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Abstract

Rods of a ternary alloy (71U±19Pu±10Zr by weight percent) were annealed under a temperature gradient of 220°C/

cm for 41 days and examined for micro-structural development and compositional redistribution. An enrichment of Zr

with concurrent depletion of U was observed within the c (bcc) phase region on the hot-end side �T � 740°C�. The

experimental redistribution of the elements in the c (bcc) phase was analyzed in the framework of multicomponent mass

transport with due consideration of thermotransport and ternary di�usional interactions. Based on a new analysis

involving an integration of interdi�usion ¯uxes in the di�usion zone, kinetic parameters related to the thermotransport

and ternary interdi�usion were calculated for each component i over selected ranges of composition. The thermo-

transport coe�cients of U, Pu, and Zr were in the approximate ratio of 1:2:)4.5 in the hot-end region. In addition, the

interdi�usion ¯ux contributions arising from the gradients of temperature and concentrations of U and Zr were esti-

mated. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The phenomenon of thermotransport or thermomi-

gration refers to the constituent redistribution that oc-

curs in a material in the presence of a temperature

gradient [1±6]. Fuels and supporting structural materials

in nuclear reactors are subject to appreciable tempera-

ture gradient and the redistribution of elements due to

thermomigration can result in changes in physical and

mechanical properties of alloys [1±6]. For metallic alloy

fuels, such as U±Pu±Zr alloys, thermotransport during

irradiation leads to variations in local power production,

®ssion product generation and irradiation behavior such

as swelling [7±12]. Most of the studies [13±22] related to

thermotransport are generally limited to either a pure

element, an interstitial binary alloy or a dilute binary

substitutional solution. An experimental study of ther-

motransport utilizes the assumption of steady state for

the ¯uxes or knowledge of interdi�usion coe�cients for

the determination of heats of transport from the redis-

tribution of components under a temperature gradient.

In two experimental investigations of thermotrans-

port in substitutional ternary U±Pu±Zr alloys reported

in the literature [23,24], Zr enrichment has been ob-

served in the colder regions. Kurata et al. [23] concluded

that Zr migrated to the cold end (T� 350°C) of the alloy

sample on the basis of a-autoradiography and electron

microprobe (EMPA) analysis. However, the redistribu-

tion pro®les presented by Kurata et al. [23] (Figs. 4 and

10 of their paper) clearly show that Zr also migrated

with a concurrent depletion of U towards the hot end

�T � 850°C� of the sample; this observation was ignored

in their paper. Harbur et al. [24] have also reported Zr

migration towards the colder regions of the U±Pu±Zr

alloy in their thermotransport experiments carried out

for the annealing time of 400 h; their observation was
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based on di�erences of only 1±2 wt% in composition

determined only at a few locations in the sample. Several

attempts have also been made to model the redistribu-

tion of Zr and U by numerical analyses on the basis of

approximate thermodynamic and kinetic coe�cients [7±

12,25,26], and these models are limited as they ignore

ternary di�usional interactions under multiple concen-

tration gradients and lack information on kinetic pa-

rameters associated with thermotransport.

In this study, rods of a ternary U±Pu±Zr alloy were

annealed under a controlled temperature gradient and

examined for micro-structural and compositional vari-

ations. The redistribution of the components experi-

mentally observed are examined in the broad framework

of multicomponent di�usion where interdi�usion ¯uxes

are expressed in terms of a temperature gradient and two

independent gradients of concentrations. An analysis

developed [27] for the determination of average inter-

di�usion coe�cients over selected composition ranges of

an isothermal di�usion couple has been extended in this

study to ternary di�usion under a temperature gradient.

The analysis employs an integration of ¯uxes over se-

lected regions of the di�usion zone and employs the

concepts of average e�ective interdi�usion coe�cients

and average thermotransport coe�cients for the indi-

vidual components. These coe�cients are determined

from an application of the analysis to the concentration

pro®les of the U±Pu±Zr rods. In addition, ternary in-

terdi�usion coe�cients are evaluated for selected regions

in the di�usion zone and the di�usion ¯ux contributions

arising from the gradients of temperature and concen-

trations are estimated.

2. Experimental

The samples were cut from an injection-cast cylin-

drical rod that had a diameter of 5.7 mm, a length of

63.5 mm and the nominal composition of 71U±19Pu±

10Zr by weight percent. Chemical analyses of sections

adjacent to the samples used in the present experiment

showed that their compositions were within 0.5 wt% of

the nominal composition. The samples were ground by

using SiC papers to provide ¯at ends that were per-

pendicular to the longitudinal axis. The samples were

then sealed in a stainless steel chamber situated at one

end of a stainless rod that ®tted in a furnace. The hot

end of the samples was separated from the stainless steel

rod by a tungsten disc to prevent interaction between the

U±Pu±Zr alloy and the stainless steel. To ensure good

contacts and heat transfer, the samples were placed in

slight compression by ®tting a copper rod to the other

end of the sample. The copper rod was cooled by cir-

culating water at 25°C to maintain one end of the

sample cold.

Thermocouples were laser welded into the wall of the

sample chamber at locations corresponding to the two

ends and mid-length of the samples. The entire assembly

was placed in an insulating shell to minimize radial

temperature gradients in the samples and positioned in a

glove box as shown in Fig. 1. Similar experimental setup

has been used to study the redistribution of Pu and U in

mixed oxide fuel materials in a thermal gradient [28].

The furnace temperature was controlled by a separate

thermocouple. The sample thermocouple readings were

recorded on a strip chart and had a maximum variation

of �5°C over the duration of an experiment. The an-

nealing experiment was terminated by switching o� the

power and by maintaining the cooling of the copper rod

in contact with the sample with circulating water. Upon

the completion of the experiments, each sample was

mounted longitudinally, ground and polished to its

centerline for metallographic and compositional

analysis.

Two samples, designated A and B, were employed for

the thermotransport experiments and the test parame-

ters are given in Table 1. In addition, two samples,

identi®ed by C and D, were isothermally annealed at

750°C and 650°C, respectively; the isothermal experi-

Fig. 1. Schematic illustration of the sample-holder assembly

and setup for thermotransport experiments.

Table 1

Thermotransport and isothermal di�usion experiments with

U±19Pu±10Zr (wt%) alloy

Specimena

designation

Temperature range

(°C)

Test

duration (h)

A 600±740 984

B 615±750 2736

C 750 (Isothermal) 10

D 650 (Isothermal) 10

a Specimen nominal dimensions: 63.5 mm in length by 5.7 mm

in diameter.
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ments helped compare and verify alloy microstructures

developed in the non-isothermal experiments and ex-

amine any surface e�ects on the constituent redistribu-

tion under a temperature gradient. All samples were

examined for semi-quantitative compositional data with

a scanning electron microscope (SEM) equipped with an

energy dispersive spectrometer (EDS). The redistribu-

tion of constituents in sample A was determined quan-

titatively by EMPA along two parallel traces near the

longitudinal centerline of the sample. Sample B was

examined for light elements by scanning auger micros-

copy (SAM).

3. Microstructural and compositional development

3.1. Microstructural observations

The U±Pu±Zr alloy consists of the bcc solid solution

of the c phase in the temperature range 650±750°C. This

is con®rmed by the neutron di�raction patterns [29]

shown in Fig. 2. The c (bcc) phase exists down to about

600°C in a two-phase mixture with the f (tetragonal)

phase. Below 600°C, the c phase transforms to the d
(hexagonal) phase; the familiar intermediate U±Zr phase

with an extensive solid solubility for Pu. Below 500°C,

the f phase rejects the a (orthorhombic) phase, a U±Pu

solid solution. These results of the neutron di�raction

patterns correspond well to the ternary isotherms of the

U±Pu±Zr system [30].

The room temperature microstructures of samples C

and D isothermally annealed at 750°C and 650°C are

presented in Fig. 3. The microstructures of samples C

and D consist of f (white) and d (dark) phases, indi-

cating that the bcc c phase cannot be retained upon

cooling. For these samples, the f phase forms ®rst at the

original c grain boundaries, followed by a decomposi-

tion of the c phase into f and d phases during cooling.

The black, globular precipitates in the micrographs in

Fig. 3 correspond to a Zr-rich phase containing N, O

and C; they are commonly observed in U±Pu±Zr alloys

and are considered to form during alloy preparation due

to the interstitial impurities present in the feed stock.

Microstructures of sample A subjected to a thermo-

transport experiment are presented in Fig. 4 for selected

temperature locations; these microstructures are con-

sistent with those presented in Fig. 3. For example, the

microstructures presented in Figs. 3(a) and 4(a) for

similar temperatures are comparable; also, microstruc-

tures in Figs. 3(c) and 4(b) are quite similar and corre-

spond to similar temperatures.

In Fig. 5, microstructures are presented for sample

A near the hot end. The microstructure in Fig. 5(a)

shows the f phase formed at the prior c grain bound-

aries, while that in Fig. 5(b) shows the formation of a

(f + d) two-phase mixture in the grain interior. The

morphology of this two-phase structure is, however,

much ®ner and has a larger fraction of the d phase

than that observed for the isothermally annealed sam-

ple shown in Fig. 3(b). In Fig. 6 is presented a mi-

crostructure with qualitative information on the build-

up of Zr in the hot-end region of sample A. The in-

creased Zr content is consistent with the larger fraction

of the d phase mentioned above. Another important

observation is the formation of a Zr-rich layer at the

hot surface of all samples as identi®ed in Fig. 7. This

layer contained approximately 80 wt% Zr with O, N

and C and was similar in composition to the globular

Zr precipitates observed in Fig. 3. From Fig. 7 it is

apparent that the formation of the Zr-rich layer is not

a result of the temperature gradient, as it is also ob-

served in the isothermally annealed samples. Its for-

mation is likely due to the reaction of Zr with

impurities present in the encapsulating materials. In the

isothermally annealed samples, the layer formation re-

sulted in Zr depletion in the alloy over a depth of

about 10 lm, as shown in Fig. 7(c) on the basis of EDS

analysis. The Zr-rich layer did not increase in thickness

for annealing times beyond 10 h and indicated ade-

quate depletion of the impurities responsible for its

formation. Such a Zr-depleted region was not observed

in the samples annealed under a thermal gradient due

to an overcompensating migration of Zr towards the

hot end.

3.2. Redistribution of constituents

The redistribution of U, Pu and Zr constituents was

examined initially by semi-quantitative EDS analysis.
Fig. 2. Neutron di�raction patterns [29] for the U±19Pu±10Zr

(wt%) alloys at various temperatures.
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Since multiphase micro-structural regions were ob-

served, the variation in the composition across

the sample was evaluated by using a relatively large

electron beam size and the EDS measurements pre-

sented in Fig. 8 show the redistribution pro®les of U,

Pu and Zr for samples A and B. An enrichment of Zr

along with a depletion of U is evident near the hot end

(x� 0 lm) of the samples and the concentration of Pu

changes very little. If one assumes a linear temperature

gradient in the samples A and B, then the changes in

the composition can be presumed to occur well within

the c phase over the temperature range 650±750°C.

Furthermore, the observed multiphase microstructures

at room temperature are consistent with the redistri-

bution pro®les presented in Fig. 8. Thus, the changes in

composition in samples A and B under the temperature

gradient need to be understood in terms of both the

thermotransport in the c phase and the concurrent

interdi�usion of the components driven by concentra-

tion gradients.

The concentration pro®les determined near the cold

end (x� 6350 lm) of the samples in Fig. 8 show an in-

crease in Zr content and a decrease in U. Such variations

suggest transport opposite to that observed near the hot

end of the samples. The cold end of sample consisted of

d and a phases at room temperature indicating the

Fig. 3. Backscattered electron micrographs showing the microstructures (a) and (b) of sample C and (c) and (d) of sample D. Samples

C and D were isothermally annealed at 750°C and 650°C, respectively, for 10 h.
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presence of d and f phases during the thermotransport

anneal. An understanding of the redistribution of the

constituents in a multiphase region requires a knowledge

of ternary thermodynamic data for the individual

phases, speci®cally the molar heat of mixing [31] and

such data are not available. The kinetic analysis carried

out in this study is limited to the c phase. For the kinetic

analysis carried out in this study, concentration pro®les

of U, Pu and Zr were determined by EMPA analysis for

sample A which was annealed under temperature gra-

dient for 41 days. Elemental standards of U, Pu and Zr

and ZAF correction were employed for quantitative

determination of concentrations.

4. Determination of ¯uxes and di�usion parameters in the

c (bcc) phase

The experimental concentration pro®les of U, Pu and

Zr determined by EMPA in the c (bcc) region of the

sample A were curve-®tted by polynomial expressions.

The interdi�usion ¯ux of each component was deter-

mined directly from the concentration pro®le on the

basis of a laboratory-®xed reference frame [32±36].

From an integration of the interdi�usion ¯uxes over the

di�usion zone, an average thermotransport coe�cient

and an average e�ective interdi�usion coe�cient are

de®ned for each component and determined over

Fig. 5. Backscattered electron micrographs showing the microstructure of the U±Pu±Zr alloy sample A near the hot end after the

thermotransport experiment: (a) the f (white) phase forms at the prior c grain boundaries and (b) in the grain interior with much ®ner

morphology.

Fig. 4. Backscattered electron micrographs of the U±Pu±Zr alloy sample A after the thermotransport experiment: (a) near hot end

(Thot � 740°C), (b) mid-length (Tmid � 670°C) and (c) near cold end (Tcold � 600°C). In micrograph (a), white and black regions cor-

respond to f and Zr-rich phases, respectively; gray region represents ®ne mixture of a and d phases. In (b) and (c), the white and gray

regions correspond to a and d phases, respectively.
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selected regions in the di�usion zone. These di�usion

parameters are also determined at locations where con-

centration pro®les exhibit a relative maximum or a rel-

ative minimum and at locations of zero ¯ux planes

(ZFPs) [32±36].

4.1. Determination of interdi�usion ¯uxes

A laboratory-®xed frame of reference was employed

for the determination of ¯uxes of all components. Fig. 9

represents a schematic concentration pro®le of Zr in the

c phase and the surface layer consisting mostly of Zr.

The origin x0 of the laboratory-®xed reference frame is

identi®ed at x � 0 on the basis of mass balance re-

quirement expressed by: area S� area (A ) B ) C). For

specimen A (984 h anneal with dT=dx � 220:5°C=cmÿ1�,
x0 was identi®ed at x � 0 based on mass balance from

the concentration pro®les of the components shown in

Fig. 10(a). The mass balance for Zr included the 20-lm

thick Zr-rich layer (containing approximately 80% Zr)

observed at the surface maintained at the high temper-

ature (740°C).

With the assumption that the concentration Ci is a

function of the Boltzmann parameter �xÿ x0�=
��
t
p

, the

interdi�usion ¯ux ~Ji for component i at time t can be

calculated from the relation [32±36]

~Ji � 1

2t

Z C0
i

CI
i

�xÿ x0�dCi �i � 1; 2; . . . ; n�: �1�

In Fig. 9 is presented a schematic concentration pro®le

identifying the concentration CI
i of component i in the

two-phase �c� f� region and the concentration C0
i of

component i at x0 identi®ed x � 0. For the calculation of

the interdi�usion ¯uxes, the concentration CI
i of com-

ponent i in the two-phase �c� f� region is assumed to

vary little from the initial alloy concentration. Also, the

concentration C0
i at x � 0 is assumed to get setup early

in the experiment and remain unchanged over time.

Under these conditions, the location x of a concentra-

tion level Ci varies parabolically with time t.

The curve-®tted experimental concentration pro®les

of U, Pu and Zr for sample A are presented in Fig. 10(a).

On the basis of Eq. (1), the interdi�usion ¯uxes of U, Pu

and Zr were calculated from these concentration pro®les

and are presented in Fig. 10(b). The interdi�usion ¯uxes

for U and Pu are largely positive and that for Zr is

largely negative. Also, ZFPs [32±36] were observed for

the various components at sections identi®ed by

x � 3600 lm for U, x � 3800 lm for Pu, x � 3750 lm

for Zr. At a ZFP, the interdi�usion ¯ux of a component

goes to zero and shows a change or reversal in its di-

rection on either side of the ZFP [32±36]. For exam-

ple, Fig. 10 shows that the interdi�usion ¯ux of Zr is

in the negative direction (up the concentration gradi-

ent) to the left of its ZFP, as opposed to the positive

direction (down the concentration gradient) to the right

of ZFP.

4.2. Calculation of di�usion parameters

An analysis [27] utilizing an integration of interdif-

fusion ¯uxes has been recently developed to determine

average ternary interdi�usion coe�cients over selected

composition ranges of an isothermal di�usion couple.

This analysis can be extended and applied to examine

ternary interdi�usion under a temperature gradient.

Fig. 6. (a) Backscattered electron micrographs showing the

microstructural variations near the hot end and (b) the varia-

tion in Zr concentration determined by EMPA.

322 Y.H. Sohn et al. / Journal of Nuclear Materials 279 (2000) 317±329



For non-isothermal di�usion in a ternary system, the

interdi�usion ¯ux of component i can be related to the

gradients of temperature oT=ox and concentrations

oCj=ox by [6]

~Ji � ÿCibi
~Q�i

1

T
oT
ox
ÿ
X2

j�1

~D3
ij

oCj

ox
�i � 1; 2�; �2�

where bi is the mobility and ~Q�i the heat of transport

for component i. The ~D3
ij coe�cients refer to the four

concentration-dependent ternary interdi�usion coe�-

cients. Over a selected range x1±x2 of the concentration

pro®le, the interdi�usion ¯ux ~Ji can be integrated to

yield

Z x2

x1

~Ji dx � ÿ bi
~Q�i

Z T �x2�

T �x1�
Ci

dT
T
ÿ ~D

eff

i

�
Z C�x2�

C�x1�
dCi �i � 1; 2�; �3�

where bi
~Q�i is de®ned as the average thermotransport

coe�cient and ~D
eff

i as the average e�ective interdi�usion

coe�cient for component i. ~D
eff

i over a concentration

range DCi is related to the average main and cross in-

terdi�usion coe�cients by Dayananda and Coworkers

[37±40]

~D
eff

i � ~D
3

ii � ~D
3

ij

DCj

DCi
�i 6� j�: �4�

Fig. 7. Zr-rich layer (dark) formed: (a) at the hot surface of sample A annealed under a temperature gradient, (b) at the surface of

sample D annealed isothermally at 750°C and (c) the concentration pro®les of U, Pu and Zr determined by EDS for isothermally

annealed sample D do not exhibit any signi®cant di�usion of constituents.

Y.H. Sohn et al. / Journal of Nuclear Materials 279 (2000) 317±329 323



Another expression involving an integration of ~Jix over

x1±x2 can be written asZ x2

x1

~Ji�xÿ x0�dx � ÿbi
~Q�i

Z T �x2�

T �x1�
Ci
�xÿ x0�dT

T

ÿ ~D
eff

i

Z C�x2�

C�x1�
�xÿ x0�dCi �i � 1; 2�:

�5�
Eqs. (3) and (5) provide two equations for the determi-

nation of bi
~Q�i and ~D

eff

i for each component over any

selected region. By using the interdi�usion ¯ux pro®les

shown in Fig. 10(b), Eqs. (3) and (5) were simulta-

neously solved to determine the di�usion parameters for

each component in three selected regions within the c
phase; the calculated parameters are presented in Table

2. The regions selected are identi®ed as region I from 0

to 1000 lm, region II from 1000 to 2450 lm, and region

III from 2450 to 3950 lm.

Fig. 8. Constituent redistribution pro®les of U, Pu and Zr

under the temperature gradient for: (a) sample A and (b)

sample B evaluated by EDS analysis.

Fig. 10. (a) Experimental concentration pro®les determined by

EMPA and (b) the corresponding interdi�usion ¯ux pro®les for

U, Pu and Zr in the c phase under the gradients of temperature

and concentrations.

Fig. 9. A schematic of concentration pro®le for Zr developed in

the di�usion zone. A laboratory-®xed frame of reference was

determined on the basis of concentration pro®les when area

S� area (A ) B ) C).
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The calculated bi
~Q�i s for U and Pu in Table 2 are

positive quantities and indicate that the heat of trans-

port, ~Q�i s are positive (i.e., migration towards the cold

end). Zr migrates towards the hot end on the basis of a

negative bi
~Q�i . Table 2 shows that the values of bi

~Q�i for

each component vary little over the di�usion zone, while

~D
eff

i exhibits a change in sign and appreciable variation

over di�erent regions. From the bi values reported for

U±Pu±Zr alloys with similar compositions at 750°C [41],
~Q�i may be estimated; these are presented in Table 2.

At the locations where the concentration pro®le of a

component exhibits a relative maximum or a relative

minimum �oCj=ox � 0�, a substitution of Eq. (4) into

Eq. (2) with further simpli®cation yields

~Ji � ÿCibi
~Q�i

1

T
oT
ox
: �6�

In Fig. 10(a), these locations are at x � 2125 lm for U,

x � 2600 lm for Pu, and x � 2425 lm for Zr. The

product of mobility and heat of transport bi
~Q�i calcu-

lated from Eq. (6) for the components are reported in

Table 2. There is good agreement between the bi
~Q�i

values calculated from Eq. (6) and the bi
~Q�i values

determined from the simultaneous solution of Eqs. (3)

and (5) in the region where a relative maximum or

minimum in concentration is observed.

4.3. Zero ¯ux planes

In the interdi�usion ¯ux pro®les shown in Fig. 10(b),

ZFPs are observed for U, Pu and Zr at x values of 3600,

3800 and 3750 lm, respectively. At a ZFP, the interdif-

fusion ¯ux of a component goes to zero and shows a

change or reversal in its direction on either side of it [32±

36]. According to Eq. (2), ~Ji goes to zero for component i

when the sum of the ¯ux terms involving the temperature

and concentration gradients equals zero. Then, at a ZFP

Eq. (2) yields

Cibi
~Q�i

1

T
oT
ox
� ÿ ~Deff

i

oCi

ox
; �7�

where

~Deff
i � ~Dk

ii � ~Dk
ij

oCj

oCi
: �8�

Hence, at the ZFP, the ratio �bi
~Q�i �= ~Deff

i for a compo-

nent can be determined by

bi
~Q�i

~Deff
i

� ÿ�oCi=ox�T
�oT=ox�Ci

: �9�

The ratios �bi
~Q�i �= ~Deff

i calculated from Eq. (9) are re-

ported in Table 3. The ratios of �bi
~Q�i �= ~Deff

i determined

from the simultaneous solution of Eqs. (3) and (5) in

region III, where the ZFP was observed, are also re-

ported. Good agreement is observed between these two

sets of ratios.

5. Estimation of ¯ux contributions arising from various

gradients

The calculated values of the average thermotransport

coe�cient bi
~Q�i and the average e�ective interdi�usion

Table 3

Comparison of the ratio �bi
~Q�i �= ~Deff

i calculated from Eq. (9) at

the ZFP and �bi
~Q�i �= ~D

eff

i determined from a simultaneous so-

lution of Eqs. (4) and (5) in the di�usion zone; the ZFP loca-

tions are: x � 3600 lm for U, x � 3800 lm for Pu, and

x � 3750 lm for Zr

�bi
~Q�i �= ~Deff

i �bi
~Q�i �= ~D

eff

i

U Pu Zr U Pu Zr

)2.4 )7.0 16.3 )2.2 )6.9 16.8

Table 2

Di�usion parameters, bi
~Q�i , ~Q

�
i and ~D

eff

i calculated from the redistribution of U, Pu and Zr under the gradients of temperature and

concentrationsa

Region in

the c phase

Location

(lm)

bi
~Q�i (10ÿ12 m2/s) ~Q

�
i (10ÿ20 J) ~D

eff

i (10ÿ14 m2/s)

U Pu Zr U Pu Zr U Pu Zr

I 0±1000 0.7 1.2 )5.5 0.7 0.6 )11.0 0.8 0.9 4.5

II 1000±2450 0.7 1.7 )6.8 0.7 0.9 )13.6 4.4 19.3 26.7
oCi
ox � 0 2125 for U,

2600 for Pu,

2425 for Zr

0.7 1.5 )6.4 0.7 0.8 )12.8 na na na

III 2450±4015 1.1 1.7 )8.6 1.1 0.9 )17.2 )47.8 )24.6 )51.3

a Note: ~Q
�
i Õs per atom were calculated on the basis of the estimated values [41] of bU � 10 ´ 1015 m2/J s; bPu� 20 ´ 1015 m2/J s;

bZr � 5� 1015 m2=J s:
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coe�cient ~D
eff

i presented in Table 2 were employed for

estimating interdi�usion ¯uxes over selected regions of

the di�usion zone on the basis of Eqs. (2) and (4). The

estimated ¯uxes are shown in Fig. 11. The estimated

interdi�usion ¯uxes for all components agree well with

those originally calculated from Eq. (1).

From Eq. (4), ~D
eff

i is expressed in terms of the average

main interdi�usion coe�cient ~D
k

ii and the average cross

interdi�usion coe�cient ~D
k

ij. Hence, Eqs. (2), (3) and (5),

can be expressed by

~Ji � ÿCibi
~Q�i

1

T
oT
ox
ÿ ~D

k

ii

oCi

ox
ÿ ~D

k

ij

oCj

ox
; �10�

Z x2

x1

~Ji dx � ÿbi
~Q�i

Z T �x2�

T �x1�
Ci

dT

T
ÿ ~D

k

ii

Z Ci�x2�

Ci�x1�
dCi

ÿ ~D
k

ij

Z Cj�x2�

Cj�x1�
dCj �11�

andZ x2

x1

~Ji�xÿ x0�dx � ÿbi
~Q�i

Z T �x2�

T �x1�
Ci
�xÿ x0�dT

T

ÿ ~D
k

ii

Z Ci�x2�

Ci�x1�
�xÿ x0�dCi ÿ ~D

k

ij

�
Z Cj�x2�

Cj�x1�
�xÿ x0�dCj; �12�

respectively. Employing the bi
~Q�i values reported in

Table 2, Eqs. (11) and (12) were solved simultaneously

to evaluate the average main interdi�usion coe�cients

~D
k

ii and the average cross interdi�usion coe�cients ~D
k

ij

for Zr and U in the regions I and II; these coe�cients

are reported in Table 4. The cross interdi�usion coef-

®cients are comparable in magnitude and sign to the

average main interdi�usion coe�cients and imply ap-

preciable interactions between U and Zr during inter-

di�usion. This observation is consistent with similar

®ndings of an earlier study on U±Pu±Zr isothermal

di�usion at 750°C [42]. In region III, where ~D
eff

i is

negative, the pro®les of concentrations and interdi�u-

sion ¯uxes were approximately linear and not condu-

cive to the calculation of the main and cross coe�cients

[27].

From the calculated values of bi
~Q�i , ~D

k

ii and ~D
k

ij, the

¯ux contributions arising from the gradients of tem-

perature, U concentration and Zr concentration were

estimated in regions I and II and are presented in

Fig. 11. Experimental (thick lines) and estimated (thin lines)

interdi�usion ¯ux pro®les for the U±Pu±Zr alloy under gradi-

ents of temperature and concentrations. The experimental ¯ux

pro®les, also shown in Fig. 10(b) are determined on the basis of

Eq. (1). The estimated ¯ux pro®les were determined from Eqs.

(2) and (4) with average coe�cients of heat of transport bi
~Q�i

and average e�ective interdi�usion coe�cient ~D
eff

i reported in

Table 2.

Fig. 12. Estimated contributions from the gradients of tem-

perature and concentrations of U and Zr to the interdi�usion

¯ux of: (a) U and (b) Zr in the region I (0±1000 lm).
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Figs. 12 and 13. The ¯ux contributions corresponding to

the three terms on the right-hand side of Eq. (10) are

identi®ed by ~Ji;oT=ox, ~Ji;oCU=ox and ~Ji;oCZr=ox in Figs. 12 and

13. The magnitudes of ¯ux contributions arising from

the gradients of U and Zr are much greater than that of

the ¯ux due to the temperature gradient. However, the
~Ji;oCU=ox and ~Ji;oCZr=ox terms are opposite in sign and their

sum is quite small compared to ~Ji;oT=ox as shown in

Figs. 12 and 13.

Therefore, the constituent redistribution in the U±

Pu±Zr alloy is brought about by both the temperature

and concentration gradients. The ¯ux contributions by

the U and Zr gradients are similar in magnitudes but

have opposite signs. The U migration to the colder

regions of the sample is driven by both the gradients

of temperature and Zr concentration. Similarly, the Zr

migration to the hot end of the sample is driven by

both the gradients of temperature and U concentra-

tion gradient in region I. In region II, the ¯ux con-

tribution due to the temperature gradient is generally

larger in magnitude than that due to the concentration

gradients. Therefore, it is concluded that both ther-

motransport as well as ternary di�usional interactions

play important roles in contributing to the redistri-

bution of elements in the c phase region of the U±Pu±

Zr system.

6. Comparison with previous experiments and post-irra-

diation observations

The present thermotransport experiment clearly ex-

hibits a net transport of Zr in the c phase to the hot end

of the samples. Such observation has not been clearly

brought out or emphasized in the earlier studies of

thermotransport in U±Pu±Zr alloys [23,24]. The redis-

tribution pro®les presented by Kurata et al. [23] appear

to indicate a Zr migration along with a depletion of U

near the hot end (c phase at T � 850°C� of their sample;

however, the authors ignored this observation. In addi-

tion, it is unclear whether they employed in their ex-

periments an inert barrier, like the tungsten disc,

between the sample and the steel heating rod to prevent

interdi�usion. The thermotransport experiment by

Harbur et al. [24] was conducted for a relatively short

time �400 h; a small Zr enrichment of less that 1 wt%

was observed at the cold end along with a small Zr de-

pletion of less than 2 wt% at the mid-region

�T � 640±680°C� of the sample. No observations were

made on the redistribution of the elements in the hot

end.

The migration of Zr to the hot regions of the U±

Pu±Zr rods reported in this study is consistent with

the available data for irradiated U±Pu±Zr fuels. In a

large number of post-irradiation studies of U±Pu±Zr

fuels, Zr consistently migrated [7,9,10] to the radial

Fig. 13. Estimated contributions from the gradients of tem-

perature and concentrations of U and Zr to the interdi�usion

¯ux of: (a) U and (b) Zr in the region II (1000±2450 lm).

Table 4

Average main and cross interdi�usion coe�cients calculated from the experimental redistribution of U, Pu and Zr under gradients of

temperature and concentrations

Region in the c phase ~DPu
UU (10ÿ13 m2/s) ~DPu

UZr (10ÿ13 m2/s) ~DPu
ZrU (10ÿ13 m2/s) ~DPu

ZrZr (10ÿ13 m2/s)

I 7.5 6.0 1.6 1.7

II 7.0 2.9 0.5 2.9
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center of the fuel pins up the temperature gradient,

where the c phase existed during irradiation and the

temperature gradient was su�ciently large. Zr-migra-

tion down a temperature gradient has also been

reported in colder axial positions along fuel pins

where the radial center temperature was below the c
phase transitional temperature [7,9,10,23,24]. Such a

migration of Zr at the colder end of the alloy rod is

consistent with the present study as shown in Fig. 8.

Appreciable changes in the relative amounts of d and

f phases may be expected with decrease in temperature

over the range 630±600°C. The di�erence in Zr activity

in these phases may give rise to transport down the

temperature gradient. A meaningful analysis of inter-

di�usion in the two-phase region at the colder end of

the rod requires additional information on the ther-

modynamic and transport properties of the individual

phases.

7. Summary

Micro-structural development and constituent redis-

tribution were investigated in rods of a 71U±19Pu±10Zr

(wt%) alloy annealed under a temperature gradient of

220°C/cm. The redistribution pro®les of U, Pu and Zr

observed near the hot end of the sample were analyzed

in the framework of multicomponent di�usion under a

temperature gradient and concentration gradients of U

and Zr. A method based on an integration of interdif-

fusion ¯uxes was developed and applied to the concen-

tration pro®les of the constituents for the determination

of average coe�cients of thermotransport (the product

of heat of transport and atomic mobility), bi
~Q�i and

average e�ective interdi�usion coe�cients, ~D
eff

i . The

di�usion parameters, bi
~Q�i and ~D

eff

i , for the various

components were calculated for selected regions in the

di�usion zone. These parameters were employed to es-

timate the interdi�usion ¯uxes of U, Pu and Zr. In ad-

dition, average values of the ternary interdi�usion

coe�cients ~D
k

ii (main) and ~D
k

ij (cross) were also calcu-

lated along with the interdi�usion ¯ux contributions

arising from the gradients of temperature and concen-

trations of U and Zr. Appreciable di�usional interac-

tions were identi®ed between Zr and U in the U±Pu±Zr

alloys.
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