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ABSTRACT 

In the absence of kinetic cross interactions between diffusing components, intrinsic 
difision can be described by a simple atomic mobility model. For systems where the 
diffusional interactions among components cannot be ignored, the interactions can be related to 
a vacancy wind effect in which the intrinsic flux of a component is influenced by the net 
vacancy flux. Atomic mobilities are calculated at selected composition points on the diffusion 
paths of y-phase U-Pu-Zr diffusion couples investigated at 750°C to assess the contribution by 
the vacancy wind effect to the intrinsic diffusion of the individual components. The results 
point to the possibility that a large vacancy wind contribution may cause a component to diffuse 
intrinsically up its own chemical potential gradient. 

INTRODUCTION 

Manning [I] expressed the kinetic interactions among components in terms of a vacancy 
wind effect by which a component's intrinsic flux is influenced by the net vacancy flux. An 
atom intrinsically diffising in a direction opposite to the net vacancy flow is more likely to 
encounter and interchange with a vacancy. Thus, the vacancy wind effect can enhance atom 
flows opposite to the net vacancy flux, while atom flows in the same direction as the vacancy 

flux are retarded. Manning accounted for the vacancy wind effect by adding a term, (:),,, to 
Darken's simple atomic mobility model [2]: 

where N, is the atom fiaction of component i, P I  is the atomic mobility, and a is a vacancy wind 
parameter that relates the effect of the vacancy flux J, on the intrinsic flux 4. Although there is 
a single vacancy wind parameter for all components, a depends on composition. Based on Eq. 

2, a vacancy flux with the same sign as the chemical potential gradient ( X) enhances the 
intrinsic flux. For a small chemical potential gradient, the vacancy wind may make a large 
relative contribution to the intrinsic flux, depending on the magnitudes of J,, and a. Expressions 
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for a in terms of intrinsic fluxes and atomic mobilities have been derived and applied to ternary 
systems. [3,4] The atomic mobility parameters p, and a can also be related to interdiffusion 
fluxes. [ 5 ]  

DIFFUSION COUPLE EXPERIMENTS 

Eight diffusion couple experiments were 
conducted with alloys selected from the uranium- 
rich corner of the U-Pu-Zr ternary phase diagram. 
The couples are listed in Table 1. All couples 
were annealed for 16.5 hours at 750°C in a high- 
purity helium atmosphere. At this temperature all 
alloys are in the bcc y-U phase field, except for 
the pure uranium sample, which is in the 
tetragonal p-U phase region. Details of the 
experimental procedures and diffusion coefficient 
calculations have been presented elsewhere. [6] 

Fig. 1 presents the diffusion paths for six 
of the eight experiments and includes the Matano 
and marker plane compositions. (Diffusion paths 
for Couples 1 and 4, the replicates of Couples 2 
and 5, are not shown to reduce confusion among 

Table 1. Diffusion Couples Annealed 
at 750°C for 16.5 Hours 

u-2ozr vs. U-22Pu-2Ozr 

u vs. U-22Pu-20zr 

U-22Pu-3Zr vs. U-22Pu-2OZr 

7 U vs. U-22Pu-3Zr 

8 u vs. u-2023 

(') Couples 1 and 2 and Couples 4 and 5 are 

@) All concentrations are atomic percentages. 
duplicate couples. 

similar plots.) Heumann's method [7] was used to calculate intrinsic fluxes for the marker plane 
compositions and chemical potential gradients were calculated from a thermodynamic model of 
the U-Pu-Zr system. [5 ]  

CALCULATION OF pi AND a FROM 
INTRINSIC DIFFUSION FLUXES 

Eq. 2 contains n mobility variables plus 
a vacancy wind parameter. Therefore, two 
independent diffusion couples are needed to 
solve the n+l unknowns. These couples must 
have marker planes with the same 
composition. This is not the case in the U-Pu- 
Zr difksion couples (Fig. 1). Nevertheless, pi 
and a can be calculated assuming that they are 
constant over a limited composition range. 

The marker motion observed in 
Couples 4 and 5 was negligible and, hence, the 
vacancy wind effect can be ignored. 
Therefore, Eq. 2 can be solved for the pi values 
at the marker plane without invoking the 

U 

Fig. 1 .  Experimental diffusion paths at 
750°C with the compositions of the 
Matano ( I ) and marker (0 )  planes. 
Couples 1 and 4 (not shown) are 
replicates of Couples 2 and 5.  [6] 



vacancy wind term. These couples provide no information about the vacancy wind parameter, 
however. Couples 1 and 2, on the other hand, exhibit a large marker motion. By applying an 
average set of mobilities from Couple 5 to the Couple 2 marker plane, one can determine the 
vacancy wind parameter. This a value can then be applied back to the Couple 5 marker plane 
using Eq. 2 to modi@ the original p, estimates. Iterating in this manner produces a pzr of 2.5-107 
d e s ,  a pu of 5.740' m a s ,  a ppu of 9 .5~10~  m/N*s, and an a of 15.5.10-9 Ndm.  The ratio of 
atomic mobilities pzr : pu : ppu is approximately 1 :2:4. 

THE VACANCY WIND CONTRIBUTION TO INTRINSIC DIFFUSION 

Although the vacancy wind parameter a may decrease slightly with increasing plutonium 
concentration [SI, Eq. 2 can be used to calculate atomic mobilities at marker planes for a given 
value of a. For selected couples, Table 2 provides a comparison of mobilities calculated with a 
value of 15.5.10-9 Ns/m for a with those determined for a = 0 (the simple atomic mobility 
model). These calculations show that the introduction of a vacancy wind parameter in the 
atomic mobility calculations yields P I  values that vary little fiom one marker plane composition 
to another for all the couples. The Pu mobility is consistently greater than the U mobility, which 
in turn is greater than the Zr mobility. This conclusion cannot be drawn fiom the simple atomic 
mobility model, which ignores the vacancy wind effect. 

Table 2. Calculated Atomic Mobilities Using a Presumed Vacancy Wind Parameter 

P? 
Marker Plane (a = 0) 

Couple Element Composition 
(at.%) ( IO7$) (1 0-6 at. fiaction - p d s )  

- - - - - Zr 8 
2 U 78 294 5.4 17 888 905 

Pu 14 26 9.4 160 287 446 

zr 20 
3 U 67 - 4.0 7.3 232 -359 -127 

Pu 13 11 8.6 -266 -81 -347 

Zr 6 2.4 2.4 -90 0.3 -90 
5 U 82 5.8 5.7 377 8 385 

Pu 12 9.5 9.5 -286 1.8 -284 

- - - - - 

("'The simple atomic mobility is based on a vacancy wind parameter (a) of zero. 

(b'The atomic mobility is calculated for CI = 15.5 10- - . 
(=)See equation 1. 

q N.s 
m 

Table 2 also includes a breakdown of the chemical potential gradient and vacancy wind 
contributions to the intrinsic fluxes as described by Eq. 1. For Couple 2 the large vacancy wind 



contribution provides a driving force for intrinsic diffusion of U in the same direction as its 
chemical potential gradient. For Couple 3, however, the magnitude of the vacancy wind 

contribution ($),, to the intrinsic flux of U is larger than (2)n due to the chemical 
potential gradient, but in the opposite direction. Although the vacancy wind parameter is 
expected to have a small composition dependence, a was presumed to be a constant 15.5- 
N d m  in these calculations. Nevertheless, any a value greater than 10.0.10'9 N d m  would still 
yield a larger vacancy wind contribution than the chemical potential gradient contribution for U 
in Couple 3. Furthermore, the calculated mobility for uranium (7.3~10~ m/N-s) based on an a 
value of 1 5.5-10e9 N d m  is consistent with the mobilities calculated throughout the U-Pu-Zr 
system, which were approximately constant regardless of the relative contribution of the 
vacancy wind effect to the intrinsic flux. Detailed results will be presented in a forthcoming 
paper. [51 

The larger contribution to the uranium intrinsic flux by (:),, relative to that by (:)o in 
Couple 3 suggests that a component can be driven to intrinsically diffuse up its own chemical 
potential gradient, provided that the vacancy wind effect dominates. This observation arises 
within the assumptions used in the vacancy wind model. 

SUMMARY 

The atomic mobilities Qpu, Qu, and Pzr were determined from relationships between the 
chemical potential gradients and the intrinsic fluxes for isothermal diffusion couple experiments 
with body-centered cubic U-Pu-Zr alloys. The ratio of PPu:PU:PZr is approximately 4:2: 1 at 
750°C. The atomic mobilities can be treated as independent of composition with a vacancy 
wind parameter that has a small dependence on plutonium concentration. The vacancy wind 
contribution to intrinsic diffusion is appreciable and cannot be ignored in diffusion couples with 
large Kirkendall shifts. 
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