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Abstract

U bulk diffusion in Nb was measured by mean a-spectrometry
in the temperature range 1533 to 1673 K (1260 to 1400°C).
Measurements obey the Arrhenius law with diffusion
parameters Q = 423 + 10 KJ/mol and Dy = (2.5 £ 1)x107* m?%/s
very close to the Nb self-diffusion ones found in the literature.

This behaviour is compatible with the hypothesis that U
diffuses in the Nb lattice via a vacancy mechanism, at the
same time it is in disagreement with previous measurements of
U diffusion performed at higher temperatures, where the
activation energy is significant lower.
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Introduction

The present work is part of a larger and systematic investigation on
U diffusion at infinite dilution in metals with particular emphasis on
those used in the nuclear industry.

The interest on the subject lies in the fact that the available U
diffusion coefficients at infinite dilution in the literature are scarce,
mostly measured in the 60s and 70’s Cf Ref. [1] for a list of the
measurements performed up to 1990, with values somehow
controversial. Besides, a quick (probably not exhaustive) literature
search (e.g. Ref. [2] and the Scopus data base) suggests there are no
measurements of diffusion at infinite dilution in pure metals newer
than the mentioned ones.

Regarding U diffusion in Nb at infinity dilution there are two
previous measurements; both follow the Arrhenius law:

D(T) = Doexp(—%) (1)

Where, D is the diffusion coefficient at a given temperature T (in K)
Q is activation energy, Dy is so called pre-exponential factor and R is
the gas constant 8.31451 J/(mol-K)

In the first one [3] the integral residual activity method (Gruzin)
was applied to 99.55% purity polycrystalline samples in [1773-2273 K]
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temperature range with diffusion parameters Q = 321.5 kJ/mol-K and
Dy =8.9x107 m?s1.

The second one [4], measured in the range [1993-2373 K], reports Q
= 321.1 kJ/mol-K, a value similar to the first work, but a Dy =
5.0x1071% m?s~!, which implies that, in the superposed temperature
ranges between both measurements, the differences between D values
are around four order of magnitude.

On the other hand, Nb self-diffusion was carefully measured by
several authors (see [5] and references therein) in single crystal and
polycrystalline samples covering ten orders of magnitude in D, in an
extended temperature range 1150 to 2670 K; considering all the works
together, in such extended range a slight curvature in the Arrhenius
plot is observed. Neumann et al. in [5] analyze several different ways to
fit the experimental data in order to get the temperature dependence of
D, considering essentially two possible mechanisms responsible for the
curvature: (a) two different defects, mono and divacancies, mediating
the diffusion process, or (b) a temperature dependence of energies and
entropies of vacancy formation and migration. We are going to review
this subject in order to compare our measurements with the self-
diffusion in the discussion section.

Given the ability of the a-spectrometry technique [6] to measure
submicrometric diffusion profiles, in the present work diffusion
coefficients for U in Nb were obtained in a lower temperature range
than the ones in [3,4], below 2/3 T, being Tm the Nb melting
temperature (2742 K), where the influence of divacancies in the
diffusion process is, presumably, negligible.

Materials and Methods

The measurements were performed in high purity (99.9 %) discs of
Nb of 20 mm in diameter and around 3 mm thickness. Table 1 reports
a complete list of the impurity content. Polycrystalline samples were
used with a grain size of several mm; a micrography of a typical sample
is shown in Figure 1.

Figure 1: Optical micrography (5x) corresponding to a typical Nb
sample.
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Element Content (ug/g)
Al <10
B 2
Ca <10
Co <10
Cr <10
Cu <10
Fe <10
Mg <10
Mn <10
Mo <10
Ni <10
Si <10
Sn <10
Ta 255
Ti 20
w <100
Zr <10
C 25
H <10
o 230
N 35

Table 1: Nb samples impurity contents.
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Figure 2: a-spectra, before and after diffusion annealing.

The samples were mechanically polished and chemically polished,
then subjected to an annealing of 24 hs at 1673 K in vacuum in order
to relive stress.

Diffusion pairs were obtained by evaporation of depleted U, 99.97%
purity, onto the sample surface, by heating a tungsten filament in a
vacuum better than 10 torr. The a-spectrum taken after the
deposition and before diffusion annealing (Figure 2) shows, thorough
the analysis presented in section 3, that the U layer deposited is less
than 9 nm.

The diffusion anneals were performed under dynamic vacuum,
2x107° torr in ceramic tubes. To prevent reactions between Nb and
mullite samples were wrapped into Ta foils. The diffusion temperatures
were controlled within + 1 K with a Pt-PtRh S type thermocouple.
Correction for hit up times were performed.

A silicon base p-n junction surface barrier detector (Canberra PD
150-16-100-AM) was used in order to measure the a-spectra, with an
active surface of 150 mm? and an energy nominal resolution of 16 keV.
As neither the detector nor the samples are points, the solid angle
subtended between them is not unique. In order to test their influence
in the peak width we change the sample-detector distance between 2
and 10 cm, inside the vacuum chamber. Of course, an increment in the
distance implies an increment in the acquisition time, but not
significant variation in the peak width was observed. Consequently, in
order to minimize the acquisition time, a distance of 2 cm between
sample and detector was chosen. Typical acquisition times were
between 20 and 40 h.

Calibration in energy was made using three a peaks from a 24!Am
standard source, one from a 233U standard source and the last one is
the 238U peak, so energy (E) as function of channel number (ch) is
given by E(ch) = (175.31 + 11.39 x ch) keV.

The (as evaporated) initial spectra was fitted with a gaussian
function whose width is given by the convolution of the effect of the a-
emission depth across the U deposit, the electronic noise, and the
difference in the particle path due to the solid angle subtended
between the sample and the active surface of the detector. Other noise
contributions, like straggling, could be neglected. In this particular
case, the initial width was 45 keV.

Data Analysis

The spectra of a-particles emitted by U at different depth in the
material, after the diffusion annealing, is converted into diffusion
profiles combining the knowledge on the stopping power of a-particles
coming from particles accelerators into an algorithm developed in [6],
where a full description of the method in a general case is given. In
what follows the application to the specific case of U diffusion in Nb is
described.

The a-particles spectra measured after U deposition and before the
diffusion annealing is shown as full line in Figure 2; the analysis is
focused in the particles emitted by the 238U isotope. After annealing,
there is a spectrum broadening towards low energies plotted in the
same Figure 2 as doted line. The broadening is given by the increase in
the emitter distance to the surface due to diffusion, entailing larger
energy losses.

The stopping power (dE/dx) as defined, for instance, in ref [7]
represents the amount of energy loss by the a-particle during the path
between the point of emission and the surface. The stopping power was
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calculated with the subroutine “stopping range” from the program
SRIM 2008 [8] for a-particle moving in Nb between 10 keV and 5
MeV, with an error estimation lower than 3%.

The a-particle stopping power dependence with the energy in solid
Nb is plotted in Figure 3. The solid line is a parabolic fit of the data
valid between 800 keV and 5 MeV:

dE/dx(E) = a+b.E +c.E* (2)

Being a = 87.295855 eV A’l, b= -1.9831912 10 A~! and ¢ =
1.803833 10712 eV AL

Then, when the a-particle is emitted by a 2*U atom from a distance
x to the surface, x can be obtained from the integration of the stopping
power over the whole path:
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Figure 3: a-particle stopping power dependence with energy in Nb
matrix.

Where, E is the energy of the a-particle when emitted (4.267 MeV)
and E, is the detected energy when arriving at the sample surface.

Analytic integration of expression (3) is straightforward, giving a
relationship between the U depth and the detected energy:

CEO +b/2 ]
(a)
Vac - (b/2)2

x(Ey =

arctan(

Jac — (b/2)
CE +b/2

———————|| arct
ac — (b/z)z)

When (b2-4 ac) < 0, as in the present case.

— arctan

Throughout Equation (4) a direct relationship between energy lost
and depth, and consequently, with the spectrum channel number can
be obtained.

The amount of U at each depth is directly related to the amount of
counts cumulated in that channel, given in arbitrary units.

The information in order to obtain a typical diffusion profile, U
concentration versus depth, is now available from the (Number of
Counts) versus (Channel Number) a spectra profiles.

Results and Discussion

The Gaussian solution to Ficks law is use to fit the profiles since the
initial thickness of the U deposited is thicker than the diffusion path
and the U solubility in the Nb matrix is large enough:

C 2

{0 (ti to) \#P (ti to)) ©

Where, C is the U concentration at depth x, C, is the initial amount
of U per unit of area at the surface, D is the diffusion coefficient at a
given temperature, t is the annealing time and t; is a fitting parameter
coming from the initial profile (before the diffusion annealing) used in
order to perform a deconvolution to its initial width as described in

[6].

All the diffusion profiles In [C(x)] versus x> were built with the
algorithm described in the previous section 3. They are shown, for each
temperature studied, in Figure 4. In all cases Equation (5) is satisfied
since straight lines were obtained; that means all the deposited U
diffuses in solid solution in the Nb matrix. Diffusion coefficients were
obtained from:

C(x) = exp

S—SO

D= (6)
4-tssO

Where, s is the slope of the diffusion profile and s, is the one of the
as-evaporated initial profile.
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Figure 4: U diffusion profiles in Nb for all measured temperatures.

A complete list of temperatures, diffusion annealing times and D
values at each temperature is given in Table 2.

Figure 5 is an Arrhenius plot [In (D) vs T~!] for all those D values.
In the temperature range measured a straight line fit all diffusion
coeflicients quit well with the following parameters:

-(423+10 kJ/mol

D(T) = (25 + 1.0)*10™* exp( 2

) m? st (7)
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Temperature Effective annealing time [s] D[m?2s™]
1673 11.640 (1,5 +0,5) x 10-17
1613 11.580 (5,0 £0,7) x 10-18
1601 25.740 (3,9 £0,3) x 10-19
1573 11.540 (2,3 0,2) x 10-18
1533 11.510 (9.2 £4.0) x 10-19

Table 2: D values measured at different temperatures.
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Figure 5: Self-diffusion and U diffusion in Nb.

Also in Figure 5 Nb self-diffusion is shown for comparison. As we
pointed out in the introduction, the self-diffusion was measured by
several authors [5] in an extended temperature range, covering ten
orders of magnitude in D. All the available data for self-diffusion was
analyzed by Neumann [5] in different ways.

On one hand, the assumption than two different defects or at least
two different jump types are responsible for the soft curvature of the
Arrhenius plot was made. When divacancy, self-interstitial and/or
next-nearest neighbour monovacancy jumps in the high-temperature
range could considered as a second mechanism becoming dominant in
the diffusion flux, the temperature dependence of D is given by:

Q Q
D(T) = Déexp(k—;,) + D(Z)exp(k—;) (8)

Where, Dy! and Q, are de diffusion parameters for monavancies
and Dy? and Q, for the second mechanism; assumed as divancancies in
the Nb self-diffusion case.

Fitting parameters, obtained by Neumann considering different sets
of data and/or different mathematic algorithms are, for
monovacancies: Dyl between 1.3 x 107 and 5.4x107° m?s~!, Q,
between 360 and 400 kJ/mol. For divacancies: Dy between 3.54 x 1072
and 1.18 x 1073 m?s~!, and Q, between 470 and 540 kJ/mol.

On the other hand, Kohler and Herzig [9] in a careful study in the
B-phase of the group IVb metals (B-Ti and B-Zr), minimize the
influence of divacancies and postulate that the enhanced diffusivity
can be explained by the softening of the longitudinal acoustic (LA),/3

<111> phonon mode . So, for all these metals the entire curvature of In
D against 1/T arises from the temperature dependence of the vacancy
migration energy. Moreover, they suggest that the diffusion behaviour
in all b.c.c. metals can be described in terms of the phonon mode
softening as an intrinsic characteristic of this structures that diminish
the energy required to move a vacancy when the temperature goes
down; in the particular case of IVb metals, when the temperature
reaches T/ occurs the phase transition.

When Neumann [5] considered the curvature of the Arrhenius plot
as the result of energies and entropies temperature dependence for
vacancy formation and migration, D(T) is described by [10]

a (r-T1)
D(T) = D% (—Q—) 21(l)—2—° 9
D) 0€XP| =7 |exp|2aln T a— 9)

Which is based on the assumption of linear temperature
dependences of the vacancy formation energy HF and migration
energy HM, that is H(T) = H(T)+ak(T-T,), with Q = HF+HM and 2a
= af+aM. Ty, is a reference temperature larger than the Debye
temperature; being o in Equation (9) a good measure for the degree of
the curvature of the Arrhenius plot. Neumann takes Ty = 700 K
(around T,/4) and fit all the measured self-diffusion coefficients with:

326 kJ /mol

D(T) = 4.1 % 10_4exp( o )exp (10)

T (T — 700)
[7.4 (555 ) - 7.4T]

There is practically no difference between the fitting applying
Equation (8) or (10), so the full line in Figure 5 represent the Nb self-
diffusion in any case.

The present work results shown also in Figure 5, are close to the self-
diffusion ones but systematically lower by a factor between 0.5 and 0.7.
Then, U can be considered as a substitutional diffuser in Nb, as
expected given its mass and atomic radius.

Even when this behaviour could be interpreted as a simple mass
effect (the mass of U is 2.6 times larger than the Nb one) the electronic
structure of the diffusant use to be relevant and can invert this
relationship (for example in the U diffusion in a-Ti [11]); what remains
is that, for substitutional diffusers, D values must not differ in plus/
minus one order of magnitude than self-diffusion.

Given the shorter temperature range measured in this work, not
curvature in the Arrhenius plot is observable. Since this range is below
2/3 Ty, influence of divacancies are not expected, and since is also
above one third of Ty, the effect of phonon softening should not be
noticeable, a straight Arrhenius plot for U diffusion, as the shown in
Figure 5, is reasonable. Also, diffusion parameters Q and D, are
compatible with a vacancy mechanism being dominant in the
measured temperature range.

When, we compare the present results with the previous
measurements of U diffusion in Nb [3,4], the first thing to notice is the
low values of activation energies for both measurements (Q = 321.1
and 321.5 kJ/mol respectively) if we take into account that vacancy
energy formation in Nb are between 290 and 350 kJ/mol according to
experimental measurements [12,13].

Measurements in [3] were performed in polycrystalline samples of
99.55 % purity using the residual activity technique in a higher
temperature range 1773 to 2273 K. D values are more than one order
of magnitude higher than the self-diffusion ones. Extrapolation of
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those values to the lower temperature measured in this work increases
the differences up to more than two orders of magnitude. Even when
the grain size of the samples was not reported in [3], it is very likely
that their D values were convoluted with diffusion along short circuits.

In fact, being the depth of analysis for a-spectrometry (from tenth
to a few um) two orders of magnitude lower than for residual activity
and given the grain size of our samples, shown in Figure 1, the
contribution to the diffusion flux via grain boundaries in our
measurements is negligible. The same differences were found for U
diffusion in other metals under similar circumstances [11,14]

Differences with [4] are harder to understand. Measured in a similar
temperature range 1993 to 2373 K than [3] in uncharacterized
polycrystalline samples with an unreported experimental technique, D
values are exactly 4 orders of magnitude lower than the measured in
[3] and almost 3 orders of magnitude lower than self-diffusion. As we
do not have access to the original Russian paper but to an English
translation, we wander if in the values also reported in compilation
books [1] page 116 and [2] page 223, could have an origin in a mistake
coming from the conversion of the old way to report D values in cm?s
~! to the MKS in m?s~!, which is exactly 4 orders of magnitude.

Conclusions

U diffusion in Nb in the temperature range 1533 to 1673 K was
determined using a-spectrometry. It follows the Arrhenius law with
diffusion parameters Q and Dy close to the self-diffusion via mono-
vacancies ones, which means a vacancy mechanism is dominant in the
measured temperature range.

Comparison with previous works shows discrepancies probably due
to the previous values are effective diffusion coefficients product of
convolution between bulk and short circuits diffusion. The same
differences were found for U diffusion in other metals under similar
circumstances, since the use of a-spectrometry in pollycrystals with
grain size larger than 100 um minimize the short circuits influence in
the diffusion flux.

At the light of this results, we finally conclude that the results of U
diffusion at infinite dilution obtained in early works need to be revised

and extended to lower temperature ranges using sub-micrometric
techniques like the a-spectrometry.
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