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NITRIDATION OF CRUCIBLE SKULLS FROM MELT REFINING 

by 

T. R. Johnson, G. F . Brunzie and R. K. Steunenberg 

I. INTRODUCTION 

A. Descr ipt ion of EBR-II Fuel Cycle 

Discharged fuel from the Exper imenta l Breeder Reactor ( E B R - I I ) 

will be r e p r o c e s s e d by melt ing the uran ium alloy in a zirconia c ruc ib le .U) 
This "melt refining" p rocess r emoves fission products (except for the noble 
meta l s ) by volati l ization, slagging, or react ion with the crucible wal l s . The 
e lements m o r e noble than urcinium (zirconium, niobium, molybdenum, t ech
net ium, ruthenium, rhodium, pal ladium, s i lver , and tin) remaining in the 
u ran ium may be beneficial alloying m e t a l s . To prevent their excess ive 
buildup in fuel recyc led to the r eac to r severa l t i m e s , a small fraction (5 to 
10 per cent) of the fuel will be removed in each pass and replaced with pure 
u ran ium. The u ran ium-bear ing m a t e r i a l remaining in the crucible after 
mel t refining, the crucible "skul l ," s e r v e s as this "dragout s t r e a m . " The 
amount of skull formed approximates the percentage dragout requi red to 
produce useful a l loys . For the EBR-II fuel cycle , a l iquid-metal p rocess 
is being developed to recover purified uran ium from the crucible skull. 
The equi l ibr ium concentra t ions of noble meta l s in the fuel will depend on 
the burnup and the fraction of dragout m a t e r i a l per p a s s . Table 1 ^̂ ^ shows 
the equi l ibr ium concentra t ions of the noble meta l s based on 2 per cent burn-
up and 5 per cent dragout per p a s s . The alloy composition chosen for the 
f i r s t core loading of the r eac to r i s a lso shown. These alloys of uranium 
or plutonium with the i r fission products a r e called "fissium" a l loys . 

The pyrometa l lu rg ica l operat ions for the EBR-II reac to r will 
be c a r r i e d out remote ly in the argon annulus of the Fuel Cycle Faci l i ty . 
The argon a tmosphere in this shielded operating cell will be continuously 
purified from oxygen and wate r . The ni t rogen content will be controlled by 
per iodical ly adding pure argon to the ce l l . The maximum concentrat ions of 
impur i t i e s expected in the cell a tmosphere a r e : 

oxygen: < 100 ppm 

water : < 10 ppm 

ni t rogen: < 5 v / o . 



Table 1 

EBR-II F U E L COMPOSITION 

Equi l ibr ium Fuel 
Composit ion 

(2% Total Atoms Fiss ioned Selected Initial 
and 5% Dragout Pe r Pass ) Fuel Composition 

Element (w/o) (w/o) 

Z r 

Nb 

Mo 

Ru 

Tc 

Rh 

P d 

U235 

U238 

Pu^^' 

0.3a 

0,01^ 

3.4 

2.6 

1.0 

0.5 

0.3 

46.0 

42.8 

3.2 

0.1 

0.01 

2.5 

1.9 

-

0.3 

0.2 

47.5 

47.5 

-

' Based on 50 per cent z i rconium and niobium r e 
moval during mel t refining by slagging with carbon. 

B. Nitr idation of Crucible Skiills 

It i s known that n i t rogen r e a c t s rapidly with u ran ium at t e m -
pera tu reS above 400 C.\^> Due to heating by fission products , the es t imated 
t e m p e r a t u r e of the mel t refining cruc ib le skull will be between 400 and 
1000 C. These skulls may be exposed to the cel l a tmosphere for severa l 
days as they await p roces s ing . The amoiint of reac t ion between the skvills 
and the l o w - p r e s s u r e ni t rogen and the effects of the react ion on the crucible 
and skull a r e impor tant cons idera t ions to the design of the l iqu id-meta l 
dragout p r o c e s s . Exper imenta l work, for example , has indicated that n i -
t r ided f i ss ium is not readi ly reduced by magnes ium in zinc solutions.(4; 

The t e m p e r a t u r e and ni t rogen par t ia l p r e s s u r e to which the 
skulls will be subjected depend on many factors which cannot be evaluated 
at the p re sen t t i m e . If the c ruc ib les and skulls a r e par t ia l ly covered or if 
they a r e s to red nea r one another , thei r t e m p e r a t u r e s may become ve ry high 
(r-1000 C). Even if they a r e left exposed, their t e m p e r a t u r e s may be high 
enough to cause rapid reac t ion with nitrogen.(4) It may prove imprac t i ca l 



to keep the ni t rogen content of the cel l at a very low value or to seal the 
c ruc ib les completely against the cell a tmosphe re . 

The range of var iab les chosen for this study were : t e m p e r a t u r e , 
400 to 800 C; p r e s s u r e , 8 to 76 m m Hg. These conditions should span those 
met in p r a c t i c e . The effect of z i rconium content was investigated by using 
f iss ium alloys containing 2.8 weight per cent and l e s s than 0.05 weight per 
cent z i rconium. The percen tages of the other alloying elements and the 
mel t refining conditions were not var ied significantly. 

II. URANIUM-NITROGEN COMPOUNDS 

Several compounds in the n i t rogen-uran ium sys tem have been r e 
ported,(3) but only UN, U2N3 and UN2 can be considered s to ich iomet r ic . 
Compounds having a lower ni t rogen content than the mononitride a r e con
s idered to be solutions of the mononitr ide in the me ta l . A two-phase region 
exis ts between UN and U2N3. Composit ions between U2N3 and UN2 a re s ingle-
phase . A gradual change in the c rys t a l s t ruc tu re occurs between U2N3 and 
UN2. 

Direct ni t r idat ion of u ran ium meta l below 1300 C proceeds direct ly 
to a n i t r ide with a composi t ion between U2N3 and UN2 without forming UN 
as an in t e rmed ia te . The composit ion depends on the t empe ra tu r e and 
ni t rogen p r e s s u r e . Above 1300 C, the higher n i t r ides decompose to UN. 

The higher n i t r ides a r e par t ia l ly reduced by hydrogen at t e m p e r a 
tu res above 100 C with the formation of ammonia . The n i t r ides a r e eas i ly 
oxidized to u ran ium oxides by oxygen at low t empe ra tu r e s (~200 C). 

III. EXPERIMENTAL PROCEDURE 

A. Skull P r e p a r a t i o n - Melt Refining 

To simplify the exper iment and yet to s imulate the actual p r o c 
ess condition, c e r i u m was subst i tuted for the r a r e ea r ths and y t t r ium, and 
a single set of typical conditions for mel t refining were employed. A f i s 
s ium alloy ingot (300 to 500 g r a m s ) and a freshly cut, shiny piece of ce r ium 
meta l were mel ted together in a z i rconia crucible in an induction furnace. 
The amount of ce r ium added (O.6 w/o) was equivalent to the total amovmt of 
all r a r e ea r ths and y t t r ium p re sen t in a f i ss ium fuel at 2 per cent burnup. 

The c ruc ib les were d r y - p r e s s e d zirconia , s tabil ized with 5 per 
cent ca lc ium oxide (Norton mix tu re Z300 SP), of d imens ions : 2 in. OD, 4 in. 
outside height, l-yin.ID, 3y in . deep. The crucib les were degassed at 1200 C 
and 0.01 mic ron for six hours before u s e . The a r r angemen t of the induction 



furnace is shown in F igure 1. This furnace has been descr ibed prev i 
ously. '^) The vacuum pumps were capable of maintaining a vacuum of 
l e s s than 0.1 mic ron . 

POUR LIP WATER-COOLED 
INDUCTION COILS 
(II TURNS-1/4 IN. COPPER 

TUBING) 

FURNACE SUPPORT 

Figure 1 
INDUCTION FURNACE FOR MELT REFINING 

After the charge had been placed in the furnace, the sys tem 
was evacuated to l e s s than 3 x 1 0 " m m . The charge was heated to 700 C 
for an initial degassing period of 30 nminutes. About 650 m m of helium, 
purified by passing it through an activated carbon t rap at liquid nitrogen 
t empera tu re , were then added to the furnace. The charge t empera tu re was 
r a i sed to 1350 t 25 C at a heating ra te of about 30 C/min . The t e m p e r a 
ture was m e a s u r e d with an optical pyrometer by sighting on the melt su r 
face through a hole in the tantalum heat shields . A cor rec t ion of +30 C 
applied to the pyrometer reading was requi red to compensate for the emis-
sivity of the molten metal and the t ransmi t tance of the optical flat. 

The mel t was held at 1350 C for two hours , then poured into a 
copper mold without interrupt ion of the power. The ingot cast from one 
run was used as the alloy charge for the next. The furnace and crucible 
were allowed to cool to room t empera tu re before air was admitted. 

The approximate compositions of the two f iss ium alloys pre
pared for the ni tr idat ion studies a r e shown in Table 2. 



Table 2 

COMPOSITION OF FISSIUM ALLOYS 
USED FOR NITRIDATION STUDIES 

Element 

Z r 

Mo 

Ru 

P d 

U 

High-zi rconium 
Alloy 
(w/o) 

2.8 

2.7 

2.7 

0.6 

Balance 

Low-zirconium 
Alloy 
(w/o) 

<0 .05 

2.74 

2.08 

0.54 

Balance 

B. P rocedu re for Nitriding 

The appara tus for n i t r idat ion of the crucible skulls consis ted 
of a r e s i s t a n c e - h e a t e d s ta in less s teel furnace tube and a manifold for 
m e a s u r e m e n t of gas volume (Figure 2). The tube and manifold were leak-
tes ted and thei r volumes were ca l ib ra ted . The t empe ra tu r e of the furnace 
was m e a s u r e d by a cen t ra l c h r o m e l - a l u m e l thermocouple in a well extend
ing to within one inch of the bottom of the c ruc ib le . This thermocouple was 
ca l ib ra ted at the mel t ing points of cadmium and magnes ium with an accuracy 
of i 3 C. Uniform t e m p e r a t u r e control of the crucible was achieved by con
trol l ing the outside t e m p e r a t u r e of the furnace tube. The crucible t e m p e r a 
tu re did not fluctuate m o r e than ±5C. 

Before the run was s t a r t ed , the ga s -me te r ing tank was f i rs t 
evacuated, then charged with about 400 m m of ni t rogen di rect ly from a cy l 
inder . The cruc ib le was placed in the furnace tube, the tube was closed, 
evacuated (<0.1 m m ) , and heated to the des i r ed t e m p e r a t u r e . The react ion 
was s t a r t ed by adding ni t rogen f rom the mete r ing tank to r a i s e the furnace 
p r e s s u r e to the r equ i r ed l eve l . The reac t ion was slow enough to enable 
manual control of the p r e s s u r e with an accuracy of ± 2 m m . The ra te of 
the reac t ion was de te rmined from readings of the mete r ing tank p r e s s u r e . 

The exper iment was t e rmina ted when the ni trogen absorpt ion 
became too slow to follow (~0.02 mi l l imol of n i t rogen/minute ) . The furnace 
was evacuated and allowed to cool before the crucible was removed. 



CALIBRATED 
GAS 
METERING 
TANK 

TO TEMPERATURE 
RECORDER 

MERCURY 
MANOMETERS 

THERMOCOUPLE 
(TO TEMPERATURE CONTROLLER) 

CRUCIBLE SUPPORT 

— STAINLESS STEEL 
FURNACE TUBE 
(2-1/2 in SCHEDULE 4 0 PIPE) 

Figure 2 
EXPERIMENTAL EQUIPMENT FOR 

SKULL NITRIDATIONS 

IV. EXPERIMENTAL RESULTS 

A. Melt Refining 

During melt refining, ce r ium is removed preferent ia l ly from 
uranium by react ion with the zirconia c ruc ib le . The react ion appears to 
produce a lower oxide of zirconium(6) since there is no inc rease in zirconi
um content in the poured ingot. The ce r ium removal from the poured 
metal was g rea te r than 95 per cent and averaged 97 oer cent in al l cases in 
which analyses were obtained. Recover ies of poured metal ranged between 
85 and 95 per cent. 

The degree of t ransfer of uranium from the ingot into the skull 
was slightly g rea te r than that of the noble m e t a l s . This effect is shown to 
be smal l by the inc rease in noble metal concentration as the f issium alloy 



is r emel t ed severa l t i m e s . After ten melt-ref ining cycles the concentra
tions of all noble m e t a l s , except z i rconium, had increased by approximately 
9 per cent of their original concentrat ions (e.g., from 6.0 to 6.54 w/o) . 
Within the precis ion of the analytical p rocedure , the zirconium concentra
tion was constant . 

The ma te r i a l remaining in the crucible after pouring is the 
crucible "skull ." It consis ted of meta l (the "button") and a uniform, shiny 
black react ion layer (the "dross") tightly adhering to the cruc ib le . The 
crucible w^alls, normal ly a light yellow color , were completely blackened 
to a height corresponding to the level of the molten charge . 

B. Nitridation 

The exper imenta l conditions and resu l t s a r e summar ized in 
Table 3 and in F igures 3, 4, 5, 6, and 7. 

Table 3 

SUMMARY OF NITRIDATION RUNS 

Dross Mols U Furnace Nitrogen Skull 
Weight in Dross Temp P r e s s u r e Area 

(g) (g-mols) (C) (mm Hg) (sq cm) 

High-zirconium Alloy 

10.4 
14.3 
13.4 

13.9 
12.6 
19.6 

11.8 
11.0 
10.0 
11.0 
14.0 
U.O 
13.0 

0.032 
0.046 

0.045 
0.044 

0.039 
0.063 
0.040 
0.036 
0.018 
0.037 
0.046 
0.036 
0.043 

700 
800 
800 
500 
600 
700 
800 
400 
500 
600 
700 
700 
800 

8 
8 
8 
38 
38 
38 
38 
76 
76 
76 
76 
76 
76 

31 
34.5 

29 
36.5 
38 
40 
26 
28 
26 
33 
33 
28 
30 

Low-zirconium Alloy 

902 
903 
904 
826 
827 
831 
828 
820 
821'' 
824^ 
825 

412 
387 
367 
547 
517 
463 
487 
702 
659 
627 
582 

24.9 
18.6 
28.6 
29.8 
25.7 
24.4 
24.2 
43.8 
31.1 
45.8 
35.4 

14.8 
10.1 

13.0 
15.1 
14.6 
15.1 
15.0 
30.5 
21.2 
21.2 
19.3 

0.049 
0.031 
0.043 
0.047 
0.046 

0.049 
0.048 
0.105 

0.069 
0.070 
0.063 

600 
700 
800 
500 
600 
700 
800 
500 
600 
700 
800 

8 
8 
8 
38 
38 
38 
38 
76 
76 
76 
76 

36.5 
35 
33.5 
45.5 
43.5 
40 
41.5 
56 
53 
51 
48 

^No reaction at 400 C, skull r e -used at 700 C. 
"Cruc ib le broke. 

Total 
Charge Skull 
Weight Weight 

Run No. (g) (g) 

805 
803 
807 
731 
724 
722 
717 
713a 

714 
710 
804 
71 3* 

709 

330 
382 
298 
412 
432 
462 
253 
281 
254 
357 
357 
281 
312 

18.6 
19.4 
23.2 
28.7 

17.9 
26.5 
21.2 
21.0 
21.7 
22.0 
27.1 
21.0 
15.0 



RUN NO TEMP C 
o 

^ 
V 

n 
0 

709 
713 
804 
710 
714 

800 
700 
700 
600 
500 

ISO 200 

Figure 3 
NITRIDATION OF FISSIUM CRUCIBLE DROSS 

Nitrogen P r e s s u r e : 76 m m Hg 
Zirconium Content: 2.8 w/o 
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Figure 4 
NITRIDATION OF FISSIUM CRUCIBLE SKULLS 

Nitrogen P r e s s u r e : 76 mm Hg 
Zirconium Content: <0.05 w/o 
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Figure 5 
NITRIDATION OF FISSIUM CRUCIBLE DROSS 

Nitrogen P r e s s u r e : 38 nam Hg 
Zirconium Content: 2.8 w/o 
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Figure 6 
NITRIDATION OF FISSIUM CRUCIBLE SKULLS 

Nitrogen P r e s s u r e : 38 m m Hg 
Zirconium Content: <0.05 w/o 



05 

in 
If) 

Q 04 
z 

=) 1 

g 03 
o 
UJ 

§ 02 
UJ 

C\J 

z 
« 01 
o 
s 

n 

o 
a 
V 

• 
T 

^^-"''^ 
37^ 

: ^ ^ 

Iw^ 

r, 

RUN NO 
803 
807 
805 
904 
903 
902 

1 

TEMP C 
800 
800 
700 
800 
700 
600 

'-^ 

1 

ALLOY 
High Zr 
High Zr 
High Zr 
Low Zr 
Low Zr 
Low Zr 

- ^ — — " ^ ^ 

20 40 60 80 100 

TIME, mm 

120 140 160 180 200 

Figure 7 
NITRIDATION OF FISSIUM CRUCIBLE SKULLS 

Nitrogen P r e s s u r e : 8 mm Hg 
Zirconium Content: 2.8 w/o & 0.5 w/o 

The ordinates of the react ion curves were calculated by the following method: 

(1) It was assumed that the mass ive metal l ic button did not 
reac t significantly with the ni t rogen. Even at the highest t empera tu re and 
p r e s s u r e there was no visible evidence of any reaction other than a slight 
discoloration of the metal surface . This was confirmed by a separate ex
per iment in which a 16-gram piece of f issium metal gained l e s s than one 
per cent in weight in four hours at 750 C under a nitrogen p r e s s u r e of 
75 m m Hg. 

(2) The weight of the skull was determined by weighing the 
degassed crucible before and after mel t refining. 

(3) The metal l ic button which had been separated from the 
crucible and dross by nitr idation was weighed separa te ly . The initial 
weight of the dross was found by subtract ing the weight of the button from 
the initial skull weight. 

(4) The number of moles of uranium in the d ross was ca lcu
lated by the equation 

Mols U 
(initial Wt of Dross)-(0.97)(Wt of Ce Charged) 

238 X (Wt Frac t ion of U in Alloy) 



The value 0.97 r ep re sen t s the average extent of ce r ium removal from the 
ingot during mel t refining. In those cases in which a total dross analysis 
was obtained, the calculated value of the number of moles of uranium 
agreed within 10 per cent of the value es t imated from the chemical analys is . 

(5) The number of moles of nitrogen absorbed was calculated 
from the p r e s s u r e drop in the ca l ibra ted meter ing tank. The amount of 
ni t rogen added to fill the furnace tube initially was negligible except in the 
runs at 500 C and 76 m m Hg. A cor rec t ion was made in these runs . 

(6) It was exper imental ly verified that the ra te of nitrogen 
absorption by the s ta in less s teel and by the zirconia crucible was negligible. 

(7) The superficial skull a r e a was calculated from the depth 
of the melt and the crucible d imensions . 

In the majori ty of runs the zirconia crucible was intact after 
mel t refining and ni t r idat ion. The ni t r ided dross was usually finely pow
dered and had fallen to the bottom of the crucible . The dross and button 
could be eas i lyand cleanly poured from the crucible. Typical part icle size 
distr ibutions of the ni tr ided d r o s s , after burning in a i r , a re shown in 
Table 4. 

Table 4 

SCREEN ANALYSES OF TYPICAL 

Run No. 

Alloy 

Furnace 
Temp (C) 

Nitrogen 
P r e s s u r e 

(mm) 

Screen 
Analysis 
(mesh) 

>60 

60-100 

100-200 

200-325 

<325 

804 

High Zr 

700 

76 

58.9 

17.8 

12.5 

4.9 

5.1 

NITRIDED DROSSES 

820 

Low Zr 

500 

76 

56.2 

7.9 

9.5 

10.6 

15.4 

821 

Low Zr 

600 

76 

61.0 

17.8 

13.3 

4.5 

2.7 

824 

Low Zr 

700 

76 

76.9 

10.1 

6.7 

3.0 

2.2 

825 

Low Zr 

800 

76 

50.1 

17.4 

13.5 

8.4 

9.7 

827 

Low Zr 

600 

38 

52.0 

12.7 

20.5 

8.3 

5.6 

831 

Low 2 

700 

38 

59.8 

23.1 

8.1 

4.1 

3.4 



Many of the n i t r ided sktills were pyrophor ic . Upon exposure to 
a i r , the powdered d ros s immedia te ly began to burn at a bare ly percept ible 
red heat . A s t rong odor of ammonia , probably due to react ion of the n i t r ide 
with water vapor in the a i r , was detected. 

V. DISCUSSION OF RESULTS 

A. General 

The r a t e of reac t ion between the crucible d ross and ni t rogen 
inc reased with t e m p e r a t u r e and p r e s s u r e except at low p r e s s u r e s . At the 
lowest ni t rogen p r e s s u r e used (8 m m Hg), the r a t e s at 800 C and 600 C 
were significantly slower than at 700 C The h igh-z i rconium alloy (2.8 w/o) 
r eac ted fas ter than did the low-z i rconium alloy (less than 0.05 w/o) . The 
react ion ra t e at 400 C and 76 m m Hg was too low to be m e a s u r e d with the 
appara tus used. 

The reac t ion ra t e was de te rmined with undiluted ni t rogen at 
p r e s s u r e s corresponding to the ant ic ipated par t i a l p r e s s u r e of ni t rogen in 
the argon a tmosphere of the Fuel Cycle Faci l i ty . Mixtures of ni t rogen and 
argon were not used because of exper imenta l complicat ions . The p resence 
of argon would affect the reac t ion r a t e in two ways: it would offer a diffu
sion b a r r i e r for ni t rogen and act as a heat t r ans fe r medium to remove the 
heat of reac t ion . Because the ni t r idat ion react ion is re la t ively slow, g a s -
phase diffusion cannot be an impor tant ra te -con t ro l l ing s tep. With r e g a r d 
to heat l o s s , the pr incipal mechan i sm at the exper imenta l t e m p e r a t u r e s is 
radiat ion. The calculated heat generat ion ra t e of the reac t ion is not l a rge 
enough to r a i s e the surface t e m p e r a t u r e m o r e than 50 C. No t e m p e r a t u r e 
r i s e s in excess of 30 C were noted during the expe r imen t s . However, the re 
was cons iderable lag in the cen t ra l thermocouple of the appa ra tu s . The r e 
action ra te is not influenced appreciably by t e m p e r a t u r e s above 600 C. 
Therefore the p resence of argon should not grea t ly influence the react ion 
r a t e . 

B. Compounds F o r m e d 

The ra t io of moles of ni t rogen consumed to moles of uran ium 
in the d ros s seems to approach an approximate l imi t between 0.7 and 0.8, 
which co r responds roughly to U2N3. In X- r ay diffraction analyses of two 
ni t r ided skulls (Runs 713 and 710) which did not s eem to be pyrophor ic , 
u ran ium, UN, Zr02, ZrN were detected as minor components . A major 
component had the s t ruc tu re of u ran ium dini t r ide , but Ce203-2Zr02 (a 
probable product of melt refining) has a s imi la r c ry s t a l s t r u c t u r e . F u r 
t h e r m o r e , the U2N3 s t ruc tu re can be considered(^) as a d i s tor ted UN2 
c ry s t a l with ni t rogen a toms miss ing in a regu la r pa t t e rn . In the phase 
region between U2N3 and UN2, the re is no definite phase change. 



Data^-''' on the equi l ibr ium p r e s s u r e of ni trogen over uranium-ni t rogen solid 
phases indicate that UN2 formation under the experimental conditions would 
be unlikely. In the t empera tu re range from 500 to 800 C, the decomposition 
p r e s s u r e of UNx i n c r e a s e s rapidly as x inc reases above 1.5. The p r e s s u r e 
of ni trogen over UNx -̂t 492 C is 50 m m for x = 1 .65 and 825 m m for x = 1 .68. 
It was concluded that the uraniumi could ni t r ide completely to a ni t r ide above 
U2N3, but not as far as the d in i t r ide . 

C. Corre la t ion of Rates 

Corre la t ion of the data by severa l different methods was a t 
tempted. In other work, the parabol ic ra te law has been used to express 
the ni t r idat ion ra te of u ran ium. An effort was made to apply th is , as well 
as the other common ra te laws ( l inear , cubic and logar i thmic) , but none 
was sa t i s fac tory . These ra te laws ord inar i ly imply a constant react ion 
a r e a . In this ca se , however, the react ion a rea very probably changes as 
the react ion p roceeds . There fore , one would expect a ra te express ion to 
contain explicitly the m a s s of unreac ted solid. 

A mathemat ica l model was der ived in which it was assumed 
that the react ion took place on the surface of a smal l spher ical par t ic le 
and that the product adhered to the react ing pa r t i c l e . After an initial p e r i 
od, the react ion ra te was cons idered to be controlled by gaseous diffusion 
through the shell of r eac ted solid. The initial react ion ra te appeared to be 
control led by some other mechan i sm; for the model , adsorption of the gas 
on the par t i c le surface was chosen as the ra te-contro l l ing s tep. 

By making severa l approximations and t reat ing the constants 
as empi r i ca l coefficients, the der ived equation was applied to the data ob
tained on the ni t r idat ion ra t e of mel t refining skul ls . Although the c o r r e l a 
tion was not en t i re ly successful , it proved to be the best of the severa l 
methods t r i ed and provided a reasonable method of scaling up the data 
to l a rge r skul l s . It should be emphas ized that the mathemat ica l t r ea tment 
is intended to be only a cor re la t ion of the exper imental data and not an in
dication or proof of any par t i cu la r mechan i sm for the react ion. 

The mathemat ica l model is presented in the Appendix. 

VI. CONCLUSIONS 

L o w - p r e s s u r e ni trogen r eac t s readi ly with mel t - ref in ing skul ls , 
forming nonstoichiometr ic U2N3. The skull is pulverized and is loosened 
from the crucible by the reac t ion . The ni t r ided product is very pyrophoric 
in a i r at room t e m p e r a t u r e . The react ion of nitrogen with the metal l ic 
button is much s lower . The d ross r e a c t s f i rs t , falling off the crucible wall, 
covering the meta l l ic button and par t ia l ly protecting it from attack by 
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ni t rogen. Nitr idation of the metal l ic button may be important for hot skulls 
exposed to ni t rogen for t imes in excess of a few hours . It has been r e 
portedly) that f i ss ium alloy n i t r ides at a ra te comparable to that of pure 
u ran ium. 

The react ion of the d ro s s with ni t rogen was significant at 500 C 
and 38 m m Hg ni t rogen p r e s s u r e and at 600 C and 8 m m Hg. The react ion 
probably takes place at 400 C and 8 m m Hg, but it was too slow to follow 
with the appara tus used . At higher t e m p e r a t u r e s and p r e s s u r e s , the r e a c 
tion with the d ros s was nea r ly comple te in two or th ree hour s . The react ion 
ra te was not grea t ly i nc reased by t e m p e r a t u r e s above 700 C. 

The components p resen t in the skull a r e not well known, but it may 
be a s sumed that ni t rogen r e a c t s with f i ss ium meta l pa r t i c les that a r e o c 
cluded in the d r o s s . A cor re la t ion based on the react ion of the gas with 
many smal l spher ica l pa r t i c les s e e m s to fit the data reasonably well (see 
Appendix). The reac t ion r a t e per mol of u ran ium p resen t is then independ
ent of the total m a s s of the d ros s and of the superficial surface a r e a . The 
total reac t ion ra t e (g-mol per minute) is therefore a l inear function of the 
quantity of m a t e r i a l , indicating that the reac t ion curves in F igures 3, 4, 5, 
6 and 7 can be applied d i rec t ly to l a r g e r skul l s . 

Poss ib le ni t r idat ion of the skulls in the EBR-II Fuel Cycle Faci l i ty 
may have some effect on the design of the r ep roces s ing plant. The t e m p e r a 
tu re r i s e of the skull due to the reac t ion with l o w - p r e s s u r e ni t rogen will not 
be l a rge - l e s s than 50 C for l e s s than th i r ty minu te s . Scavenging of the a t 
mosphe re in the argon annulus of the Faci l i ty by the skull will not be signif
icant compared to the es t imated leak ra te of 0.01 cu ft of a i r per minute into 
the ce l l . 

Cracks often develop in the ful l -scale c ruc ib les after mel t refining. 
The cruc ib le is then held together l a rge ly by the s t rength of the adhering 
skull . If the skull n i t r ides significantly, it will be pulver ized and may allow 
the cruc ib le to fall apa r t . 

For the purposes of the dragout p r o c e s s , it mus t be a s sumed that 
fully n i t r ided skulls will have to be handled in the EBR-II fuel r ep roces s ing 
plant, since the t e m p e r a t u r e of the c ruc ib le , n i t rogen content of the argon 
a tmosphe re , and the manner and durat ion of s torage of the c ruc ib les after 
mel t refining have not yet been de te rmined . The f i rs t step of the contem
plated dragout p r o c e s s is a d i rec t oxidation of the cruc ib le skull to sepa
ra te the skull and c ruc ib le , to pulver ize the skull , and to p r e p a r e a m a t e r i a l 
amenable to p rocess ing in a liquid meta l sys t em. The oxidation of the n i 
t r ided u ran ium should p resen t no difficulties. 
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Append ix : M a t h e m a t i c a l M o d e l of G a s - S o l i d R e a c t i o n s A p p l i e d to 
N i t r i d a t i o n of C r u c i b l e Skul l s 

C o n s i d e r a s i ng l e s p h e r i c a l p a r t i c l e of r a d i u s R. The r e a c t i o n 
t a k e s p l a c e a t a r a d i u s r , •wiiich v a r i e s a s the r e a c t i o n p r o c e e d s . The g a s 
m u s t diffuse t h r o u g h the r e a c t i o n l a y e r of t h i c k n e s s R - r . Le t : 

s = m o l e s of so l id r e a c t e d ( g - m o l e s / p a r t i c l e ) 

A( r ) = a r e a of r e a c t i n g s u r f a c e (sq c m ) 

A ( R ) = s u r f a c e a r e a of p a r t i c l e (sq c m ) 

A w = m e a n a r e a for diffusion (sq c m ) 

p = m o l a r d e n s i t y of the s o l i d ( g - m o l e s / c c ) 

B = p e r m e a b i l i t y of r e a c t e d s o l i d ( g - m o l e s / ( m i n ) ( c m ) ( a t m ) ) 

K = s u r f a c e r e a c t i o n r a t e c o n s t a n t ( g - m o l e s / ( m i n ) ( s q c m ) ( a t m ) ) 
is. 

Kj^ = s u r f a c e a d s o r p t i o n r a t e c o n s t a n t ( g - m o l e s / ( m i n ) ( s q cm)(a tm^ '^ ) ) 

p = bu lk g a s p r e s s u r e ( a tm) 

p * = i n t e r f a c i a l g a s p r e s s u r e a t the r e a c t i n g s u r f a c e (a tm) 

The v a r i o u s r a t e s m a y be e x p r e s s e d a s fo l lows : 

R e a c t i o n a t the m e t a l i n t e r f a c e : 

- ^ = Kj^A(r)p* . (1) 

A d s o r p t i o n (neg lec t ing s u r f a c e s a t u r a t i o n effects):^ ' 

= K^A(R)pi /2 (2) 

Diffusion t h r o u g h the r e a c t e d s o l i d 

= — i ^ ( p - p * ) (3) 

R - r 

A s s u m i n g t h a t diffusion i s t he r a t e - c o n t r o l l i n g s t e p and t h a t 

A j r = 47rRr ( i . e . , t he g e o m e t r i c m e a n ) , (4) 

t h e n 

ds 47rBRrp • r * ^^ (e,^ 
— = ^ - ^ i f p * « p . (5) 



A l s o , 

ds = - p A ( r ) d r = -47rpr^dr (6) 

4Trpr^dr =—-np{K^ - r^) (7) 

^ = R(I-:;^V^' • (8) 47rpRV 

Subs t i t u t ing for r in (5), 

3s 

^ " ^^ - " 4 ^ ^ 

Let m be the f r a c t i o n of the s o l i d p a r t i c l e r e a c t e d : 

m = 3s/47TpR2 . (10) 

W r i t t e n in the d i m e n s i o n of t i m e a l o n e , (9) b e c o m e s 

d m _ 3Bp (1 - m)^ ^ ,^^s 

^' ~ P^' l - ( l - m ) ^ / ^ 

In the i n i t i a l s t a g e s of the r e a c t i o n , the diffusion r a t e would not be 
e x p e c t e d to be the r a t e - c o n t r o l l i n g s t e p . If it i s a s s u m e d , i n s t e a d , t ha t the 
i n i t i a l r a t e - c o n t r o l l i n g s t e p i s the a d s o r p t i o n r a t e of the g a s on the so l id , 
the l aw m a y be r e p r e s e n t e d by the e q u a t i o n 

f = K ^ A ( R ) p - / ^ . (IZ) 

S ince A ( R ) = 47rR^, 

^ = 4'nKj^R'p'^' (13) 

A s s u m i n g t h a t a t i m e trp can be c h o s e n a t wh ich diffusion b e c o m e s the r a t e -
c o n t r o l l i n g s t e p , the r a t e e x p r e s s i o n s c a n be i n t e g r a t e d i ndependen t ly : 

^^ ^ i f ) ^t = S T = 4 7 T K ^ R V ' ' ' t T ^^^^ 



and 

which becomes 

(l - ^' i 
\ 47TpR^ / 

1/3 

ds = 47TBRp d t , (15) 

27rpR^ 
3s, 

1 

2/3 
3s 

2/3-

+ (s-j. - s) = 47rBRp(t - trp) (16) 
4mpRf/ \ 47TpR'' 

Using (14) to el iminate t f from (l6), and writing in d imensionless form. 

where 

Let: 

mrp = 3Srrn/47TpR^ 

f (m)= 1 - (1 - m ) ^ / ^ - | m 

Then (l7) becomes 

f(m) - i(^^ +(j nrir 
Bp 1/2 

T / V R K 
A >m^ 

(18) 

(19) 

where , if t > t-p, mrp and f(m'j') a r e constants . 

Severa l approximat ions mus t be made in order to apply this model 
to the ni t r idat ion of crucible skul ls . For a bed containing pa r t i c l e s of 
var ious s izes , the ra te express ions can be in tegra ted or summed over al l 
pa r t i c l e s . Screen ana lyses of the ni t r ided product a r e probably not indica
tive of the reac t ion a r ea . F u r t h e r m o r e , the pa r t i c l e s may not be spher ica l 
Since the re is a densi ty difference between uran ium m e t a l and the n i t r ide , 
the diffusion dis tance in equation (3) is not exactly r e p r e s e n t e d by ( R - r) 
and it cannot be c o r r e c t e d by a simple function. 

As an approximation, it is a s s u m e d that R is an average effective 
rad ius of a l l pa r t i c l e s , whether or not they a r e actual ly spher ica l . Then 
equations (9) and (lO) can be extended d i rec t ly to the en t i re bed of react ing 
pa r t i c l e s . Equation (l9) is then wri t ten as 

f(m) - f(mT) +YCip^ /^mT = Czpt 

where mrp, Cj and C2 a r e t r ea t ed as empi r i ca l coefficients. 

(20) 



A corre la t ion of the data obtained with the high-zirconium alloy is 
shown in F igures 8 and 9. It was assumed that U2N3 was the final react ion 
product. The value of C2P can be determined from the slopes of the upper 
sections of the curves . An i so the rmal plot (Figure lO) of C2P ve r sus p, 
the nitrogen p res su re ,g ives s traight l ines of slope C2. At t = 0, 

Cip 
./. ^K)-^H.o 

2 
m r p 

3 T 

Values of nn-p a r e obtained from breaks in the curves of F igures 8 and 9, 
and f(m)^_() is obtained from the ordinate intercept as in Figure 11. 

Figure 8 

VARIATION OF f(m) WITH TIME 

(NITROGEN PRESSURE: 76 mm Hg 
ZIRCONIUM CONTENT: 2.8 w/o) 

Figure 9 

VARIATION OF f(m) WITH TIME 

(NITROGEN PRESSURE: 38 and 
8 mm Hg 

ZIRCONIUM CONTENT: 2.8 w/o) 
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VARIATION OF C2P WITH 
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VARIATION OF m^̂ , WITH 
TEMPERATURE AND 

PRESSURE 

The values of Cjp^^^ a re plotted against p^^^ in Figure 12. Straight 
lines were drawn through the points from which Cj was calculated. F ig
ure 13 shows general ly the dependence of Cj and C2 on t empera tu re . It is 
interest ing to note that the ra t io C2/C1 is near ly constant (Table S). 
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VARIATION OF Cjp^/^ WITH ^^^^ 
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T e m p 

(c) 
700 
600 
700 
800 
600 
700 
800 

Tab le 5 

E X P E R I M E N T A L P A R A M E T E R S 

N i t r o g e n 
P r e s s u r e 
( m m Hg) 

8 
38 
38 
38 
76 
76 
76 

0.039 
0.047 
0.072 
0.056 
0.037 
0.074 
0.098 

0.028 
0.039 
0.039 
0 .015 
0.026 
0.036 
0.053 

"^T 

0.514 
0.554 
0.653 
0.596 
0.502 
0.660 
0.734 

Ulp 

0.032 
0.022 
0.076 
0.103 
0.033 
0.086 
0.092 

CzP 
( m i n ) " ' 

0 .00024 
0.00041 
0.0011 
0.0015 
0.00064 
0.0022 
0.0029 

T e m p 
(C) 

600 
700 
800 

( a t m ) " ' / ^ 

0.10 
0.31 
0.40 

(a tm) " ' ( m i n ) " ' 

0.0072 
0.022 
0.030 

C2/C1 
( a t m ) - ' / ' ( m i n ) -

0.072 
0.072 
0.075 




