below 
the l iquidus temperature and that primary UAI, 
could nucleate and then settle i n  the crucible under 
the influence of gravity prior to l ip  pouring. The 
manifestations of such segregation in  the sol idif ied 
casting would be identical to  those which have 
been ascribed to feeding segregation. TO prove 
that th is was not the case, a casting identical 

to si-36-S was bottom-poured. I f  the segregation 
pattern in the bottom-poured casting WQS the same 
as that of the lip-poured casting, then, of course, 
the gravity segregation hypothesis could be 
eliminated. The uranium distribution for th is 
bottom-poured b i l le t  (Si-35-S), which i s  also in- 
cluded in  Fig. 9, indicates that the mode of 
segregation i s  indeed identical to  that for the 
I ip-poured alloys. 

Since appreciable gradients are present in  the 
upper portions of these castings, th is segregated 
region was removed by cropping at a point 9 k  in. 
up from the bottom as indicated in  Fig. 9, yielding 
reasonably homogeneous stock for subsequent 
fabrication. 

For the sake cd comparison with the highly 
enriched production heats discussed i n  the 
previous section, two production heats of a 
nominal 48.5 wt % U-3 wt % Si-AI, which was 
enriched 20% in  the U235 isotope, were analyzed 
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in a similar fashion. (A more extensive analysis 
of segregations in nominal 48 WP % U-AI al loys 
has been described previously. l o )  

No dip samples were taken from either o f  these 
heats, since a heavy dross forms in these highly 
concentrated uranium alloys, rendering the removal 
of dip samples a questionable practice. Unlike 
the lower uranium-bearing alloys, only one slab 
was obtained per heat. Each slab was cropped 
9 4  in. from the bottom as previously mentioned 
and hot-rolled at 600OC to  a thickness of 0.227 in. 
Since al loys in  th is  compositional range are 
inherently br i t t le  and prone to edge cracking, a 
core y ie ld  of only 16 cores 2.3 in. wide x 3.0 in. 
long was obtained from each heat. The skeleton 
remaining after the cores were punched was 
sampled in  a manner somewhat similar to that 
shown in Fig, 3. The actual sampling plan for 
these two heats is shown in Fig. 10. For the 
purposes of subsequent analysis, the pairs of 
side-by-side samples (A t F ,  B G ,  etc.) were 
averaged together, and the average of  adjacent 
bottom-to-top pairs of analyses was then taken 
as representative of the four cores bracketed. 
Figure 11 plots the averaged side-by-side samples 
as a function of location for the two selected 
heats. It i s  obvious from the data presented that 

’OW. C. Thurber, J .  H. Erwin, and R. J. Beaver, ‘l‘he 
Appiication of a Nomiunl 48 wt % ll-til  Alloy to Plate-  
Type Al~m’nurn Research Reactor Fuel Elements ,  
ORNL-2351 (Feb. 25, 1958). 

even after cropping and hot-roll ing, manifestations 
of  inverse segregation remain, with a uranium 
spread from bottom-to-top in the rolled and cropped 
alloy of about. 2 wt %. Also shown in th is  plot 
are the intended uranium level and the uranium 
content predicted by the previously described 

heat average” method. 
For each of these heats the U23s content of 

the hypothetical 16-plate fuel element was de- 
termined i n  four different ways by performing 
calculations” similar to  those described in +he 
Appendix. Since a l l  16 cores from each heat were 
required for the hypothetical fuel element, only 
one weighted average calculation could be made 
instead of the maximum, minimum, and best- 
estimate ca lcu lat ims employed with the highly 
enriched alloys. The dip-sample method used for 
a1 loys containing highly enriched uranium was 
for the sake of the present analysis, replaced by 
a uranium assay based on the mean of the top and 
bottom samples only. 

Results of the above calculations are shown in  
Table 5. The data, based only on the usable 
portion of the alloy, reveal that the average 
uranium concentration in the al loy i s  2.4% less 
than the intended concentration. This  difference 

I 1  

”The core volume for  a l loys  in the range 40 to 

wt % U was assumed to be 25.62 cm3 ins tead 

18.54 cm3 used for al loys  c o n t a i n i n g  less than 
50 
of 
20 wt “/o u. 
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Table  5. Fuel  Content of l b P l a t e  Fuel  Element as Predicted by Several Sampling Techniques* 

u~~~ Content (g) 

Intended Alloy Based on 
Based on Average 

of Top nnd Bottom 

Samples Only 

Heat No.** Composition Based on Based on Weighted Average 

(wt  X) Intended Analysis “Heat Average” of 4 Cores per Pair  
of Analyses 

D-658 48.5 176.20 172.17 171.56 174.89 

D-659 48.5 176.20 172.00 171.59 173.99 
.. .__... .I_ ____. _._I..1__ 

*For alloys containing uranium enriched 20% in  U235 isotope. 
**One casting per heat. 

i s  readily explained by the fact that the uranium 
segregates to the “head” of the casting, which 
i s  subsequently cropped and scrapped. It i s  
apparent that an increase of th is  order of magnitude 
(2.4%) must be made in  the uranium charged for 
a given heat to compensate for the loss of uranium 
in  the usable portion of casting, due to  the segre- 
gation pattern. The prediction of the U235 content 
based on the weighted average of four cores per 
pair of analyses i s  considered to be the most 
accurate figure, and it can be seen that the values 
based on the “heat average” agree to  within 0.4% 
of this best estimate. However, the values based 
on the average of the top and bottom samples only 

are nearly 2% higher. Such a l imited sampling 
method i s  not considered adequate. Either the 
heat average or weighted average technique 
appears to  be acceptable, 
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Appendix 

S A M P L E  C A L C U L A T I O N O F  U R A N I U M C O N T E N T O F  F U E L  E L E M E N T  
C O N T A I N I N G  N O M I N A L  18.65% U-AI A L L O Y  (HEAT D-665) 

As surnpf ion s 

Core volume, 18.54 cm3 

U 2 3 5  enrichment, 93.5% 
Number of cores per fuel element, 16 

1 

E =  , where E i s  density in g/cm 3 and x i s  the weight fraction of uranium 1 2  
3.3597 

1.2443 - x 
Assay of samples from heat D-665 

Intended analysis, 18.65 wt % U 
Dip-samples analyses, 18.56 wt % U 
Skeleton andlyses, wt 76 U (see Fig. 2), where 

A = 19.41 F = 19.79 
B = 18.61 G = 18.52 
(7 = 18.52 I! = 18.63 
D = 18.56 I = 18.57 
E = 18.44 = 18.52 

U235 Content of Fuel Element Based on Intended Analysis 

3.3597 
(1.24 x 43 - 0.1865) 

E l  = 3.176 g/cm3 

U i  =core density x core volume x U content of alloy x U235 enrichlnent x number of 
plates per element 

= 3.176 x 18.54 x 0.1865 x 0.935 x 16 
= 164.29 g of U235 

U235 Content Based on Dip-Sample Analyses 

E = 3.173 g/cm3 

U i  = 3.173 x 18.54 x 0.1856 x 0.935 x 16 
= 163.33 g of U235 

U235 Content Based on "Heat Average" of All  10 Skeleton Analyses 

E = 3.179 9 / 0 3  
U i  = 3.179 x 18.54 x 0.1876 x 0.935 x 16 

= 165.41 g of U235 

12L. R. Aronin and J. L. Klein, bise of a D e n s i t y  (Specific Volume) Method as a S e n s i t i v e  
Absolute Measwe oj Alloy Composition, and Its Appl ica t ion  to t h e  Aluminum-Uranzum Sys tem,  
NMI-1 118 (Oct. 29, 1954). 
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c1235 content Based on Weighted Average of Adiaeent Pairs of Skeleton Samples 
and Selection of Two Cores from etween Each Pair of Analysis 

A + B  19.41 + 18.61 
-I 7 19.00 w t  % U 

2 2 
3.597 - - = 3.187 g/cm3 

- (1.2443 - 0.1900) 
u,, = 3.187 x 18.54 x 0.1900 x 0.935 x 2 (cores) 

= 20.99 g of U235 
Cal cu I oting si mi larly, 

U,, -II 20.42 g of U235 

ucD = 20.40 g of U235 

U,, = 20.34 g of U235 

u,, = 21.20 g of u235 
u,, = 20,44 g of u235 
u,, 3 20-47 g of u 2 3 5  

u,, = 20.40 CJ of u235 
u . - u  z A B  "BC + ' C D  + 'DE 4- 'FC "GH + 4- " 1 ,  

= 164.66 g of U235 

U235 Content Based on Weighted Average of Adjacent Pai rs  of Skeleton Samples 
and Selection of the 16 Cares of Greatest Uranium Content 

" F G  U A B  
U .  = ----x 10 ----X 6 

2 2  2 
= 168.92 g of U235 

(UFG and U,, must be halved because these values were calculated above, assuming 
that only 2 cores were taken between bracketing analyses, where, in this case, 10 and 
6 cores, respectively, were selected.) 

U235  Content Based on Weighted Average of Adjacent Pairs of Skeleton Samples 
and Selection of 16 Cores of beast Uranium Content 

= 162.90 g af U235 
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