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CONSTITUTION OF LOW CARBON U-C ALLOYS 

Bernha rd Blumenthal 

ABSTRACT 

The u ran ium-ca rbon phase d iagram at low carbon con­
centra t ion was de te rmined by sa tura t ion exper imen t s , t h e r m a l 
analys is and inetal lography. The sys tem has an eutect ic point 
of 0.98 a /o carbon at 1116.6°C and two eutectoid reac t ions : 
U7^^U|3 + UC and U|B ̂ ^ Ua + UC, at 771.8° C and 665.9° C, r e ­
spect ively, 3.0° and 1.8° C below the t r ans format ion t e m p e r a ­
tu re s of the pure me ta l . The gamma solubility d e c r e a s e s from 
0,30 + 0.075 a / o at the eutect ic t e m p e r a t u r e to 0.09 ± 0.04 a / o 
at the eutectoid t e m p e r a t u r e . The solubility of carbon in beta 
u ran ium is probably l e s s than 10 ppm by weight, in alpha u r a ­
nium le s s than 3 ppm. A new phenomenon, decarbur iza t ion of 
u ran ium, was d iscovered . It is caused by the format ion on the 
m e t a l surface , of a f ace -cen te red cubic phase , U(C,N), with a 
la t t ice p a r a m e t e r a^ = 4.93 A and by diffusion of carbon to the 
sur face . 

I. INTRODUCTION 

Carbon is the m o s t impor tan t contaminant in u ran ium. R e a c t o r -
grade u ran ium may contain up to 500 ppm (1 a /o )* carbon, or m o r e , 
whereas oxygen and ni t rogen r a r e l y a t ta in cconcentra t ions as high a s 35 to 
50 ppm, respec t ive ly , and individual meta l l i c contaminants seldom r e a c h 
a concentrat ion of 100 ppm. Complete ana lyses have been r epor t ed by 
Blumenthal . (1) Yet, in spite of the technological impor tance of the u r a n i u m -
carbon a l loys , the l i t e r a tu r e contains very l i t t le information about the 
u r a n i u m - r i c h end of the u r a n i u m - c a r b o n sys t em. 

The sys tem in genera l was mos t recent ly reviewed by Hansen and 
Anderko,(2) Rough and Bauer(3) and e a r l i e r by Katz and Rabinowitch.l'*) 
Hansen 's in te rpre ta t ion of the sys tem is accepted. The liquidus curve for 
al loys containing up to 50 a /o carbon was de te rmined by Snow, (5) Car te r (6 ) 
and Mallet , Gerds and Nelson.(7) The curve does not extend below 3 to 2 a / o . 
The data obtained by C a r t e r a g r e e with those of Mallet , Gerds and Nelson, 
whereas those repor ted by Snow differ considerably from the f o r m e r . This 
port ion of the liquidus curve was de te rmined by m e a s u r i n g the sa tura t ion 
concentrat ion at a given temiperature , specifically by analyzing the center 
of an ingot which was held in a graphi te crucible for a per iod of t ime . 

*Note: All data in ppm re fe r to p a r t s per mi l l ion by weight, w/o and 
a /o a r e convenient abbrevia t ions for weight and a tomic pe rcen t . 



Therma l ana lyses by Ca r t e r ( ° ) of alloys containing 0,6 to 23 a /o 
(0.03 to 1.5 w/o)gave t h e r m a l a r r e s t s ranging from 1120° to 1134°C at high 
cooling r a t e s of 50" to 70°C/min . C a r t e r believed that carbide precipi ta t ion 
took place during solidification and that such precipi ta t ion had no fur ther 
effect on the s t ruc tu re of the m a t r i x me ta l . A f i rs t indication that the s y s ­
tem was an eutect ic one was given by m e a s u r e m e n t s of the freezing point of 
u ran ium by Dahl and Cleaves,(8) who found a re la t ionship between a de ­
c reas ing carbon content and an inc reas ing freezing point. In zone-mel t ing 
exper iments by Dunworth, (9) the u r an ium-ca rbon sys tem behaved like an 
alloy with a dis t r ibut ion coefficient sma l l e r than one which would r equ i re 
the sys tem to be an eutect ic one. Observat ions of this kind a r e not n e c e s ­
sa r i ly conclusive, since liquation of u ran ium carbide may have in ter fered , 

Ca r t e r (^ ) de te rmined by t h e r m a l analys is (cooling curves only) the 
effect of carbon on the so l id - s t a te t rans format ion on the above-ment ioned 
s e r i e s of u r a n i u m - c a r b o n a l loys . The data were obtained in the range from 
759° to 775° C for the 7-*- ,8 t rans i t ion and from 635° to 650° C for the|S — a 
t rans i t ion; he concluded that the carbon content does not affect the t r a n s ­
formation t e m p e r a t u r e s . Metal lographic observa t ions on high-pur i ty u r a ­
nium by Blumenthal(lO) on the response of heterogeneous uran ium to solution 
heat t r ea tmen t in the gammia phase and to reprec ip i ta t ion of the second 
phase at a high t e m p e r a t u r e m the range of stabil i ty of alpha u ran ium, indi­
cated a significant solubility of carbon in gamma u ran ium. Workers at 
Bat tel le Memor ia l Inst i tute(l 1) concluded, from hea t - t r ea t ing exper iments 
on biscui t me ta l with 100 ppm carbon, that the solubility of carbon in alpha 
uran ium is substant ia l ly below 0.01 w/o and in beta u ran ium is of the o rde r 
of 0,02 to 0.03 w/o . 

This scant information was, ne ve r the l e s s , invaluable in planning the 
p re sen t invest igat ion, as it helped to ant ic ipate some of the factors that 
would r equ i r e exper imenta l control . Thus , it was expected that the t r a n s ­
formation t e m p e r a t u r e s of u r a n i u m - c a r b o n al loys would not differ ve ry much 
from those of the pure m e t a l . The p r e sen t invest igat ion, the re fo re , was 
closely linked with a p rec i s ion de te rmina t ion of the t rans format ion points 
of h igh-pur i ty uranium.^1^) Poss ib le changes of composit ion during t h e r ­
m a l ana lys i s had to be cons idered , and the l a rge h y s t e r e s i s between heating 
and cooling r equ i r ed an evaluation of this factor . Final ly , the invest igat ion 
became poss ib le only after the development of h igh-pur i ty u ran ium, of 
u ran ia r e f r a c t o r i e s , and of p rec i s ion analyt ical methods for the de t e rmina ­
tion of low concentra t ions of carbon, n i t rogen, and oxygen in u ran ium. 

The p r e s e n t work cons is t s of five p a r t s , four of which deal with the 
following a spec t s of the phase d iagram: 

1. a determ.ination of that p a r t of the liquidus curve for al loys with 
up to 2 a / o carbon, in which the liquid is in equi l ibr ium with 
u ran ium carb ide ; 



2. a de terminat ion of the t e m p e r a t u r e of the t h r e e - p h a s e reac t ion 
between liquid u ran ium, u ran ium carbide and gamma uran ium; 

3. a de terminat ion of the effect of carbon on the so l id -s ta te t r a n s ­
formation temiperatures ; and 

4. a de terminat ion of the solid solubility of carbon in gamma 
uraniuna. 

The fifth pa r t is an explora tory study of the decarbur iza t ion of uranium.. 

The f i r s t four p a r t s a r e sufficient to de te rmine the bas ic fea tures 
of the uranium.-carbon sys tem at low concentra t ions of carbon. No a t tempt 
was made to de te rmine the liquidus curve between liquid and gam.3xia u ran ium. 
The t h e r m a l effects a r e so smal l that only ex t remely p r e c i s e m e a s u r e m e n t s 
of t e m p e r a t u r e on s u p e r - p u r e m a t e r i a l of very uniform composit ion may be 
expected to give reasonable r e s u l t s . It was not cons idered worth the effort to 
make these m e a s u r e m e n t s . Neither was an a t tempt made to de te rmine the 
very low solubili ty limiits of carbon in alpha and beta u r an ium. The bes t 
available analyt ical methods would not have sufficed in these cases and a new 
experimiental approach would have been n e c e s s a r y . It was not thought worth 
while to do so. 



II. THE LIQUIDUS CURVE 

1. Method 

The conventional method of t h e r m a l analysis for determining 
liquidus t e m p e r a t u r e s is usual ly not feasible in cases where the concen­
t ra t ion of the alloying e lement and the accompanying t h e r m a l effects a r e 
smal l . Sharp b reaks in cooling curves a r e , however, obtainable when the 
me l t s a r e thoroughly s t i r r e d , making su re that the mol ten alloy is always 
in equi l ibr ium with the solid. (For the effect of s t i r r i ng upon the the rma l 
analys is of al loys which exhibit l a rge undercooling effects see , for ins tance , 
Ref. 13.) S t i r r ing would have min imized the h y s t e r e s i s , as well as the 
superheat ing and undercooling phenomena, but would have introduced con­
s iderab le complicat ions in the exper imenta l h igh-vacuum appara tus . It is 
doubtful that a s t i r r e r which would not r e a c t with the molten m e t a l could be 
found. 

The methods which offered the bes t chances of success were 
liquation and sa tura t ion expe r imen t s . The equi l ibr ium concentrat ion is 
approached at constant t e m p e r a t u r e s : in the ca se of l iquation, from a higher 
concentrat ion, and in the case of sa tura t ion from a lower concentrat ion. 
Both approaches should have given the same r e s u l t s . It will be seen la ter 
that this did not happen. Since liquation is a p r o c e s s in which a light, in ­
soluble phase floats upward and is col lected at the top of the mel t , the c a r ­
bon concentraion was de te rmined by analyzing the l iquated ingot a t different 
l eve l s . These exper imen t s were c a r r i e d out in u ran ia c ruc ib les s imi l a r ly 
to the e a r l i e r work on refining of uranium.(14) in the sa tura t ion exper iments 
h igh-pur i ty u ran ium was held in h igh-pur i ty graphi te c ruc ib les for var ious 
lengths of t ime . After cropping the top and bottom ends from each ingot and 
removing the skin of high carbon concentrat ion, c i rcumferen t ia l l aye r s were 
analyzed. To f reeze in the h igh- tempera ture equi l ibr ium, a provis ion for 
rap id solidification was m a d e . 

When a l a rge gap was found between the r e su l t s of liquation and 
sa tura t ion , an exper iment was designed to de te rmine the validity of e i ther 
of the two app roaches . The carbon concentra t ion in a sa tura t ion experimient 
is influenced by s e v e r a l r a t e s : the r a t e of carbide formation at the i n t e r ­
face between crucible and me l t , the r a t e of carbide diffusion into the in te r io r , 
and the r a t e of carbide l iquation. Diffusion occurs in two d i rec t ions : from 
the crucible wall radia l ly into the mel t , and from the crucible bottom upward. 
These factors make the whole p r o c e s s r a t h e r complex. A simplif ication was 
a t tempted by let t ing the e l emen ta ry p r o c e s s e s p roceed in one direct ion only. 
The graphi te crucible was rep laced by an iner t u ran ia c ruc ib le , and a carbon 
s o u r c e , in the form of a graphi te disk, was placed on top of the mel t . In this 
manner l iquation was min imized and sa tura t ion p roceeded by diffusion un i -
di rec t ional ly downward. Near the top of the me l t a l ayer of u ran ium carb ide . 



in whose neighborhood the mel t was sa tu ra ted with carbon, was formed. 
Carbon ana lyses at var ious d is tances from the UC-meta l interface indicated 
the amount of carbon that had been taken up by the mel t , A constant number 
would have shown that the ent i re mel t had been sa tura ted with carbon. When 
a concentrat ion gradient was found, the number obtained from the immedia te 
neighborhood of the interface was indicative of the equi l ibr ium concentrat ion. 

2. Exper imenta l Details 

The previously described(lO) high-vacuum re s i s t ance furnace 
was used for the liquation and sa tura t ion exper imen t s . The crucible with 
the sample was placed in a cage suspended in the center of the furnace tube 
and held for a p rede te rmined per iod of t ime . The t e m p e r a t u r e was con­
t ro l led by a P t / P t - 1 0 % Rh thermocouple touching the outside of the furnace 
tube. The tem.perature drop between this point and the center of the mel t 
was about 12°C. The repor t ed t e m p e r a t u r e s a r e co r r ec t to within a few 
deg rees . To f reeze- in the equi l ibr ium at high t e m p e r a t u r e , the driving 
mechan i sm of the lowering device for d i rec t ional solidification was r e ­
placed by a crank. By turning the crank, the cage ca r ry ing the me l t was 
quickly lowered into the cold end of the furnace tube upon completion of the 
exper iment . It is probable that solidification took place within a few seconds . 

Fo r the liquation exper iments , supe r sa tu ra t ed alloys were p r e ­
pared by melt ing high-pur i ty u ran ium c rys t a l compacts in high-pur i ty 
graphite crucib les in the r e s i s t ance furnace and holding for one hour at 
1400° C, The sa tura ted me l t s were quickly solidified by the method de ­
scr ibed above. Since the high mel t ing t e m p e r a t u r e s t ra ined the capacity of 
the r e s i s t ance furnace, supe r sa tu ra t ed alloys were made la te r by an induc­
tion mel t ing p r o c e s s . Analyses of high-pur i ty graphi te a r e given in Table I; 

TABLE I 

Composit ion of High-Pur i ty Graphite 

Lot 
No. 

A-13 

B-702 

Spec t rochemica l Analys is , 
in ppm 

Ag 

LI 

1 

Al B Ca Cu Fe Mg 

5 0.2 10 1 15 to 0,5 
30 

LIO L, l 5 1 20 5 

P b 

L .5 

1 

Si 

2 

15 

L means l e s s than, 

All other e lements were below l i ini ts of s p e c t r o -
chenaical detection 



10 

analyses of high-puri ty uranium a re not repor ted here since the composi­
tion of this m a t e r i a l was amply descr ibed in a p r io r repor t . (^" ) The ingots, 
of 860 to 900 g r a m s , were scalped to remove the graphi te - impregnated 
surface and rol led at 600° C to a 5/8 in. d iameter rod. 

The quantity of m a t e r i a l used in the liquation studies was about 
300 g r a m s . In mos t cases analytical samples were taken from the bottom 
center , the center and a region above the center (called top center ) of each 
liquated ingot. The high carbon contents of some of the top samples indi­
cated that it was not always possible to obtain a t rue represen ta t ive sample . 
Those high carbon analyses that were out of line were re jected. 

Fo r the saturat ion exper iments , high-puri ty uranium was kept 
molten in a high-puri ty graphite crucible and solidified just as done for the 
liquation mel t s descr ibed above. After removing the ingot top, analytical 
samples were p repa red on a lathe by means of a s e r i e s of c i rcumferent ia l 
cuts . The f i rs t two cuts were l / l 6 in. deep, the other l / 8 in. deep. Each 
ingot had a skin of high carbon concentrat ion. The carbon content rapidly 
decreased towards the in te r io r ; the second eighth of one inch, represent ing 
core m a t e r i a l of l / 4 in. d iameter , deviated from the mean concentrat ion in 
severa l exper iments , probably because non-direct ional solidification caused 
the formation of shrinkage cavit ies in the center of the ingots. The f irst 
and las t eighth, therefore , were d i s regarded in computing the mean sa tu r -
tion concentrat ion. 

In the unidirect ional diffusion exper iments , solidification was 
again accomplished by the technique of rapid lowering. A solidified ingot 
is shown in F igure 1. The ingots were sectioned to determine me ta l lo -
graphical ly the exact location of the UC/meta l in terface. Although UC 

formed a distinct layer , no p rec i se 
line of separat ion existed between 

•r the two phases , making it difficult 
to take represen ta t ive samples from 
the immediate vicinity of the top 
layer , the 0 sample in Table V. An­
alyt ical samples were p repa red from 
a sequence of horizontal l ayers of 
0.20 in. th ickness . 

•*" Figure 1 

Unidirectional Saturation Melt Showing 
Graphite Disc Fused to Uranium Ingot. 

#20,193 IX 



3. Liquidus Data 

High-purity u ran ium-ca rbon alloys were liquated for 5, 12, 24, 
and 48 hours at 1200° C and for 5 and 12 hours at 1300°C. The resu l t s of 
analyses for carbon a r e l is ted in Tables II and III. The data, par t icu la r ly 
those for the 1200°C liquations, were sca t te red widely; for this reason , 
many analyses were made . A distr ibution curve (Figure 2) showed a m a x ­
imum of carbon in the range of 325 to 374 ppm at 1200°C, the mid -mean 
being 358 ppm. The mid -mean of the m o r e uniform data of the 1300° C 
liquations was 529 ppm. Liquation was complete after five hours . The oxy­
gen contentof al l mel t s was low (Tables II and III). The data for 1200° C 
agree with those for r e a c t o r - g r a d e uranium repor ted e a r l i e r . ( l ^ ) A com­
bined plot is shown at the left-hand side of F igure 3. 

TABLE II 

Composition of High-Pur i ty Uranium-Carbon Alloys 
Liquated at 1200° C 

Number 

B-537 

B-539 

B-540 

B-544 

Liquation 
Pe r iod 
(hours) 

5 

12 

24 

48 

Location 
of Sample 

Top 
Center 
Bottom 

Top 
Center 
Bottom 

Top 
Center 
Bottom 

Top 
Center 
Bottom. 

Carbon 
Content 
(ppm) 

(780)* 
399 
440 

372, 382, 407 
349, 364, 275 
275, 256, 309 

138, 360, 374 
357, 363, 357 
351, 347, 453 

(790), (593), (684) 
367, 380, 387 
339, 303, 234 

Oxygen 
Content 

(ppm) 

155, 173 
11, 46 
14, 12 

12, 7 
12. 8 
30, 13 

11, 15 
14, 10 
15, 14 

10, 78 
10, 8 
10, 9 

•Data in paren thes i s a r e suspect . 



TABLE III 

Composition of High-Pur i ty Uranium-Carbon Alloys 
Liquated at 1300°C 

Number 

B-547 

B-550 

Liquation 
Pe r iod 
(hours) 

5 

12 

Location 
of Sample 

Top 
Center 
Bottom 

Top 
Center 
Bottom 

Carbon 
Content 
(ppm) 

570, 565, 570 
495, 540, 505 
535, 525, 575 

525, 520, 535 
505, 485, 465 
540, 535, 520 

Oxygen 
Content 
(ppm) 

12, 13 
13, 15 
13, 13 

13, 9 
11, 13 

6. 7 

14 
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Figure 3 

Liquidus Curves of Uranium-
Carbon Alloys from Liquation 
and Saturation Exper imen t s . 

Saturation exper iments were made at 1200°, 1250°, 1300°, and 
1350°C (Table IV). F igure 4 shows a plot of carbon content ve r sus samiple 
location for var ious saturat ion pe r iods . At 1200° C equil ibrium was reached 
after two hours , since the re su l t s of the two and four-hour me l t s ag ree . At 
1150°C four hours were n e c e s s a r y to at tain equi l ibr ium. At 1250° C and 
1300°C one hour sufficed. At 1350°C, a one-hour exper iment did not give 
as good a resu l t as the ones made at lower tem.pera tures . The r ight-hand 



side of F igure 3 shows a plot of the t empera tu re ve r sus concentrat ion de -
term.ined from saturat ion exper iments . The liquidus curve obtained from 
the saturat ion exper iments was found to be at a considerably higher con­
centrat ion of carbon than the one obtained from the liquation exper iments . 

TABLE IV 

Sa tura t ion E x p e r i m e n t s with H i g h - P u r i t y Uran ium in Graph i t e C r u c i b l e s 

Spec 
No. 

B -624 
B-626 
B-612 
B-613 
B-614 
B-615 
B-622 
B - 6 2 3 

T e m p . 
(°C) 

1150 
1150 
1200 
1200 
1200 
1250 
1300 
1350 

T i m e 
(hr) 

2 
4 
1 
2 
4 

1 
1 
1 

Mean Carbon Content (ppm) 
in L a y e r No. 

l a lb 

410 
602 
848 

1133 751 
1031 694 
1253 881 
1823 1063 
1659 1383 

2 

430 
506 
625 
721 
695 
869 

1045 
1296 

3 

426 
555 
610 
725 
708 
863 

1055 
1260 

4 

457 
480 
625 
729 
712 
841 

1035 
1269 

5 

(365) 
489 
605 
706 
729 
857 

1010 
(1205) 

6 

(351) 
508 
616 
731 
739 
853 

1050 
(1166) 

7 

_ 
526 
633 
723 
740 
838 

1014 
(1132) 

8 

650 
740 
755 
998 

1000 
952 

Mean 
Sa tura t ion 

Concen t ra t ion^ 
(ppm) 

438 
511 
618 
728 
721 
853 

1035 
1275 

Each da tum r e p r e s e n t s a m e a n of 2 to 4 a n a l y s e s . 

"^Meaii of l a y e r s 2 th rough 7 except those in b r a c k e t s . 

Figure 4 

Distr ibution of Carbon Content 
of Uranium-Carbon Alloys in 
Saturation Exper imen t s . 

SAMPLE LOCATION 

ANL-106-4470 

The re su l t s of the unidirect ional sa tura t ion exper iments at 
1200°C a r e l is ted in Table V and plotted in F igure 5. The curves indicate 
a high concentrat ion at equilibrium.. Even after 24 hours at 1200° C a 
s teep concentrat ion gradient prevai led, indicating that the liquation ra te 
was a dominant factor in the preceding saturat ion exper iments . In the 
vicinity of the UC layer , it was difficult to obtain a sample of equil ibrium 
concentrat ion without including some of the second phase . Never the less , 
the general shape of the curves and the effect of t ime on their positions 
favored the r e su l t s of sa turat ion over the liquation exper iments . 
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TABLE V 

Diffusion of Carbon into Molten Uranium 

Layer* 
Number 

0 
1 
2 
3 
4 
5 
6 
7 
8 

Carbon Content 
of 

Original Metal 

Carbon Content in ppm by W sight 
after Indicated Time at 1200° C 

2 hours 
(B 706) 

226, 199 
127, 144 

90, 96 
47, 48 
53, 44 
46, 48 
47, 39 

-
-

34 

4 hours 
(B 707) 

457, 433 
_ 

210, 192 
70, 88, 81 

31, 37 
35, 33 
27, 25 

_ 
-

24 

8 hours 
(B 708) 

321, 464 
-

261, 205, 181 
140, 96 

57, 84, 65 
24, 24 
25, 19 

_ 
-

36 

24 hours 
(B 713) 

532, 445 
389, 418 
320, 327 
173, 226 
196, 195 
129, 136 

84, 115 
124, 127 

41, 106, 75 

57 

*Each layer r ep re sen t s a thickness of approxinaately 0.20 in. 
Samples of layer 0 were p repa red from the immedia te vicinity 
of the top carbide layer . 

The question r ema ins as to why l iqua­
tion produced alloys of low carbon content. 
The following explanation may hold. At the 
eutectic t empera tu re gravity segregat ion of 
the UC phase may occur . This p rocess has 
been descr ibed for other alloy sys t ems , such 
as U-Al, by Allen and Isserow.(19) At higher 
t e m p e r a t u r e s the ra te of dissolution of the 
UC phase in molten uran ium may be so slow 
that there is ample t ime for liquation to take 
place, leaving behind a liquid of concentration 
less than that corresponding to equil ibrium. 

' 0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 

DISTANCE FROM UC/METAL INTERFACE-Inches 

#21,000 

Figure 5 

Diffusion of Carbon into 
Molten Uranium a t l200°C 



III. THE EUTECTIC TEMPERATURE 

1, Method 

The rma l analysis was used to de te rmine the t empe ra tu r e of the 
t h r ee -phase reac t ion between the u r an ium-ca rbon alloy liquid, solid u r a ­
nium carbide and gamma uran ium. The method and appara tus were the 
same as those used by the w r i t e r for the determinat ion of the 7 ^ ^ L t r a n s ­
formation t e m p e r a t u r e of the pure metal.l-"-^/ 

2. Data 

The s tar t ing m a t e r i a l for exper iment B-723 was high-pur i ty 
uran ium, induction mel ted , held at 1400° C to 1425° C for ten minutes , and 
cas t in a water -cooled copper mold. This alloy had a carbon content of 
1850 ppm. In the course of six cyc les , made at a r a t e of 0,74°C/min, in a 
uran ia crucible , the carbon content dec reased to 450 ppm in a sample taken 
nea r the bottom of the ingot, and to 165 ppm in a sample taken near the top. 
The f i r s t two cycles gave very c lear a r r e s t t e m p e r a t u r e s of 1116.4°C on 
melt ing and of 1116.9°C on freezing. In subsequent cycles the a r r e s t s b e ­
gan to show a slight s lope. The p rec i s ion of the data dec reased from 
1116.6 + 0.2° C to 1116.5 + 1.1° C (standard deviation). 

In another exper iment , B-743, high-pur i ty me ta l of init ially 
10-ppm carbon content was cycled 14 t imes in two days in a high-pur i ty 
graphite crucible at the same r a t e . Its carbon content was inc reased to 
515 ppm. The ea r ly a r r e s t t e m p e r a t u r e s were nea r 1130°C. A d e t e r i o r a ­
tion of the quality of the a r r e s t was apparent when compared with the a r ­
r e s t s of high-puri ty uran ium in a u ran ia crucib le ; the a r r e s t a s s u m e d a 
dist inct slope. Beginning with the ninth cycle a r eca l e scence o c c u r r e d on 
freezing at the end of the a r r e s t and a smal l hor izontal section appeared 
at a t e m p e r a t u r e of 1115.9°C, while the beginning of the a r r e s t was s t i l l 
nea r 1120°C. 

In the th i rd exper iment , B-747, in a graphite crucible s ta r t ing 
with an alloy containing 724 ppm carbon and ending with 642 ppm,* the a r ­
r e s t had a slight slope throughout the seven cyc les . The mean t e m p e r a t u r e s 
for the beginning and end of mel t ing and freezing were 1120.7°C and 1122,8°C 
for mel t ing and 1122.7°C and 1120.6°C for freezing, with deviations within a 
few tenths of a degree within each group. 

In evaluating these data it is believed that the c loseness of 
liquidus and solidus t e m p e r a t u r e s was mainly respons ib le for the difficulty 
of obtaining clean a r r e s t t e m p e r a t u r e s in the concentrat ion range of the 
alloys B-743 and B-747. Low r a t e s of heat t r ans fe r through the urania 
protect ion tube to the thermocouple i nc reased the difficulty. It is felt that 
experim.ent B-723 should be given the g rea t e s t weight, because liquidus and 
solidus t e m p e r a t u r e s were far enough apa r t a t the ini t ia l high concentrat ion 
of carbon so that they did not influence each o ther . The tem.perature of 
1116.6° C was adopted and it was concluded that the th ree -phase reac t ion 
between the liquid, UC and gamma uran ium is an eutect ic one. 

*The dec rea se in carbon content shows again that liquation of UC 
proceeds fas te r than diffusion of UC into the mel t . 



IV. THE ALPHA-BETA TRANSFORMATION 

1. Method 

The method of extrapolat ion that was used to de termine the 
t ransformat ion t e m p e r a t u r e of high-puri ty u ran ium was applied to u r an ium-
carbon al loys p r epa red by induction mel t ing as descr ibed previously . The 
ba re spec imen was suspended in the t h e r m a l - a n a l y s i s appara tus , as desc r ibed 
in Ref. 12. Alloy B-727 B contained 1875 ppm, and alloy B-727 T 1725ppm, 
of carbon. 

2. Data 

A considerable difference between the t ransformat ion t e m p e r a ­
tu re s for heating and cooling pe r s i s t ed , and this difference dec reased with 
decreas ing r a t e s of heating and cooling (Table VI). As in the case of high-
puri ty u ran ium, a s t ra igh t - l ine re la t ionship was a s sumed between a r r e s t 
t empe ra tu r e and the decadic logar i thm of the ra te of heating or cooling. 
Equations of the types 

T H = aj + bx log r 
or 

TC = ^2 - b2 log r 

were calculated by the method of l eas t s q u a r e s , where Tj j and T Q a r e the 
t ransformat ion t e m p e r a t u r e s in * C on heating and cooling, respect ive ly , 
r the r a t e of heating or cooling i n ° C / m i n , a n d a^, a j , bj and b^ a r e cons tants . 
The two l ines i n t e r sec t a t the equi l ibr ium t ransformat ion t e m p e r a t u r e : 

T = T H = T c 

TABLE VI 

Alpha-Beta Eutectoid Transformat ion T e m p e r a t u r e s of 
High-Pur i ty Uran ium-Carbon Alloys a t Various Rates 

Rate of 
Heating 

or Cooling 
(° C/Min) 

4.0 

2.0 
1.0 
0.5 

0.33 

0.167 

Mean Eutectoid T e m p e r a t u r e 

B-727 B 

Heating 

° C 

673.0 

673.1 
672.7 
671.0 

669.9 

669.8 

N* 

17 

8 
5 

6 

4 

1 

Cooling 

° C 

660.2 

660.7 
661.5 
662.1 

662.2 

661.9 

N * 

17 

8 
5 
6 

4 

1 

B-727 T 

Heating 

°C 

680.5 
680.6 
678.4 
675.7 
674.5 
673.5 
674.2 

N* 

3 
4 
2 
4 
2 
3 
1 

Cooling 

*C 

661.2 
660.3 
660.7 
662.0 
661.6 
663.8 
665,1 

N * J 
3 
4 
2 
4 
1 
2 
2 

*N is the nunaber of m e a s u r e m e n t s in mean . 



F o r alloy B-727 B, the following equations were obtained: 

Tji = 671.89 + 2,82 log r 

T Q = 661.27 - 1,46 log r . 

The two l ines in te r sec t at the equil ibrium t empera tu re of 664,9°C. Equi­
l ibr ium would be attainable at a ra te of 0.0033° C/min, The equations for 
alloy B-727 T were : 

T H = 676,55 + 6.29 log r 

T c = 662.19 - 3.09 log r . 

The point of in tersect ion is T = 666.9° C at r = 0.029° C/min . The data a r e 
plotted in F igure 6. The mean a^^ ĵB equil ibrium t empera tu re is 665,9+ 1°C, 
Since the a :?^/3temperature of high-puri ty uran ium is 667.7 + 1.3°C, the 
t ransformat ion is 1.8°C lower in u ran ium-ca rbon alloys than in high-puri ty 
uranium. The react ion in u ran ium-ca rbon alloys is of the eutectoid type: 

U(A) :^=^ U (a) + UC 

EFFECT OF HEATING AND COOLING RATE ON THE a — ^ TRANSFORMATIOM 
TEMPERATURE OF HIGH PURITY URANIUM - CARBON ALLOYS 

ANL-106-4469 

Figure 6 



V, THE BETA-GAMMA TRANSFORMATION 

1, Method 

Satisfactory a r r e s t s were obtained on cooling in applications 
of the same method to the ji =^-7 t ransformat ion of a u ran ium-ca rbon alloy 
of high carbon content. Since undercooling of s eve ra l degrees was ob­
served , the constant t e m p e r a t u r e obtained after r eca lescence was r ega rded 
as the c o r r e c t t empe ra tu r e of t ransfor inat ion. Difficulties a r o s e in m e a s ­
ur ing the a r r e s t t e m p e r a t u r e s on heating, since the t ransformat ion occu r re 
over a temiperature range . At the slower r a t e s , the midpoint of the a r r e s t 
t e m p e r a t u r e range was easi ly read from the cu rves , s ince the re was a suf­
ficiently long horizontal sect ion. At higher r a t e s the midpoint was d e t e r ­
mined by geomet r ic m e a n s . On the other hand, the beginning of the a r r e s t 
was dis t inct a t a l l r a t e s . Data for both the midpoint and the beginning of 
t ransformat ion were obtained and evaluated, 

2. Data 

The mean c o r r e c t e d data for the ^ ^y t ransformat ion of an 
alloy with 1725 ppm carbon (B-727 T) a r e l is ted in Table VII; they yield, 
by the method of l eas t s q u a r e s , the functions 

T H (initial) = 772.57 + 0.51 log r 

T H (midpoint) = 776,21 + 2,41 log r 

T Q = 767.24 - 2.81 log r . 

TABLE VII 

B e t a - G a m m a Eutectoid. Transform.ation T e m p e r a t u r e s of 
High-Pur i ty Uran ium-Carbon Alloys at Various Rates 

(B-727 T) 

Rate of 
Heating 

or Cooling 
(° C/Min) 

2,22 
0.741 
0,371 
0.185 

Mean Eutectoid T e m p e r a t u r e 

Heating 

Initial 
Point 
( °C) 

773,6 
772.2 
771.2 
772.8 

Midpoint 
(°C) 

777.4 
775.9 
773,8 
775.4 

N * 

5 
6 
3 
4 

Cooling 

°C 

766.1 
768.3 
767.7 
769.5 

N* 

5 
6 
3 
3 

*N is the number of m e a s u r e m e n t s in mean . 
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The points of in tersec t ion of each pai r of equations a r e 

for T H (initial) and T Q 771.8° C at 0.025° C/min 

for T H (midpoint) and T Q 772.1° C at 0,024° C/min 

for Tjj (initial) and T ^ (midpoint 771.6°C at 0.012° C/min 

All th ree pa i r s of lines in te r sec t near one point (see F igure 7). By ex t rap­
olation of the a r r e s t t empera tu re s to the point of in tersect ion, the differences 
between the beginning of t ransformat ion and the midpoint disappear , as they 
should if the observed data r ep re sen t an invariant equil ibrium in a b inary 
sys tem. It follows that 771.8° C is the equil ibrium tem.perature. 

5 O INTERSECTIONS 
^ o HEATING INITIAL POINT 
£ 760 - • HEATING MID-POINT 

X COOLING 

Figure 7 
2 3 4 5 6 7 8 9 2 3 4 5 6 7 9 9 2 3 4 5 6 7 8 9 

10-2 10"' I 10 
' ™ " 2 3 4 5 6 7 8 9 ' " 2 3 4 5 6 7 9 9 ' ' Z 3 4 5 6 7 8 9 

RATE °C/MIN 

EFFECT OF HEATING AND COOUNG RATE ON THE ^ ^ ^ y TRAflSFORMiON 
TEMPERATURE OF HIGH PURITY URANIUM-CARBON ALLOY 

( B - 7 2 7 T ) 

ANL-106-4467 

The exper iments were repeated with an alloy containing only 
325 ppm of carbon (B-733). Although an alloy with such a carbon content 
should have given a c lear indication of the eutectoid t e m p e r a t u r e , no equi­
valent a r r e s t was found upon the rma l ana lys i s . Unexpectedly the exper i ­
menta l data agreed ra the r closely with those obtained for the/3 ^=^7 t rans ­
formation of high-puri ty uranium (Table VIII). The re la t ionship between 
the rmal a r r e s t and heating ra te is given by the function 

Tj^ = 777.59 + 2.02 log r . 

For cooling the mean value is 

T Q = 775.6 + 1.1°C. 

The data a r e plotted in F igure 8. The abnormal behavior is due to the 
very low ra te of precipi ta t ion of smal l amounts of uran ium carbide from 
gamma uran ium. This effect was observed when the response to heat 
t r ea tment of the precipi ta te in high-puri ty uranium was studied in con­
junction with the prepara t ion of the high-puri ty metal .(10) The ease with 
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TABLE VIII 

Be ta -Gamma Transformat ion Tempera tu re s in a High-
Pur i ty Uranium-Carbon Alloy with 325 ppm Carbon 

(B-733) 

Rate of 
Heating 

or Cooling 
(°C/Min) 

2.47 
0.825 
0.412 
0.206 
0.103 

Mean Transformat ion 
Tempera tu re 

Heating 

° C 

778.7 
777.1 
776.5 
776.1 
775.9 

N * 

3 
6 
3 
4 
4 

Cooling 

° C 

775.5 
774.0 
775.2 
776.1 
777.0 

N * 

3 
6 
2 
2 
3 

*N is the number of m e a s u r e m e n t s 
in mean 

i> 790 p 

780 I 

7 7 0 ' 

o HEATING t 
X COOLING 
O INTERSECTION > 

3 4 5 6 7 8 9 

RATE °C/MIN 

EFFECT OF HEATING AND COOLING RATE ON THE ;8 = y TRANSFORMATION 
TEMPERATURE OF HIGH PURITY URANIUM-CARBON ALLOY WITH 325 PPM CARBON 

( B - 7 3 3 ) 

which the precipi tat ion can be 
suppressed by quenching or 
fast cooling and the long t ime 
requi red for reprecipi ta t ion 
from a supersa tu ra ted alpha 
solution point in that d i r e c ­
tion (see also Section VI,1). 
Thus, it is concluded that 
the t rue t ransformat ion t e m ­
pera tu re was m e a s u r e d in the 
e a r l i e r exper iment (B-727 T). 
The j6 =ŝ 7 t ransformat ion 

F igure 8 

of u ran ium-ca rbon alloys is of the eutectoid type: 

U(7)^u^^e^ + uc 

It occurs at 771.8° C, which is 3.0° C below the t ransformat ion point of 
774.8 t 1.6°C for the pure me ta l . 



VI, SOLUBILITY OF CARBON IN GAMMA URANIUM 

1, Method 

The c lass i ca l m.etallographic method of de termining solubility 
l imi ts was used in the p r e sen t study. Specimens of var iab le composit ion 
were annealed at p rede te rmined t e m p e r a t u r e and water quenched. It was 
known from e a r l i e r hea t - t r ea t ing exper iments on uran ium that the solute 
is re ta ined in metas tab le solution upon quenching, even though two sol id-
s ta te t r ans format ions a r e t r a n s g r e s s e d . Neither the 7 —=>-^nor thejB —»-a 
t ransformat ion can be suppres sed by quenching of pure u ran ium or u r a n i u m -
carbon alloys (cf. Ref, 10, ANL-5019, F igures 36 to 42). Slowly cooled cas t 
alloys of sufficient carbon content show the eutectoid prec ip i ta te desc r ibed 
in Ref. 10, as ide from angular inclusions of UC. Gamma-annea led and 
water -quenched m a t e r i a l shows no eutectoid prec ip i ta te and the angular in ­
clusions a r e rounded off. Water quenching causes the me ta l to be severe ly 
s t ra ined , which manifes ts i tself by the appearance of i r r e g u l a r gra in bound­
a r i e s , subgraining and twin formation. Solute carbon may be reprec ip i t a ted 
from its me tas tab le solid solution by long- t ime anneals at a t e m p e r a t u r e in 
which the alpha phase is s table . This prec ip i ta te will appear in the form of 
fine dots throughout the r ec rys t a l l i z ed alpha grain or along i ts grain bound­
a r i e s (Ref. 10, ANL-5019, F igu re s 43 to 46). Carbon rep rec ip i t a t ed at a 
t e m p e r a t u r e at which the gamma phase is s table from a solution p r e p a r e d 
at a higher t e m p e r a t u r e in the region of stabil i ty of the gamma phase is 
hardly dis t inguishable, s ince the concentrat ion dif ferences , and consequently 
the volume of such a p rec ip i t a te , a r e snaall. Thus , the only re l iab le c r i ­
t e r ion of heterogenei ty is the p re sence of light gray inclusions of UC, which 
a r e easi ly dis t inguished from dark gray inclusions of UO2. The m e t a l l o ­
graphic spec imens , the re fo re , were carefully p r e p a r e d to re ta in the UC 
inc lus ions . 

The spec imens were p r e p a r e d from high-pur i ty u ran ium and 
an u r an ium-ca rbon m a s t e r al loy. The ingots were homogenized at a high 
tem.perature in the region of stabil i ty of the gamma phase , then cut up and 
analyzed. Original ly it was felt that such an alloy would re ta in i ts concen­
t ra t ion of carbon throughout subsequent annea l s . In the ini t ia l exper iments 
the spec imens were wrapped in tanta lum foils, sea led in evacuated Vycor 
tubes , and annealed in a conventional ve r t i c a l tube furnace. These spec i ­
mens were water quenched by dropping them, into a bucket of water and 
breaking the envelope by an e l ec t ro -mechan i ca l device . The Vycor envelope 
was a sou rce of contaminat ion and of in te r fe rence with an effective quench. 
The annealing furnace was rebui l t to provide an a tmosphe re of highly p u r ­
ified a rgon and to al low quenching of the ba re spec imen in wate r . Tes t 
specim.ens heated in this furnace up to 1000°C, then held for one hour and 
furnace cooled, were found to have only a slight d iscolora t ion . Water 
quenching, however , caused ins tantaneous form.ation of a thin film of oxide. 
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The resu l t s of a s e r i e s of heat t r ea tmen t s and metal lographic 
examinations of analyzed specimens with carbon concentrat ions up to 
500 ppm a re shown in F igure 9. The unusual shape of this solubility curve 
and the two inconsis tencies , which might have been caused by ingot s e g r e ­
gation or analyt ical e r r o r , led to a check of both the t empera tu re and the 
concentration p a r a m e t e r s . 
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Figure 9. Fa l se Solubility Curve for Carbon in 
Gamma Uranium Based on Analyses 
P r i o r to Heat Trea tment . 

The t empera tu re p a r a m e t e r was checked by annealing indi­
vidual spec imens , f i rs t above and then below the solubility l imi t s , and ex­
amining them metal lographical ly for the p resence of precipi ta ted pa r t i c l e s . 
These exper iments were unsuccessful . 

The concentration p a r a m e t e r was checked by re-analyzing a 
portion of a hea t - t r ea t ed specimen from the immedia te vicinity of the 
point of observat ion. The p ie -shaped sect ions of ingot were halved para l l e l 
to the p ie-shaped surface . The inside surface of one half was examined 
metal lographical ly , the other half was analyzed. It was found that in 55 out 
of 67 cases the carbon content was substantial ly lower than in the original 
ingot m a t e r i a l . In seven cases the samples contained m o r e carbon and in 
five cases the carbon content had remained unchanged. Six of the cases in 
which a higher carbon content was repor ted per ta ined to anannea l at 1100°C. 



Contamination from an outside source could have occur red in this ca se . 
Som.e cha rac t e r i s t i c data a r e l is ted in Table IX. In genera l , the loss of 
carbon averaged between 30 and 50%, with individual cases going beyond 
these points . It was obvious that the solubility curve (Figure 9) which was 
plotted against the carbon content of the original ingot m a t e r i a l was false 
and that only the carbon contents after heat treatroient should be used to 
plot the solubility curve, 

TABLE IX 

Carbon Content of High-Pur i ty Uran ium-Carbon Alloys before 
and after Heat T rea tmen t in a Pur i f ied Argon Atmosphere 

Ingot 
Number 

B 639 

B 493 

Carbon Content in ppm 

Original Mate r i a l 
Before Heat T rea tmen t 

Top 

52 

200 
200 

Center 

215 
222 

Bottom 

47 

205 
180 

After Heat T rea tmen t 

72 h r 
at 

760° C 

148 

24 hr 
a t 

775° C 

157 

24 h r 
at 

800° G 

35.25 

201 

17 hr 
at 

850° C 

13.16 

120 

5 hr 
at 

900° C 

191 

4 hr 
a t 

950° C 

9,29 

115 

2 hr 
a t 

1000°C 

25 ,26 

1 hr 
a t 

1050°C 

80 

1 hr 
a t 

1100°C 

29 ,33 

158 

2, Exper imenta l Details 

Most of the alloys were p repa red from a u ran ium-ca rbon 
m a s t e r alloy of known composition. High-purity uranium ingot m a t e r i a l , 
not c rys ta l compacts (which gave e r r a t i c resu l t s ) , was mel ted together with 
a quantity of the m.aster alloy in a u ran ia crucible , held for one hour at 
1400° C and solidified by quickly lowering the crucible into the cold zone of 
the res i s t ance furnace. The rapidly solidified ingots contained sink holes 
which, however, did not in ter fere with their usefulness . The ingots were 
sectioned into p ie-shaped pieces each weighing 6 to 8 g r a m s . 

The annealing furnace shown in F igure 10 is a ver t ica l , w i r e -
wound r e s i s t ance element which has separa te ly controlled heating elements 
at each end to obtain a 6 in. long zone of constant t e m p e r a t u r e . A McDanel 
porcela in tube, 2 in. O.D., 1 I in. I.D. and 48 in. in length, was inse r ted into 
the furnace. An a tmosphere of highly purified argon gas at slight positive 
p r e s s u r e flowed through the furnace in an upward direct ion. A wa te r -
cooled head supported the specim.en and the thermocouple suspension. A 
disc , made of uranium for the anneals at low t empera tu re and of molybdenum 
or alundum for those at high t e m p e r a t u r e s , held six specimens in the center 
of the furnace. The hot junction of the thermocouple was located just above 
this d i sc . At f i rs t , t empe ra tu r e m e a s u r e m e n t s , co r r ec t within + 5°C, were 
made with a cold junct ion-compensated Leeds and Northrup portable po­
tent iometer . La te r , m o r e p rec i s e iTieasurem.ents, within + 2°C, were inade 
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Figure 10. Heat Treat ing and Quenching Fu rnace . 

with a Rubicon potent iometer and an ice-ba th cold junction. To quench 
the specimen, the bottom flange was opened, the tungsten suspension wire 
cut e lec t r ica l ly , and the disc supporting the specimens dropped into water . 

The t ra in for the purification of welding-grade argon consisted 
of 

(1) a tube of Dr ie r i t e (anhydrous calcium sulphate) for r e ­
moval of the g ross mo i s tu r e content of the gas; 
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(2) a tube of copper oxide needles at 500° C for the oxidation 
of hydrocarbons; 

(3) a tube of Asca r i t e for carbon dioxide removal ; 

(4) a tube of Dr ie r i t e for water removal ; 

(5) a tube of phosphorus pentoxide for res idua l water removal ; 

(6) a tube of copper needles at 600° C, p r epa red by reducing 
copper oxide needles with hydrogen gas , for the removal of mos t of the 
oxygen; and 

(7) a tube of uran ium turnings at 850° C for removal of r e s i d ­
ual oxygen and of the ni t rogen. 

The pa r t s of the t ra in were made from Vycor tubing connected with bal l 
and socket jo ints . The hot gas from the las t unit, the uran ium furnace, 
was conducted to the annealing furnace by copper tubing. 

The metal lographic specimens were p repa red by hand grinding 
on a conventional sequence of sil icon carbide p a p e r s . During the las t three 
stages (240, 320 and 400 gri t ) , ke rosene was used as a lubricant . Hand pol­
ishing was continued with diamond paste of 6, 3, 1 and l / 4 - m i c r o n par t ic le 
size on lens paper and a flat glass pla te . The final stage was a t h r e e -
second e lec t ropol ish in a bath of 5 pa r t s of 85% phosphoric acid, 8 pa r t s of 
ethyl alcohol and 5 par t s of ethylene glycol at a cu r ren t density of 
30 mamp/cm^, using a s ta in less s teel cathode and a platinum anode in con­
tact with the surface of the specimen. The method does not produce a 
sc ra t ch - f r ee surface , but re ta ins the inclusions 

3. Data 

A par t i a l constitutional d iagram, in which the t empera tu re is 
plotted against the t rue carbon content of each individual specimen, is 
shown in Figure 11. The diagram shows a region of over lap . Below the 
concentrat ions indicated by Curve A no heterogeneous alloys occur red ; 
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Figure 11 

True Solubility of Carbon in Gam.ma 
Uranium Based on Analyses after Heat 
Trea tment . All Alloys below Curve A 
a r e Homogeneous; All Alloys Above 
Curve B a r e heterogeneous . 



above the concentrat ions indicated by Curve B no homogeneous alloys o c ­
cur red . The concentrat ion range between the Curves A and B contained 
alloys which were ei ther homogeneous or he terogeneous . The t rue solu­
bility curve should l ie between A and B and may be as low as 0.05 a /o 
(25 ppm) or as high as 0.13 a / o (65 ppm) at the eutectoid t e m p e r a t u r e , and 
as low as 0.22 a /o (110 ppm) or as high as 0.37 a /o (185 ppm) at the eu tec -
tic temiperature . The spread of 0.08 and 0.15 a / o , 40 and 75 ppm, r e s p e c ­
tively, indicates the l imi ts of e r r o r . With some hesi tat ion, the mean 
between the two l imi ts was used in the final d iagram. 



VII. DECARBURIZATION OF URANIUM 

1. Genera l Observat ions 

Decarbur iza t ion of u ran ium in the solid s ta te has not been ob­
se rved before . The l i t e r a tu re contains no indication that annealing of u r a ­
nium in a so-ca l led a tmosphere of purified argon would dec rea se the carbon 
content of the me ta l . In the p re sen t work so many decarbur iza t ion expe r i ­
ments have been c a r r i e d out that the re is no doubt about the rea l i ty of the 
effect. The following observat ions were made . 

A light surface scale was formed on the specimens during the 
annea ls . Furnace cooling re ta ined this layer unimpai red . The layer was 
easi ly removed by e lect rolyt ic polishing and no meta l lographic evidence 
was found that pa r t of the surface layer had diffused into the me ta l . Meta l -
lographical ly each specimen appeared to be uniform throughout. 

Ingot segregat ion and carbon content had no effect on the p r o g ­
r e s s of decarbur iza t ion . A sl ice of an ingot (B-638 B) was sectioned into 
six p ie -shaped p ieces . Al ternate p ieces (1, 3 and 5) were e lect rolyt ica l ly 
cleaned and analyzed for carbon. P i e c e s 2, 4 and 6 were annealed for 
96 hours at 950°C, furnace cooled, e lec t rolyt ica l ly cleaned and analyzed. 
P i eces 1, 3 and 5 contained 54, 56 and 100 ppm carbon, respec t ive ly . The 
annealed p ieces , 2, 4 and 6, contained 47, 31 and 27 ppm carbon, r e s p e c ­
tively, equivalent to a mean carbon reduction of about 50%, 

In a s imi l a r exper iment a high-pur i ty rod (B-638), 0.178 in. in 
d i ame te r , was sectioned, and a l t e rna te p ieces were annealed for 144 hours 
at a t e m p e r a t u r e of 950° C. In termedia te sect ions were used to de te rmine 
the or iginal composit ion of the m e t a l . Sections 3, 5, 7, and 9 of the o r ig i ­
nal rod gave 58, 53, 61, and 93 ppm carbon , respec t ive ly ; the annealed s e c ­
t ions , 4 and 8, were analyzed with the surface layer intact and gave 170 and 
157 ppm carbon^respect ively; the annealed sec t ions , 6A and 6 B , were ana ­
lyzed after the surface layer had been removed and gave 33 and 35 ppm 
carbon , respec t ive ly . Since the annealed spec imen with i t s surface sca le 
had a higher content of carbon than did the or iginal me ta l , the surface layer 
m u s t have picked up carbon from the outs ide. Decarbur iza t ion had occur red , 
r e g a r d l e s s of this contamination. 

An a t tempt to reduce contamination with carbon from the outside 
by replacing the u ran ium charge of the purif ication t r a i n with new turnings 
resu l ted in only a pa r t i a l improvement . Wrapping a sample in tantalum 
foil did not help e i ther ; decarbur iza t ion proceeded undernea th the tantalum 
cover , very effectively resul t ing in a carbon content of only 10 ppm for 
sample 10. 



Exper iments by B. D. Holt (ANL Chemis t ry Division) confirm.ed 
the phenomenon. These exper iments were c a r r i e d out in a carbon analyt ical 
t r a in built ent i re ly frona quar tz and g la s s , which el iminated carbon contam­
ination from the outs ide. Apparently the porce la in furnace tube of the m e t a l ­
lu rg ica l annealing furnace was not leak tight a t a high temiperature. Cubes cut 
from the top of ingot B-492 T were analyzed to contain 520, 520 and 540 ppm c a r ­
bon. After 24 hours at 950°C the carbon content was reduced to 269, 379 and 
162 ppm. After 96 hours at 950°C a fourth samiple analyzed 108 ppm carbon. 

In another ca se , a specimen (B-493 T) weighing 1.043 g r a m s 
was annealed for one hour at 950° C and analyzed with i ts surface l ayer . It 
had 203 ppm carbon while the original m a t e r i a l was analyzed to contain 
171, 216, and 150 ppm carbon. No carbon pick-up had occur red , A spec i ­
men from the same m a t e r i a l , weighing 0,986 g ram, was annealed for 1.3 hours 
at 970° C. After e lectropol ishing the sample weighed 0,959 g r a m . The dif­
ference of 0.027 g r a m , equal to 2,7%, r ep re sen t ed the total weight of the 
sca le and some me ta l removed by electropol ishing. After electropolishing 
the sample contained 111 ppm carbon. 

In a l l of these experim.ents the effluent a rgon gas was passed 
through a copper oxide furnace to oxidize any carbon monoxide and then 
through a capi l lary cold t r ap which would have collected any t r a c e of c a r ­
bon dioxide. No carbon dioxide was found. This showed that a l l of the 
carbon removed from the m e t a l during decarbur iza t ion was collected in the 
surface sca le . The exper iments deny the possibi l i ty that decarbur iza t ion 
is a r e su l t of the react ion 

2 C + U 0 2 ( c ; ^ t , ) U + 2 CO(gas) . 

whose free energy of reac t ion equals +105,700 ca l /mo le at 1200°C and is 
not favorable to the formation of carbon monoxide gas under no rma l 
p r e s s u r e . 

2. The Surface Layer 

M, Muel ler and H, Knott (ANL Metal lurgy Division) took X- r ay 
diffraction pa t te rns of a surface layer which had been carefully sc raped 
from a cyl indr ical sample that was annealed for 96 hours at 950° C in the 
me ta l lu rg ica l furnace. The pa t t e rns showed s t rong UO2 l ines with a l a t ­
t ice p a r a m e t e r of a^ = 5,468 A and a f ace -cen te red cubic phase with a l a t ­
t ice param.eter of ao = 4.927 A, The intensi t ies of the l ines belonging to the 
face -cen te red cubic phase i nc r ea sed towards the u ran ium in ter face . A 
lat t ice p a r a m e t e r of ao = 4.927 A is in te rmedia te between the lat t ice p a r a m ­
e te r of UN (ao = 4.88 A) and of UC (ao = 4.96 A). Since a l l the available 
evidence points towards the non-exis tence of a compound UO (see especia l ly 
the paper by Pe r io l^^ / ) , this f ace -cen te red cubic phase undoubtedly belongs 
to the UN-UC sys tem. 
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A uranium rod (B-695 C), 0.495 in. in d iameter and 4 in. in 
length and containing 77 ppm carbon, 55 ppm nitrogen and 18 ppm oxygen, 
was suspended in the ver t i ca l tube furnace and held for two weeks at 950° C 
in an a tmosphere of purified argon. The direct ion of gas flow was upward 
and i ts r a t e , observed on a t e l l - t a le , was about one bubble every two s e c ­
onds. The ra t e was inc reased during the heating and cooling per iod. The 
specimen is shown in Figure 12. It appeared dull and dark at i ts lower 
end, but bright at its upper end, which indicated that the gas contamination 
was consumed as the gas moved along the specimen. 

t ' ' 

,x̂  '• 

#19,952 

Figure 12. Decarbur ized Uranium Rod B-695 Showing Decrease 
of Surface Layer , 

X- ray diffraction pa t te rns of the surface were made with cop­
per KQ_ radiat ion on a G. E. X- ray diffractomieter. Five pa t t e rns , numbered 
1 through 5, fromi the bottom, up, were taken at different heights 3/4 in. 
apar t . The surface layer on the rod contained two compounds, UO2 and the 
face-cente red cubic phase mentioned above. This phase will be called 
U ( C , N ) in the following discussion. The intensi t ies of the UO2 reflections 
dec reased rapidly towards the top. Reflections fromi UO2 were completely 
absent from sections 3 and 4 and weak in section 5. The UO2 reflections in 
section 5 may have been the resu l t of l a te r oxidation on exposure to a i r , 
since it was the las t of the pa t te rns that was taken. The pat tern of section 5 
contained two unidentified l ines which did not belong to U, UO2 or U(C,N) 
nor to other known uranium compounds. 



Two m o r e uran ium rods of s imi la r dimensions were heat t rea ted 
a.j.d examined. In these two exper iments the ra te of the argon gas flow 
was slightly inc reased and the t empera tu re of the las t unit of the gas p u r i ­
fication t ra in , a furnace containing uranium turnings , was lowered from 
850° C to 750° C. This had the effect of increas ing the res idual ni t rogen 
content of the argon gas without affecting its oxygen content . '^" / In exper ­
iment B-695 B high-puri ty uranium with 85 ppm carbon and in experiment 
B-714 m e t a l with 30 ppm carbon were used. The rod of exper iment B-695 B 
was rol led at 600° C without special p recaut ions . It became warped during 
the heat t r ea tmen t and, because of this warpage, the gradients of the oxide 
and ni tr ide coat were d i s s imi l a r on opposite sides of the specimen. The 
slightly convex side facing the gas s t r e a m was dull and obviously more 
heavily coated than the protected, slightly concave s ide, the top end of which 
was, in fact, quite bright . 

To minimize this warpage, rod B-714 was produced with equi-
axed grains of uniform smal l s ize by roll ing at 300° C with increas ing r e ­
ductions between anneals at decreas ing annealing t e m p e r a t u r e s . This rod 
showed li t t le dis tor t ion after heat t r ea tment for two weeks at 950° C (Fig­
u re 13), 

In both of these exper iments the oxide layer dec reased in thick­
ness from the lower end upward and eventually d isappeared completely. 
Simultaneously the UO2 reflections dec reased in intensity as the center of 
the specimen was approached. The pat tern at the top end contained alpha-
uranium ref lect ions, showing that the gas contamination had been consumed 
on its upward path. The res idua l surface filna was ext remely thin. Not al l 
the possible u ran ium reflections were found and the re la t ive intensi t ies of 
the observed reflect ions differed considerably from those of randomly 
oriented m a t e r i a l . Fo r ins tance, in a randomly or iented sample of alpha 
uran ium, the intensity of the (111) reflection should be g rea te r than that of 
the combined (044), and (244) ref lect ions . In the p resen t cases the converse 
was found to be t rue . The same applied to the re la t ive intensi t ies of other 
reflections of alpha uran ium, which indicated that the specimens were 
coarse grained. Since only a very few grains were covered by the X- ray 
beam, their chance orientat ions deternnined the re la t ive intensi t ies of the 
var ious l ines . 

The U(C,N) phase was found in a l l pa t te rns and a s imi la r phe­
nomenon of r e v e r s e re la t ive intensi t ies was observed. For randomly o r i ­
ented m a t e r i a l one finds the intensity of the (222) reflection to be l ess than 
that of the (311) reflection. These no rma l re la t ive intensi t ies were r e v e r s e d 
in the pa t te rns of position 4 and 5. This is an or ientat ion effect that becomes 
m o r e pronounced as the surface film gets thinner and i ts coherency re la t ion­
ship to the orientat ion of the underlying or iginal grains of gamma uranium 
becomes important . 
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Figu re 13 

Decarbur ized Uranium Rod B-714 
Suspended on Sapphire Pin, Showing 
Decrease of Surface Layer and Bare 
Coarse -Gra ined Uranium at Upper End. 

#20,858 IX 

It is worth noting that the p resence of this thin U(C,N) surface 
filna had an effect on the r e s i s t ance of uranium to oxidation; it r e t a rded 
great ly the oxidation of the me ta l on s torage in a i r . 

3. Decarbur iza t ion of Uranium Rods 

The rods descr ibed in the preceding section were sampled for 
chemical ana lys i s . Circumferent ia l l ayers A through E were machined 
from the five sections (1 through 5) of the rods . In the f i rs t experiment , 
layer A was 0.030 in. and l ayers B through E were each 0.040 in. thick. In 
the subsequent exper iments , the f i r s t four layers were each 0.020 in. and the 
next two layers each 0.030 in. thick. In the f i r s t experiment the surface 
scale was included in the f i r s t layer ; in the subsequent exper iments the sur­
face scale was removed by electropolishing. Ex t reme cleanliness was ob­
served during sanapling, so that the turnings could be analyzed without addi­
tional cleaning. The cyl indrical core was not converted into turnings , but 



cut into short pieces and analyzed as such. The samples of the f i rs t ex­
per iment were analyzed for carbon and nitrogen, the o thers for carbon only. 
The data of the f i rs t exper iment a r e l is ted in Table X; plots of the data of 
cha rac te r i s t i c c ross sections a r e shown in F igure 14. 

TABLE X 

Analyt ical Data of Decarbur iza t ion Expe r imen t 
(all data in ppm by weight) 

Ingot No. 
B-695-C 

Section 

2 

3 

4 

5 

Layer^ 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

Composi t ion before 
Heat T r e a t m e n t 1 | 

C : 77 
N : 55 
0 : 1 8 

Al : 7 
Cr : 2 
Cu : 1 

Fe : 2 
Mg : 1 
Si : 10 

Composit ion af ter 
Heat T r e a t m e n t 3 

Carbon 

161 
59 
63 
68 
65 
79 

128 
49 
61 
65 
59 
86 

101 
68 
78 
77 
75 
86 

104 
75 
73 
81 
84 

( H I ) 

Nitrogen 

95 
46 
59 
59 
57 

(33) 

153 
59 
61 

59 
55 

(17) 

101 
59 
61 
60 
56 

(42) 

82 
56 
54 
60 
54 

«10) 

All o ther e lements below l imi t s of s p e c t r o -
chemica l detect ion. 

Layer A was 0.30 in. thick; l a y e r s B through £ 
were each 0.040 in. thick; F is the c o r e . 

^Data in b racke t s belonging to the core indicate 
segrega t ion in the or ig ina l ingot. 
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Table X shows that the ni trogen 
content of the rod in te r ior was not 
changed by the heat t r ea tment . The c a r ­
bon content was high at the surface . A 
slight concentrat ion gradient appeared 
in exper iment B-695 C, as seen at the 
left of Figure 14. In al l subsequent ex­
pe r imen t s the carbon content was un i ­
formly dis tr ibuted throughout the c ro s s 
section, as shown at the r ight of F igure 14. 
The carbon content of ingot B-695 B was 
reduced from 85 ppna to a mean of 53 ppm 
in two weeks at 950° C. In exper iment 
B-714 a s imi la r reduction took place from 
30 ppm to 1 7 ppm. In an extended expe r i ­
ment ( B - 7 2 0 ) a rod, with an original c a r ­
bon content of 220 ppna, was decarbur ized 

to a naean of 64 ppm in four weeks at 950° C. This specimen suffered damage 
during the heat t rea tment ; a longitudinal c rack destroyed its usefulness . 

LAYER THICKNESS LAVER THICKNESS 

DISTRIBUTION OF CARBON CONTENT 
IN CROSS-SECTION OF DECARBURIZED URANIUM RODS 

ANL-106-4468 

Figure 14 

4. Discussion 

The mos t important feature of the decarbur izat ion of uranium 
is the formation of a face-cen te red cubic phase with a lat t ice p a r a m e t e r of 
ao = 4.93 A on the surface of the me ta l . It forms direct ly on the surface 
beneath any dioxide that naight be p resen t . A s imi la r observat ion about the 
re la t ive position of oxide and ni t r ide on uranium surfaces was made by 
Pe r io . ( l ^ ) This face-cente red cubic phase is undoubtedly a solid solution 
of UC and UN, since Sambell and William(l'7) have shown that the two com­
ponents form a continuous s e r i e s of solid solutions. The face-cente red 
cubic phase is not UO, which has never been p repa red in bulk and has been 
repor ted to exist only on sample surfaces.(8) Decarbur izat ion of uranium 
explains the appearance of the phase which has been a s sumed in the past to 
be UO. 

It is concluded that the mechan ism of decarbur izat ion is gov­
erned by the formation of UN, which reac t s with carbon to form U(C,N), 
and es tabl ishes a concentration gradient for diffusion of carbon toward the 
surface. The observed phenomena agree well with this concept. 
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VIII. THE URANIUM - CARBON PHASE DIAGRAM 

PARTS PER MILLION CARBON BV WEIGHT 

400 600 800 1000 1200 1400 

The u ran ium-ca rbon phase d iagram at low concentrat ions of carbon 
is shown in F igure 15. The sys tem has an eutectic of 0.98 a /o carbon at a 

t empera tu re of 1116.6° C. The gamma 
solubility dec r ea se s from about 
0.30 a /o carbon at the eutectic t e m ­
pe ra tu re to about 0.09 a /o at the 
U-y ;̂=̂  Ug + UC eutectoid t empera tu re 
of 771.8° C. The solubility line is dot-
dashed to indicate that it is the mean 
of two boundary curves , A and B of 
F igure 11. It is c o r r e c t within 
+0.075 a / o a t the eutectic t empera tu re 
and within +0.04 a /o at the eutectoid 
t e m p e r a t u r e . Also, the react ion 
Ufi ^=^ U^ + UC is of the eutectoid type. 
The t e m p e r a t u r e s of the invariant 
equil ibria a r e 3° C below the t e m p e r a ­
ture of the | 3 ^ 7 t ransformat ion and 
1.8°C below the t empera tu re of the 
J ^^= /Btransforraation of the pure meta l . 
Consequently, the solid solubili t ies of 
carbon in beta and alpha uranium must 
be very smal l . It is es t imated that the 

solubility of carbon in the beta phase is l e ss than 10 ppm, and in the alpha 
phase l e s s than 3 ppmi. 

^<! + UC ^ 

12 1B 20 l i 

ATOMIC PER CENT CARBON 

URANIUM-CARBON PHASE DIAGRAM 
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Figure 15 
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