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(Received April 1971)

 Abstract The purpose of the present stﬁdy was to provide informs-—

tion on the.kinetics'of carbon transfer governing the degree of compati-
bility between carbide fuel and austenitic stainless steel, by comparing
the experimental with the calculational results.

Hyperstoichiometric uranium carbide containing lag (6,0 wt.% carbon)
and stainless steel (AISI 304) specimen were enclosed in = nickel capsule
tozether with sodium, and then this capsule was heated at 750°C according
to the predetermined schedule. The degree of carburization of the steel
wzs defermined by counting 140 with a 2a gas-flow counter. The distribu-
tion profile of 14¢ seemed to be nearly exponential and the radicactivity
on the sectioning surface of the stainless steel spécimen increased with
increagse of the heating time.

The kinetics of carbon transfer was well interpreted by assuming
that carbon atoms were leached out into sodium from UC, platelets; in
which they had precipitated in the UC and then diffused along the grain
boundaries of stainless steel accompanied by the formation of new carbide

such as Crp3Cg.
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1. Introduction

Urerium-plutonium mixed carvides are considered as promisging nuclear
fuel for high-—gsin fagt reactor. The utilization depends on the avil-
abilities of astable carbides for sodium, and of cladding materials
compatible with <the fuels.

Stolchiometric and hypostoichiometric carbides are not decarburized

) . :
1’2’, but preperaticn of the precisely

below the boiling point of sodium
stoickhiometric wranium carbide is much difficult. ©On the other hand,
the hypostoichicmetric ursnium carbide containing free uranium metal is
not sultable, becszuse of relatively large swelling and low melting point
of the free metal, and of eutectic resction between the free metal and
cledding material. 7 '

Many experirents hsve been carried out on compatibility between
higher carbide fuel and austenitic stainless-zteel claddings honded with
sodium, It is metallographically revealed that the decarburization of
the fuel and the carburizstion cf the steel are respectively governed by

disolution of carbon atoms from the fuel and by diffusicn of carbon atoms

in the stesl. The lifetime of stainless steel cladding on the compatibvility

may he restricted by degree of the brittleness due to carbon tranéfer fromw
the carbide fuel to ite cladding. However, theoreticai studies on the
compatibility are relatively littleg), because of complex behavicr of
carbon atomg in fuel and cladding material,

Purpose of the present study was to provide information on the kinetics
of carbon transfer governing the degree of compatibility between carblde
tfuel and austenitic stainless steel. Hyperstoichiometric uranium carbide
containing 40 was used Tor obtaining the distribution profile of carbon
atoms in the austenitic stainless steel (AIST 304). The mechanism was
investigated from the viewpoint of the disolution of carbon atoms from UC,
platelets precipitating in UU matrix, and the migrastion of carbon atoms
along the diffusivity path in which o grain boundary of the stainless
steel is included. The carbon distributien profiles could be almost

4)

interpreted by Fisgher's theory on the grein boundary diffusion™-,

2. Experimental procedure

The sustenitic stainless steel (A181 304) was prelimingrily annealed
st 1100°C for 15 minutes and then guenched. Carbide specimens were .made
by arc nelting mixture of uranium metal and graphite laveled with 14g

(specific activity 7= 5.2 X 10/ cpm/g-carbon). The uranium carbide
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containing 6.0 wt.% carbon included some amounts of UC; platelets (Wid-
ranstiiten) precipitated in the UC matriz. Carbide and stainless steel
specimens were machined so that their surface areas effective to carbon
transfer becameé about 55 = 0.96 snd S4 = 4.0 cm?, respecfively.

Both the specimens were enclosed in a nickel capsule together with
resctor grade szodium end s Zr-Ti foll as shown.in.Fig. 1. Then the capsule
was sealed up by fusing under the helium gas atmosphere. For elimination
of oxygen in sodium by Zr-Ti foil, first this capsule was heated at 600°C
for 15 daye in an upright position so thet the sodium covered the foil.
Nexrt, the capsule was turned upside down and then heated at 750°C for
predetermined period of time. Affer heating, only a stainless steel
specimen was ground parallel to the original surface. Thickness of the
layer cut off was determined by measuring the difference in weight of the
specimen before and after sectioning.

The distribution profile of carbon atoms was determined by counting
Lég on the ground surface of the specimen with a 2 7 type gas-flow counter.
The relation of the depth of sectioning and the counting on the sectioning
surface was obiained as shown in Fig. 23 this relation seemed to be nearly
exponential in all expriments. The radioactivity on the sectioning

surfece increased with the increase of heating fime.

%,  Decarburigation plhenomencn in carbide

Tt is well known that depletion of carbon atoms from the hyperstoichio-

metric ursnium carbide (mainly from UC, platelets precipitating in UC
matriz} occurs by tle reaction UC, __Héf,,UC + ¢ (leached out in sodium),
and therefore the frontal edge of the decarburized gone of UCs platelets,
nanely, the sodium - U02 interface advances toward the interior from the
fuel surfsce as decarburization proceeds. The reaction at the interface
leaves UC phase and a void at a UCp platelets site. As the interface
proceeds, these void are interconnected where UC, platelets had previously
formed a continuous network. The sodium permeates the wvoild, therefore

a channel filled up with sodium is made along the previous network of
UC» platelets. The UC phase formed by the resction may not longer reacf
with sodium, if highly purified sodium is used.

)

Y
et.al.Bj show that the depth, (X), of the decarburized layer in the carbide

Decarburigatior studies by Elkinsl), by V-.-"ebb£ » and by Watanabve

specimen is proportional to the exposure time as shown in Fig, 3, and that
P Proj £

inal carbon content

the decarburization rate is independent of the orig

ra
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f the carbide, but it increases with temperature of sedium. The decar-
burization rate (cm/sec), i.e. the glop of lines in Fig. 3, are plotted
against the reciprocsl absolute temperature as sghown in Fig. 4. TFrom the
straight line obtained by the curve fitting method, the decarhurizstion

rate can be expressed as

Clau - 0.0055 eX;O (_26’800(/RT). e P b v ek (1)

The zctivation energy 1ls 26.8 kcal/mole, which 1g fairly small in conpari-
son withk the value of 60 ~ &0 kcal/mole for the activation enrnergy cf the
diffusion of carbon atoms in the uranium carbideo).

Consequently the decarburization process of higher carbide containing

4

U, can be interpreted by "the disolution of carbon atems in IC rather
than by diffusion of carbon atoms through UC to the fuel sarface, beczuse

of the independence hetween tine decarburigation rate and carbon content.

4. fMnalytical treatments

4,1 Decarburization and carbon transfer in carbide

Degree of carburization of the stainless steel 1s conzidered tHo be
governed by the decarburigation rate of carbide fuel. Therefore, calcula-
tion of flux of the excess carbon atoms from the carbide becomes much
important

Weil, volume fraction of the voids formed from U02 platelets as
shown in Fig. 5; that is, volume fraction of whole channels made in the

decarburized layer of the carbide specimen is given by

Fa¥ .3 - 7
ASEN Jucg) = (VUG2 e /(g 4 Vg ) oo (2)

where | Vi = A (11/ )UC
v., = B (n/, N &3
UCs (/g )ch :
. 1 - T !
and Ve = 3 (HAU)UO _
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On the okher hand, the weight percentage of carbon atoms in the original

carbide is
W (wte ) = {4.804 + 9.16B) / (& +B). - .o..ie.n (4)

Here, 2V is the volume of the veids formed from UC platelets;

VUC and VUC are the volumes of UC matriz and of UC2 platelets; and Vﬁc
iz the volume of UC newly formed in the channels of UC, platelets.

A ond B are also the molarities (mole) of UC and of UCh; and (M/p)UC and
(ﬂ‘/p )UC the molecular volumes (cmg/mole) of UC and of UC2 phase.

Substituting Bgs. (3) and (4) to Eg. (2) leads to

9 16 =W n}'_4 80 ) 3
Av/v _ ( 4 36 )( » f ( 4. )( )UC“ (“"‘""'_p )UC ) (5)
| (M@::Ei\( T (40 N
4.736 o et 4,736

Assuming that the carbon atoms leached out from the decarburized
layer of the carbide move to the stainless steel through sodium phase
without loss, and that inner wall of the used nickel capsule‘is not
carburized, the arrival rate of the carbon atoms cnto unit area of'the

stsinless steel, this iz, the flux of carbon atoms is given by
J o= 2.25 (ax/as)( av/V){(8./354)- teiennaenas (B)

Here, 2.25 (g/cmg) is the density of graphite, and S, and Sy are the

surface areas of carbide and stainless steel specimens, respectively.

4.2 Carburigation and carbon transfer in stainless steel

The carburization of sustenitic stainless steel is considered to be
governed by grain boundary diffusion7) as ghown in Fig. 6., Therefore the
following équations,can be applied to analyzing the carbon transfer in

thée stainless steel.

-4 -
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) d2n 2 D, like}
=l D (TeE) =L ()
a8 t h B X g gy ‘=0 (7)
- o
o a8
e\(f = 'D'\I(_,: ::)
o L o 57

where X axils is taken normel to the ofigiﬂal surface of the steel, ¥
axis normal to the grain bouncary, t the time, C the concentration

(gmcarbon/cmg) of carhbon atoms at any position within the steel, and
¢ the width of carbon-diffusivity path (g0 called grain boundary slab) in
whicl 2 grzin boundary is included. DV is the zpparent voiume-diffusion

coefficient, and D% the apparent grain-boundary diffusion coefficient.

If semi—infinite model i= zpplicable, the boundary condifions are:

c{Xx 0, t) = €%

C(X,oe,t) 0]

| cernen.. (8)
U(C’Oy}?yt)zo

T =D (dC/dK); + 20D (dﬂ/dy)yzo

Here, ﬁ(K) gives the concentration (g/cmB) of carbon atoms only in the
grain boundary slab (refer to Figher's analysis)4), and J the fiux of
carbon atoms transferred from the carbide to the surface of stainless
steel. Usging above the bhoundary conditions, the solution of Fg. (7) is

approximately given as

. Jexpl- & (1) x} ¥
C(_f(, ¥t = ; ? ) . : ‘ rfe ﬁ eere (9)
D & (8) - z2/Dy/nt

where . | .FQW

(7] % )1f4

v

The radio~assaying obssrvation is expressed by means of a diffusion
penetration curve, which gives the guentity (cpm/cm2) of diffusing
czrbon atoms that has rescned any sectioning surface., Therefore, the

theoretical penetration curve is obtained by integration Hg. (9) over y
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ard using the specific sctivity r (cpm/g;carbom).

/@
Cy (%, 1) = ¢ (X, 7, t) dy

- o0

4 J v J exp {- ¢ (1) x) (10)

2 - D. ¢ (t) - 2\/Dv7rrt

5. DPiscussion

The diffusing carbon atoms reacts naturally with some elements such
as chromium in stainless steel to follow the formation of new carbide
such as Cr2306. Therefore, it is considered that diffusing carbon atoms
tend to sink around the sites of their acceptors, However, since no
consideration on sink effect is taken in diffusion equations such as
Eq. (7), only apparent diffusgion coefficients are cbtained as already done
in the previocus workT)q

Diffusivity paths including grain.boundaries of stazinless stesl were
clearly observed microscopically; width of a path was measured to be

2~ 4um thick,

~ Mathematical calculation -

Data used for mathematical calculation by Eg. (10) are as fellows:

Carbon weight percentage cf the original carbide: W= 6.0 wt.%
Surface area of the carbide: SC = 0.96 cm

Surface area of the stainless steels Sa = 4.0 cm?

Specific sctivity of s v = 8.2 x 107 cpm/g-carbon

Molecular weights of UC and UCo: Mo = 250, M‘UCZ = 262 g/mol
Densities of UC and UCp: £y = 13'08’L7U02 = 11.68 g/cm3
Apparent volume diffusion coefficient: Dy = 56,2 X 10"13 cm2/sec

Apparent grain boundary diffusion coefficient:

D= 0.9 X 1077 em?/sec

Width of diffusivity path: §d = 34m

Heating temperature: T = 750°C
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atoms was celculated to be 3.1 X 10‘10 (g—carbon/cm2sec) from #q. (6).
Fig. 7 gives the profiles of 14¢ activity in the stainless stesl.
The theoretical penetraticn curves obtained from Eq; {10) are also shown
in this figure.

From these results it may be considered that (1) if hyperstoichiomet-
ric carbide is usged es donar of carbon atoms, the magnitude of carbon
flux onto stainless steel is governed by decarburization rate of the
carbide, and (2} kinetics of carburization of stainless steel is inter-

preted with a reletively good tendercy from the grain boundary diffusion

mechanign.

Symboles
A liolarity of UC (mole)
B Molarity of U0, (mole)

C Concentration of carbon at any position within steinless steel (g/Cm3)
Cq Activity of ldc per unit area of sectioning surface (cpm/sz)

Dy Apparent grain-boundary diffusion coefficient (cmg/sec)

Dv Apparent volume diffusion coefficient (cmé/sec)

Fluz of carbon atoms transferred from carbide to gtainless steel
(g cmgsec)

Yolecular weight of UC (g/mol)

2!

Y., Molecular weight of UC,(g/mol)

R Gas constant

Sa Surface area of carbide specimen [cm®)

Sg  Surface aree of stainless steel (cm?)

T Absolute temperature of sodium bonding (“K)

t Time of heating (sec}

Voo Volume of UC matrix_(cmﬁ)' ,

V! Volume of UC formed from UcCyp piatelets within carbide (cm3)
VUCZ Volunme of U02 platelets (cm3)

A7 Volume of void formed from UCs platelets {em’)

v Volume of carbide fuel (cma)

W Weight percentage of carbon in the original carbide fuel (%)
X Digtance from the criginal surface of stainless steel (cm)
v Distance normal to the grain boundary slab (cm)

r Specific activity of 14C (cpm/z—carbon)

6 Thickness of the diffusivity path (cm)

~1
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OO mm =

Uranium carbide
u—net. /

/ / \ |
Cu . :
Na : _ Nickel capsule
Carbon Weight Percentage of Uranium Carbide ------ 6.0 Wt %
Austenitic Stainless Ste@l -<-- <o cccreociimamanann AlSI 304
Specific Activity of 't in the carbide --------- 8.2 x 10’ cpm/g—carbon
Temperature of A_nriea‘ling ------ e e 750°C
Surface areas -r-------------- Sc= 0.96 cm? S= 4.0 cm?

Fig. 1 Nickel capsule consisting of uranium carbide containing

UC. phase,and austenite stoinless steel bonded with

sodium ; Zr-Ti foil is enclosed as oxygen-trapping material.
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Fig. 2 Distribution profiles of 190 in stainless steel
exposed to sodium at 750 c
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Fig. 3 The variation of the decarburization depth ( inch) of
hyperstoichiometric uranium carbide containing UCz with the exposure

time { hrs) in sodium in the temperature range of 1000 to 1800°F
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Fig. 4 The dependece of temperature on the decarburization
rate of the hyperstoichiometric uranium carbide containing UCz;

activation energy is 26.8 kcal/mole.
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Fig. 7 Experimental data on “C activity in stainless steel

and theoretical penetration curves.
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A portion of original fuel specimen
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Fioe [Myc
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= R [
/UC s LLs
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__carbide_| |8V 90919

A portion of decarburized |ayer

Fig. & Composition change of carbide fuel specimen

after decarburization

Matrix of stainless steel

Carbide J

Carbon flux

Carburized phase.

. Grain_boundary

: Zz
\—-—-—-—3-)(

Fig. 6 Scheme of "C distribution in stainless steel

by grain—-boundary diffusion; the carburized path is shown vy

shadowgraph along the grain boundary.



