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Isotope effect in niobium self-diffusion
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Measurements of the isotope effect in niobium self-diffusion have been made over the temperature range 1900 °C to
near the melting point (2468 °C). The measurements were made by simultaneous diffusion of **Nb and *’Nb isotopes
from a thin surface layer and subsequent sectioning. The ratio of *2Nb to **Nb in each section was determined using
a well-type Ge(Li) detector of high efficiency. The low values of the measured isotope effect are similar to other bce
metals (Na, a- and §-Fe,Cr, and 5-Zr); however, the temperature dependence is different.

I. INTRODUCTION

Measurements of the isotope effect E for self-
diffusion in metals have proved valuable in es-
tablishing mechanisms of diffusion.’™® The experi-
mentally measured quantity E is defined by
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where D and D, are the diffusion coefficients of
the two isotopes o and g with masses m, and m;
f is the correlation factor which for self-diffusion
is a numerical constant depending only on the
diffusion mechanism and the crystal structure;
AK is the fraction of the kinetic energy at the
saddle point associated with motion in the jump
direction that belongs to the diffusing atom. In
cases where more than one mechanism contributes
simultaneously to diffusion, E may be written as

E

E=) p,f; AK,, (2)

where p; is the proportion of diffusion occurring
by means of mechanism i.

The measured values of E can clearly be a com-
plex function of several parameters and not simple
to interpret.? This problem was helped in the
case of isotope-effect measurements on metals
with a face-centered-cubic structure by other ex-
periments on the same elements. High-tempera-
ture equilibrium measurements® had established
that the dominant defects were single vacancies,
and an analysis of self-diffusion measurements
made over a wide temperature range!'® showed
that, in general, at all temperatures up to the
melting temperature one diffusion process domin-
ates. This information together with the mea-
sured values of E established that the principal
mechanism of diffusion in fce metals was atomic
hopping by means of single vacancies. The analy-
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ses'?'* also established that for fcc metals
0.95< AK,, <1, and that at temperatures close to
the melting temperature a second process, pro-
bably divacancies, also contributed to diffusion.

In metals with a body-centered-cubic structure,
E has been measured in sodium,” a-Fe (Refs. 8-
11) and 6-Fe (Refs. 8 and 9), chromium,'? and g-
zirconium.!® The interpretation of the data has
proved troublesome,!®:8-21 pnot only because of
both the low values of E and their temperature de-
pendence, but also because, in general, the know-
ledge of the type and concentration of lattice de-
fects established for fcc metals has been lacking
for bce metals. An analysis of self-diffusion coe-
fficients in bce metals®:?2 measured over a wide
temperature range shows that, with the exception
of chromium, the isotope measurements have been
performed in a temperature region where more
than only a simple vacancy diffusion process is ex-
pected to occur. Interpreting the results in con-
nection with the divacancy mechanism, further
complications arise. Migration of a divacancy in
a bec lattice may involve three different divacancy
configurations and two different saddle points.?:19:20
The high values of p,, and AK,, found in fcc metals
allowed an unambiguous interpretation of the mea-
sured values of E. For bcc metals the strong de-
pendence of p; on temperature and values of E,
which require AK; = 0.6, has made interpretation
of isotope-effect measurements very difficult.

The concept of expecting the detailed understand-
ing of physical properties obtained on a number of
elements to apply to all other elements belonging
to that group is common to many fields, and has
also been applied to the field of diffusion and de-
fects in metals.»*%2® The similarity of diffusion
parameters! in different fcc metals would appear
to justify this procedure for metals with this
structure. However, for metals with a bcc struc-
ture the diffusion parameters span a wide range of
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values® and it is less clear that prototypes can be
found. There is one subset of bcc metals, those in
group V and group VI, which do have diffusion
parameters with close similarity to those found
for fcc metals (cf. Tables II and III of Ref. 6).
The high-temperature bcc phases of group-IV
metals show, however, a different diffusion be-
havior than other bcc metals.*?:23

In the group-V and -VI metals isotope-effect
measurements have been made only on chromium,!?
The values of E were low and showed a strong
temperature dependence (E=0.3 at T, /T =1.02 and
E=0.5at T,/T=1.24, where T, is the melting
temperature). The diffusion coefficients were
measured over a temperature range T, /T=1.02 to
1.57 and no deviation from a straight Arrhenius
line was apparent. This would suggest that the
values of E refer to one mechanism. The low and
temperature-dependent values of E would require
a temperature dependence of f; and AK,. The one
mechanism for which f; could vary between 0.35
and 0.5 is the divacancy mechanism, when one
takes into account the different divacancy config-
urations.?»*® The value f,, =0.35 is for the 1N-2N-
IN-type jump process, while the values f, =0.5
is for the 2N-4N-2N process.?® (1N, 2N, and 4N
refer to the first, second, and fourth nearest-
neighbor configurations of the divacancy.) The
experimental results'? appear to require that in
the relatively narrow range of temperature mea-
surement, the divacancy mechanism changes from
one type to the other. The extension of the mea-
surements to lower temperatures was not possible
with the existing experimental techniques. The
present work on niobium has been made in order
to examine the isotope effect for self-diffusion in
another bcc transition metal in a wide temperature
range to get more information on possible diffu-
sion mechanisms. Earlier attempts to make these
measurements using a half-life method to dis-
criminate between the simultaneously diffused
isotopes, ®*Nb and *Nb, were unsuccessful because
of low concentrations of the radioactive impurities
87y and *°Zr.?* The present study applies an en-
ergy discrimination technique using a well-type
Ge(Li) with high efficiency.'®

II. EXPERIMENTAL METHODS

The basic method was to observe the simultan-
eous diffusion of the radioisotopes ?Nb and %*Nb
from a thin surface layer into the bulk of a nio-
bium single crystal. The solution of the diffusion
equation for the experimental conditions is, for
the isotope °°Nb,

Coslx) =[895 /(ﬂpgst)“z] exP('x2/4D95t) ) (3)

where Cy4(x) is the specific activity of the °°Nb
tracer at a distance x from the surface, ¢ is the
time of the diffusion anneal, S,; is the tracer con-
centration of isotope °°Nb per unit area at x =0

and £ =0, and Dy, is the diffusion coefficient of iso-
tope %°Nb. A similar expression can be written
for the isotope ®2Nb and the ratio of the specific
activities (Cq, /Cy;) can-be shown to be

C D,
In —”) =const - InC (1 - —9-5) . (4)
(CQS 9 D92

Plots of In(Cy, /Cys) Vs In(C,,) were used to obtain
the slope 1 - D,;/D,, and from Eq. (1) values of E
were derived.

The techniques used in the sample and isotope
preparation and the diffusion annealing were large-
ly the same as described in Ref. 22, while serial
sectioning of the samples and the evaluation of the
isotope effect were different. The single-crystal
samples (9.5 mm diameter, 3 mm long) were cut
from single-crystal niobium rods supplied by the
Materials Research Corporation. The **Nb (T, ,
=35d) was purchased from Oak Ridge National
Laboratory in the form of niobium oxalate in
oxalic acid. The maximum level of ®*Zr impurity
content present in the niobium isotope used in the
present work was 1.5%. The %*Nb (T,,,=10.2d) was
made in the Argonne cyclotron by the %°Y(a,r)%Nb
reaction. The 9Nb was separated from the yttrium
by the Argonne Analytical Chemistry Group using
ion exchange techniques. The major impurity in
the yttrium was tantalum and this was also re-
moved in order to obtain a thin layer of radioactive
salt on the surface of the sample. The °2Nb was
extracted as a chloride and converted to oxalate
before mixing with the “*Nb. The proportions were
adjusted so that the radioactive counts were ap-
proximately the same for both isotopes at the time
the sections from the diffusion anneal were
counted.

All diffusion anneals were made in an ultrahigh
vacuum electron beam furnace at pressures
<2x 107 Pa. Samples from the high, intermediate,
and low anneal temperatures were analyzed for
oxygen (~60 at. ppm) and carbon (~500 at. ppm).
The samples used in the earlier work contained
much lower content of interstitial impurity be-
cause of the decarburization and deoxygenation
procedures that were used. However, the earlier
work showed no dependence of diffusion on inter-
stitial content so the samples were made from
as-supplied niobium.

Two samples were annealed together and the
anneal temperature measured by observing with
an optical pyrometer the “black-body hole” de-
fined by the two active niobium sample surfaces
and the inside of a tantalum ring which holds the
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samples 1 mm apart. A sketch of the sample
configuration (for four samples) is shown in Ref.
22. The annealing of two as opposed to four
samples required new temperature calibrations.
The anneal temperature in the previous work was
that of the measured central black space defined
by the two active surfaces. The diffusion coeffi-
cient for this anneal temperature was the geomet-
ric mean of the D values obtained from each
sample. In the present work calibration samples
were made with black-body holes spark-machined
1 mm below and parallel to the active surface.
Following the diffusion anneal the calibration
samples were arranged in the same geometry

and with the temperature of the central space
adjusted to that of the anneal temperature to which
the individual sample temperatures were then
compared.

Following the diffusion anneal the samples were
sent to the University of Miinster for sectioning
and isotope counting. The samples were reduced
in diameter and sectioned on a microtome into
3-10 um thick slices, depending on the ‘depth of
the diffusion profile, to get about 20 sections for
each sample. The sections were weighed on a
microbalance and dissolved in equal volumes of
a HNO, (47%), HF (3%), and H,0 (50%) solution.
The first sections in the diffusion profile were
diluted to 8 x 10* counts/min in order to avoid pile-
up effects and large dead-time corrections in the
counting equipment. The diluted volumes were
brought back to the same volume as for the other
sections by addition of the above solution contain-
ing the appropriate mass of inactive niobium.

The y radiation from the °2Nb and ?°Nb was dis-
criminated and counted using a well-type Ge(Li)
detector in combination with a 4K multichannel
analyzer (MCA) and a PDP 8 computer.'® The ab-
solute efficiency of the detector was ~7.3% for
the 765-keV peak of ®*Nb. The y spectrum from
one of the latter sections of a diffusion profile is

ES R2)p
765 keV [ 934 keV

COUNTS —

95. 7r
724,756 keV

ENERGY —=

FIG. 1. vy spectra taken from a section ~3vDf from
the initial surface of a diffusion sample.

20 T I T T T
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FIG. 2. Concentration profiles as a function of pene-
tration. The individual profiles have been scaled for
clarity. The abscissa scale is in units of 10~% ¢m? for
the 2579 and 2648-K profiles, 107° cm? for the 2075 and
2480-K profiles, and 5x10°% cm? for the 1929 and
1974-K profiles.

shown in Fig. 1. In earlier sections the ®*Zr peak
was not observed. The energy resolution of the
counting system was 3.2 keV full width at half
maximum (FWHM) for the 1.332-MeV peak of ®°Co
and sufficient to separate the 756-keV peak of
9Zr from the 765-keV peak of °®*Nb. The spectra
of the individual sections were stored on tape.
The positions of the ¥ peaks in the MCA were re-
producible to +0.2 keV over a period of weeks.
The individual count rates of ®*Nb and °*Nb were
determined by setting an energy window 906-955
keV and 761-773 keV. Corrections for half-life
and for Compton background were performed using
pure *2Nb and %*Nb standards. With the exception
of the last two or three sections of a diffusion
profile, where only 5x 10° counts were collected,
the statistical counting error was less than 0.1%.

III. EXPERIMENTAL RESULTS

Examples of the penetration profiles obtained
for the %°Nb isotope are shown in Fig. 2. The data
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TABLE I. Diffusion of ®Nb and ®Nb in niobium,

Anneal time

D

Temperature E
(K) (s) (cm?s™)
26729+ 7.8 1.068 x 10° (1.516 + 0.002) x 107 0.346 + 0.010
2656.0 + 8.3 3.243 x10° (1.659 + 0.014) x 1078 0.398 + 0.011
2647.8 +16.7 1.068 x 10° (1.593 + 0.002) x107° 0.417 + 0,014
2605.0 +10.0 3.243 x 10° (1.405 + 0.005) x 1078 0.400 + 0.011
2579.0 + 7.5 4.005 x 103 (8.035 + 0.015) x 107 0.374 + 0.012
2554.7 +10.5 4.005 x 10° (5.895 + 0.009) x 107 0.398 + 0.020
2479.7 + 7.2 1.188 x 10° (2.380 + 0.001) x 10~° 0.369 + 0,020
23412+ 9.2 1.468 x 10* (8.864 + 0.007) x10710 0.435 + 0.027
2319.2 +13.6 1.468 x 10* (6.946 + 0.008) x 10710 0.455 + 0.014
2211.6 + 6.2 2.733 x 10* (2.099 + 0.006) x 10710 0.458 + 0.023
2086.3 + 6.2 2.927 x 10* (4.332 + 0.048) x 107! 0.433 + 0,023
2074.6 + 8.1 2.927 x 10 (3.283 1 0.015) x 10~ 0.485 +0.012
1974.0 + 5.7 8.702 x 104 (1.547 +0.014) x 107! 0.431 + 0.023
1929.0 +13.9 8.702 x 10* (9.757 + 0.095) x 1072 0.430 + 0.026
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from the concentration profiles were least-squares
fitted to obtain the values of the diffusion coeffi-
cients given in Table I and shown in Fig. 3. The
error in D is the anneal time error added to the
error in the slope of the InCy, vs x2 plots. The

T (°C)
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FIG. 3. Niobium self-diffusion coefficient plotted as
a function of 1/T (K ~!). The solid line is from the data
of Ref. 22,

errors in the temperature measurements were
determined as part of the calibration procedure.
The line shown in Fig. 3 illustrates a new fit of
the data of Ref. 22 using a Statistical Analysis
System (SAS) routine.?® The new fit improves the
chi-square value by a factor of 2 and gives

D=1.5x 10 exp[— (ﬁﬂf&?liY)]

+4.6exp [-(5'59*k%,§3e—v>]. (5)

The present data agree well except at the highest
temperatures where they are systematically high.
The discrepancy is within the error of the previous
measurements (+20°) and so a recalibration of

the earlier work which used a different geometry
has not been attempted.

Examples of the experimental plots of In(Cy, /Cy)
vs In(Cgy,) are shown in Fig. 4. Null-effect experi-
ments showed zero slopes within the error of the
measurements. The values of E obtained from
the slopes of the In(C,, /Cy5) Vs In(Cy;) plots are
given in Table I and plotted in Fig. 5 as a function
of the homologous temperature T, /T. The iso-
tope effect shows a distinct temperature depen-
dence qualitatively comparable to that in sodium.
The values of E for niobium appear to decrease
below T, /T ~1.3; however, further data at lower
temperatures would be needed to confirm this
trend. Since the earliest measurements of E in
sodium” suggested that E vs T, /T could be well
fitted by a parabola, this fit was also probed for
the present data, and is shown by the line in Fig.
5. It should be emphasized, however, that this is
an empirical fit only, with no physical justifica-
tion at present for this functional form.
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In (095)
FIG. 4. Diffusion of %*Nb and *Nb in niobium.

IV. DISCUSSION

As already noted, the interpretation of the re-
sults of isotope effect experiments in bcc metals
has proved difficult. The values of E are obvious-
ly temperature dependent, and at high tempera-
tures they are lower than expected for vacancy-
type mechanisms. The present data on niobium

0.6 T I T | T
05— I —
0.4 —
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1.0 1.2 1.4 1.6

Tn/T

FIG. 5. Isotope effect in niobium self-diffusion as a
function of T,,/T.

follow this pattern and unambiguous interpretation
will again brove impossible. The data will be dis-
cussed in terms of £q. (2). Earlier discus-
sions”1%:1% also made use of Eq. (2), so both the
validity and value of the equation will first be ex-
amined.

For the most commonly discussed mechanism,
single vacancies together with divacancies (sin-

gle-divacancy), Eq. (2) has been usually writ-
tenl—3,13,21,26

DT DT
E=(fAK)eff =f1u AKle)l#+g2vAK2v_Dz% ’ (6)

where the superscript T refers to the tracer dif-
fusion coefficient and where, in general, g, >f,,
and is dependent both on the assumed divacancy
configurations and the various possible migration
paths. The same equation has been written?” for
the case AK,,=AK, =1. The effective correlation
factor can also be written®:2® ag
D SD

Sett =flu%§%+f20%§%’ (N
where the superscript SD refers to the random-
walk self-diffusion coefficient (i.e., DT=fDSP),
Equation (7) can be rewritten in terms of D7 and
gives

_ fluqu
Jett =7 BT TD7+ £, D%, /D7 * ®

In Fig. 6(a) a fit to the measured data of E of
sodium’ is compared to £, from both Egs. (6)
and (8). The values of f;,=0.727 and f,, =0.50
were used and the values of D] /DT taken from
Ref. 7. Values of E,,, calculated® using Eq. (6)
(values of D,,, D,,, f,,, and f, were obtained
from Goltz et al.?®) are also shown in Fig. 6(a).
The differences between Egs. (6) and (8) are small.
The figure shows the dominant effect of changing
values of AK; however, a good fit to the data is
not achieved by Eq. (6), mainly because the sign
of the curvature is opposite to that of the experi-
mental results.

In Fig. 6(b) the present niobium work is com-
pared to the curve for f,,, determined from Eq. (6)
[f1,=0.7217, f,,=0.50, and DY, /DT ratios obtained
from Eq. (5)]. A suitable adjustment of values of
AK,, allows values of E;, to be calculated that bi-
sect the niobium data in a similar way to that
shown for sodium in Fig. 6(a). However, there are
problems with such a procedure beyond simply
the poor quality of the fit that is obtained. I the
single-divacancy mechanism is used to inter-
pret the data then f,, > g, and AK, > K, , so that
we expect E ., to decrease with increasing temper-
ature if AK,, are temperature independent.? If
at the low end of the temperature range the single-
vacancy process were dominant, E_, would be-
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FIG. 6. Comparison of computed values of the corre-
lation factor for sodium (a) and niobium (b).

come independent of temperature. At T,/T=1.3
we find from Eq. (5) that only one-third of the dif-
fusion occurs by the low-temperature process.
This means that E,, should still increase in

the range Tm/T>1.3. The measured values of

E, however, do not show this behavior. From
this concept it would appear difficult to fit the
niobium isotope-effect data with a single-diva-
cancy interpretation using the hitherto accepted
values of f,, AK,, and p,.

There has been recent evidence from both a
comparison of NMR and tracer-diffusion measure-
ments®® and from a comparison of quasielastic
neutron scattering and tracer-diffusion measure-
ments?® that in sodium a single-divacancy mech-
anism is the appropriate interpretation. The
line shown for E,, in Fig. 6(a) (sodium) was de-

termined from the fit to the sodium-tracer data
obtained by Go6ltz et al.?° The fit takes account
of jumps by single vacancies and divacancies
jumping by both 1N-2N-1Nand 2N-4N-2N process-
es. Asalready noted, a good fit to the sodium
data for E is not obtained. The comparison of
the tracer diffusion and NMR measurements was
made over the temperature range 195-273 K. At
2173 K the fit to the NMR data® gives Dj>/D? ~0.14,
which is in strong contrast to the value D$P/pSP
~0.43 obtained from the fit of Goltz et al.?® to the
tracer-diffusion data. If the curvature in the Ar-
rhenius line found for the sodium data by both
methods has the same physical origin and is to be
interpreted solely by single-divacancy process-
es, one would expect a better agreement in the
value of D}?/DSP obtained by the different tech-
niques.

The difficulty remains how to interpret the tem-
perature dependence of the measurements of E
in niobium and sodium. In the context of the sin-
gle-divacancy model, an explanation can only come
from a distinct temperature dependence of AK,,,
a problem which has not yet been treated theoretic-
ally in bce metals.

V. CONCLUSIONS

The isotope effect in nicbium is strongly tem-
perature dependent at temperatures near the melt-
ing point. This dependence seems not to be inter-
pretable in terms of a single-divacancy type
process. The agreement between the measured
and the calculated curve of the isotope effect re-
mains poor even if one takes into account a tem-
perature dependencé of the type of the divacancy
jump process. Further interpretation will re-
quire careful measurements of defect properties
over a wide range of temperatures and a better
theoretical understanding of AK,, in bcc metals.
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