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The diffusion of. "Nb in niobium has been measured between 1353 and 2693 K. The data showed nonlinear

Arrhenins behavior and fit the expression D = [8 X 10 'exp (—3.62 eV/kT)+ 3.7exp (—4.54 .eV/kT)]
cm'sec '. The data are interpreted in terms of a single-vacancy-divacancy mechanism. The effect of oxygen

on niobium self-diffusion was measured over the temperature range 1750—2690 K. There was no measurable

difference in the diffusion coefficient obtained from samples with 500-wt-ppm 0, and samples with less than

10-wt-ppm 0,.

I. INTRODUCTION

In the past ten years there has been-an increas-
ing amount of evidence that measurements of self-
diffusion in some metals show nonlinear Arrhenius
behavior. ' ' The dominating theories' "have ex-
plained the curvature in terms of a single-vacan-
cy-divacancy mechanism contributing simultan-
eously to diffusion. For the face-centered-cubic
(fcc) metals Al, Ni, Au, Ag, and Cu, analy-
ses"" "have shown that at all temperatures be-
low the melting point (T ) the high-temperature
mechanism contributes less to diffusion than the
low-temperature mechanism. (Recent measure-
ments of nickel self-diffusion indicate no curva-
ture. ") For the body-centered-cubic (bcc) metals
P-Ti, P-Zr, Na, and K, analyses' ' have shown
that at temperatures above approximately, 0.9T
the high-temperature mechanism contributes
more to diffusion than the low-temperature me-
chanism. The domination of the high-temperature
diffusion mechanisms near the melting points of
some bcc metals would suggest that curved
Arrhenius plots might be more readily observed
for diffusion measurements of bcc metals.

At the start of the present investiga. tion, nonlin-
ear Arrhenius behavior in bcc metals had been ob-
served in two so-called "anomalous" bcc metall',
P-Ti and P-Zr, and two alkali nietals, Na and K.
The high-melting-point bcc metals of groups V
and VI have shown linear Arrhenius behavior, ""
with the exception of vanadium, """which all work-
ers have described by separate linear Arrhenius
plots in two distinct temperature ranges. Recent
vanadium measurements" can also be interpreted
in terms of two mechanisms operating simultan-
eously over the measured temperature range.
The observation of curved Arrhenius plots in bcc
metals with high melting points is made difficult
by uncertainties in the temperature measure-
ment. Measurements of self-diffusion in chrom-
ium" (group VI, T„=2126 K) showed no curva-

ture, but as mentioried above, measurements in
another metal with nearly the same melting point-
va, nadium (group V, T = 2163 K) —curvature was
found. For this investigation, we have chosen the
bcc metal with the next highest melting terripera-
ture above vanadium: that is, niobium (group V,
T„=2741 K).

Niobium appeared to be an ideal candidate with
which to make accurate self-diffusion. measure-
ments in a group-V bcc metal over a wide tem-
peratur e range. Sectioning techniques"". ' ap-
peared to be available to allow diffusion measure-
ments to values as low as 10 "cm'sec ', and the
high specific activity of "Nb ensures that the thin-
film condition for diffusion can be maintained. A

large number of niobium self-diffusion measure-
ments have been made, '"""but only Lundy et
gl."made measurements over a wide temperature
range (0.4 T„ to T ). Lundy's measurements
showed a linear Arrhenius behavior within the
scatter of the data.

Measurements of self-diffusion in +-Fe32 indi-
cated that the magnitude of the diffusion coeffi-
cient was strongly dependent on the interstitial
oxygen content of the iron. The iron with the low-
er oxygen content had the lower diffusion coeffi-
cient. The effect of oxygen content was large,
which suggests that similar effects should be ob-
servable in other bcc metals. Niobium has a high
affinity for oxygen, so the effect of oxygen on nio-
bium self-diffusion should be investigated. The
previous work" had seen no effect, but the an-
nealing environments used in those" experiments
(high-purity argon or a vacuum of -1.3 mPa) would
have ensured that oxygen levels were well above
the point where the effects of oxygen might be ob-
served. The diffusion measurements for iron '
and measurements of void swelling" and yield
strength' for niobium indicate that the major effect
is to be found below a level of approximately 100
wt. ppm of oxygen. The diffusion measurements-
reported here were made on niobium samples with
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oxygen contents of -500 wt. ppm and &100 wt. ppm to
look for an enhancement effect. Sample prepara-
tion was clearly critical and will be discussed in
detail.

II. EXPERIMENTAL METHODS

The basic method used was to observe the dif-
fusion of a thin surface layer of radiotracer by
sectioning. The solution of the diffusion equation
for these experimental conditions is

C(x) = [S/(n'Dt)' '] exp(-x'/4Dt),

where C(x) is the specific activity of the tracer at
a distance x from the surface; t is the time of an-
neal; D is the diffusion coefficient; @nd S is the
tracer concentration per unit area at x=0 and t
=0.

A. Preparation of niobium crysta1s

1. Growth of large interstitially. pure single crystals

Niobium (Marz grade) was obtained from the
Materials Research Corporation in the form of
6.4- and 9.5-mm-diam rod. /he company's anal-
ysis showed the major substitutional impurity to
be tantalum (&300 wt. ppm). -The effect of substitu-
tional impurities on self-diffusion is well known

known, -"'" and the tantalum content has an insig-
nificant effect. Even though the contribution of
tantalum to the niobium resistivity is only one-
tenth of that for the same amount of oxygen, "at
very low interstitial levels the tantalum becomes
a major contributor to the residual resistivity.
To allow use of resistivity ratio measurements as
a test of niobium purity, the tantalum content of
the niobium used in this work was determined by
activation analysis. The content was -150 wt. ppm
which limited the ultimate residual resistivity ra-
tio to 2000. .

Single crystals were grown by the recrystalliza-
tion process from 64-mm-long bars of MRC Marz-
grade polycrystalline niobium that ha, d been well
stressed. The bars were annealed for 5 h at
1870 K in an atmosphere of oxygen at 3 X.10 Pa
to remove interstitial carbon. This treatment
left approximately 500 wt. ppm of oxygen in the
samples. After the vacuum system was pumped
down and the sample was baked, the sample tem-
perature was raised to 22VO K. Initial outgassing--
made the pressure rise to the low 10 '-Pa scale,
but it rapidly dropped into the 10 '-Pa region. A
40-h anneal was made with an ultimate pressure
of 1X 10 ' Pa. For both diameter bars, the famil-
iar bamboo structure resulted in grains approxi-
mately 13-mm long. The grain position could be
determined by the thermal etching that occurred
at the grain boundaries.

2. Anaiysis for sample purity

Samples were cut off the ends of each bar for
analysis. Vacuum-fusion arialysis indicated less
than 50 wt. ppm of interstitial impurity.

Niobium is superconducting at the liquid-helium
temperatures at which the resistivity ratio mea-
surements to test for purity were to be taken. The
magnetic fields necessary to suppress the critical
temperatures for these large bars were not avail-
able in a liquid-helium cryostat at Argonne. The
size and shape of a sample dictates the time at
temperature and vacuum necessary to achieve any
desired interstitial purity. As a result, samples
of different size and shape can, be annealed with
different ti.me-at-temperature cycles to give the
same interstitial purity. Wire-sample standards
cleaned with time-at-temperature anneal conditions
homologous to those for metal bars indicated a re-
sidual resistivity ratio of greater than 1000, which
corresponds to 25 at. ppm or less total interstitial
impurity for samples containing 150 wt. ppm of
tantalum impurity. This is probably closer to the
actual total interstitial content of the bar than the
50 wt. ppm determined by fusion analysis. Calcu-
lations by Strongin et al."for the time-at-tem-
perature conditions used to anneal the wire stan-
dards, predict an interstitial content (0+ C+N) of
approximately 1 at. ppm total interstitial in the
wire.

3. Sample preparation

Samples were cut from the large recrystallized
grains on a Buehler low-speed diamond saw. The
samples to be sectioned by grinding were polished
through 4/0 grit SiC paper and lightly etched in a
HNO, -HF solution. Laue x-ray pictures confirmed
the single-crystal nature of the samples. Samples
to be sectioned by anodizing were further polished
through 0.05-p.m alumina grit on a vibratory pol-
isher. After the diffusion anneals, some of the
samples were cut on the diamond saw, using ethyl
alcohol lubricant, and sent for analysis to see if
there was additional oxygen pickup during the dif-
fusion anneal.

B. Radioisotope

Carrier-free "Nb as niobium oxylate in oxalic
acid was purchased from Oak Ridge National Lab-
oratory (ORNL). The isotope conta. ined approxi-
mately 0.2-0.8 at. %%uoof "Zrasan impurityat the
time of separation (ORNL specification). This lev-
el was confirmed to within a factor of two by a
two-exponential fit to half-life measurements made
over the course of a year on one batch of the iso-
tope and by counting selected isotope samples with
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FIG. l. Ultrahigh-vacuum electron-beam furnace.

a germanium detector. Due to the difference in
half lives [T»,(95Nb) =35 day] and [T,&,("Zr)
= 65 day], the "Zr grew in concentration relative
to the "Nb. Since separations at ORNL were done
only twice a year, some diffusion anneals were
made with as much as 1.5-at. Vo "Zr impurity. Ini-
tial diffusion anneals indicated a "tail" ori the con-
centration profile, which could be attributed to
this small amount of zirconium. The analysis of
these tails is discussed in the following paper. "
Attempts at in-house purification of the isotope
resulted in an increased oxalic acid level, which
hampered the dropwise deposition of the isotope
onto the sample. A flaky powder that adhered
very poorly to the sample resulted from the high
oxalic acid content.

The isotope had high enough specific activity so
that thin-film conditions (&0.1&Dt) were not violated
on any of the anneals. At the start of the anneal,
the oxalic acid converts to Nb and 0, and the oxy-
gen Iluickly effuses out of the anneal can (see Fig.
1). Even if all the 0, from the oxalic acid entered
the sample, at all annealing temperatures the
niobium-to-oxygen diffusion ratios were such that
the oxygen would have equilibrated over the entire
sample so that its bulk content was only a few at.
ppm.

electron-beam furnace patterned after Birnbaum.
(See Fig. 1.) The filament cage was made of eight
tungsten wires symmetrically placed around the
sample to minimize azimuthal temperature gradi-
ents in the samples. The samples were hung from
a high-voltage tantalum wire. When heated, the
filaments emitted electrons that were accelerated
toward the sample by the high voltage. The elec-
tron bombardment heated the samples.

For optimum operation, the new filaments were
outgassed for a few hours in an ultrahigh vacuum
at approximately 2470 K. After a bake, the sys-
tem was capable of reaching 2870 K at a pressure
of 2 & 10 ' Pa. There was little chamber outgas-
sing, since only the sample and the preannealed
filaments become hot, The warmup time to tem-
perature could be less than a minute, because
there is only a small thermal mass to heat. The
fast warmup is an advantage in defining the anneal
time for the diffusion measurements, and the low
outgassing is advantageous when the oxygen con-
tent of the sample is critical. The disadvantage
of such a system was the presence of a tempera-
ture gradient along the length of the sample can
(Fig. 2), which ranged from 200 K at high tem-
peratures to 70 K at 1770 K. Most of this gradient
was across the gaps between the samples and not
across the samples themselves. This was shown
by a temperature scan on the surface of the can.

All anneals were done in either ultrahigh vacuum
or in an oxygen atmosphere adjusted for the an-
neal temperature so that the steady-state oxygen
content in the samples was maintained at the de-
sired level. The time-at-temperature conditions

TANTALUM SUPPORT
Wl RE TO HIGH VOLTAGE

BLACK BODY HOLE

Nb SURFACE

N IO BIU M SAMPLES

C. Diffusion anneals

The oxygen content of the samples was controlled
by making all the anneals in an ultrahigh-vacuum

SU PPO RT CAP

FIG. 2. Sample configuration for diffusion anneals.
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were chosen so that the penetration of the isotope
into the sample was much smaller than the thick-
ness of the sample.

D. Sample configuration and temperature measurement

To eliminate much of the scatter in the previous
data" due to uncertainties in the knowledge of the
temperature, the temperature had to be known to
+20 K at 2470 K, +10 K at 1770 K, and +2 K at
1270 K. High-temperature thermocouples [W(26-

. at. Vo Re)-W(5-at. Vo Re) ] are not this accurate,
can show hysteresis, and are difficult to calibrate.
At lower temperatures where thermocouples can
be used, other problems occur."

Manual disappearing-filament optical pyrometry
was used for all temperature measurements in
this work. The transmission coefficient of the
sight port was corrected by calibrating the pyrom-
eter through the port with a standard tungsten
lamp before and after each run. This also allowed
the determination of any metallic buildup on the
window. None was observed.

The emissivity is dependent on the roughness
of the material surface and the temperature of the
sample; its value for niobium was not known well
enough to correct to the necessary accuracy. The
sample corgiguration, using two samples shown in
Fig. 2, was chosen to meet the requirements for
accuracy of temperature measurement. The sam-
ples formed the main part of a blackbody cavity of
99.91o quality. "'" This arrangement, by eliminat-
ing the error due to the unkown emissivity of the
niobium surface and by giving the average tem-
perature of the blackbody hole, "allowed the nec-
essary accuracy to be obtained.

A modification of the Arora-Kelly technique44 us-
ing a 3:1 ethyl sulfate-sulfuric acid solution for
anodizing and a saturated KOH solution for strip-
ping was used in this project. The sample was
weighed before and after anodizing. The thickness
of the anodized layer is determined by the voltage
arid current used for anodizing. The section thick-
ness was determined from the average weight per
section, the measured surface area, and the den-
sity of the niobium.

III. EXPERIMENTAL RESULTS

In most cases the penetration profiles obtained
by grinding (Fig. 3) were stra. ight over two a.nd
one-half to three orders of magnitude in activity
and then began to show tails. These tails were
present even in the anneals at temperatures near
the melting point. In those profiles where the
scatter in the data was sufficiently small and the
"Nb isotope sufficiently old, the data allowed a

8 l6
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F. Counting

All sections were counted to a minimum of 104

counts in a Nal welltype counter. No correction
for the "Zr-"Nb decay over the counting period
was made, since this was negligible for the 3-h
period involved. The parent-to-daughter decay
from the time of the anneal to the time of counting
was accounted for; the method for determining
this correction is described elsewhere. "

E. Sectioning

The sample sides were removed to a depth of
6VDt to eliminate the effect of surface diffusion.
For anneal conditions above 1720 K, sections were
removed by precision parallel grinding on either
600 or 4/0 grit paper. The sample was weighed
between each section removal to determine the
section mass. Sections as thick as 20 p. m or as
thin as 0.5 pm could be taken by this technique.
The limiting factor is the ability to accurately de-
termine the weight change of the sample.

Anodizing has been used for taking thin sections
of a number of metals. For serial sectioning, a
suitable anodizing solution must be found which
allows the oxide layer to be easily stripped. Since
the surface could not be electropolished prior to
annealing due to possible oxygen contamination,
the method used by Lundy et gl. ' ' was not suit-
able for this work.

I792K SCALE
I i I & I i I I i I

0 2 4 6 8 IO IZ l4

(IO cm )
-6 2

FIG. 3. Concentration profiles of ~~Nb in niobium ob-
tained by grinding. Specific activities in arbitrary units.
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two-exponential fit to be made and the diffusivities
of "Nb and 'Zr in niobium to be obtained. In gen-
eral, the fits were excellent arid the data agreed
well with the data for Zr diffusion in niobium ob-
tained from codiffusion of two isotopes reported
in the next paper. " The two-exponential fit tended
to lower the self-diffusion coefficient obtained
from the one-exponential fit of the "straight-line"
section of the profile, by 5/o to 10'.

A typical penetration profile obtained by anodiz-
ing is shown in Fig. 4. The initial points of high
value near the sample surface were caused by a
residual-oxide layer that resulted from incom-
plete dissociation of the oxide formed from the
"Nb isotope deposition. This oxide was not readily
removed by the KOH stripping solution and came

off slowly in the first half-dozen sections. It was
removed from later profiles by hand polishing the
surface to reduce the residual surface-oxide cov-
erage to less than 10' of the surface area. The
tail on each profile was assumed to result from
both short-circuit diffusion and the high diffusivity
of "Zr. The error in the diffusion coefficient ob-
tained from the deconvolution of the anodizing pro-
file was approximately 25/o.

The two samples annealed at each blackbody tem-
perature showed different values for the diffusion
constant. It was known from relative surface-tem-
perature scans that there was a temperature gra-
dient along the annealing can, with the bulk of the
gradient occurring across the gaps between the
samples. In all cases the hotter sample of each

TABLE I. Diffusion of 5Nb in niobium as a function of temperature.

D (cm2 sec ) D~~g (cm2 sec 1) Time (sec)
Qxygen content

and sectioning method

1.69 x
1.13 x
6.31 x
5.24 x
5.81 x
3.89 x
2.38 x
1,66 x
1.75 x
1.22 x
9.15 x
8.62 x
4.92 x
3.20 x
3.31 x
2.49 x
2.90 x
1.71 x
8.59 x
6.66 x
4.86 x
4.16 x
1.80 x
1.56 x
1.81 x
1.31 x
8.75 x
7.55 x
5.19 x
4, 62 x
1.26 x
7.09 x
1.07 x
3.87 x
2.86 x
3.84 x

10-s
10-8
10'
10'
10
10-9
10'
1P-8

10
1P-8

10 10

1p-10

1p-10

1p-10

10 10

1p-10

1p"10

10-10

] p

1P-ii

1p-12

]0"12

]p 12

1p"12

1p
"12

]p 12

10
10
101
1p 13

1P-13

10 '4

1P-14

i 0"is

10 15

1P-16

1.41 x 10 8

5.77 x 10

4.85 x 10

2.02 x 10 9

1.48 x10 0

8.89 x 10

4.05 x 10 10

2.90 x 10

2.30x10"

7.63 x 10

4.51x 10"

1.68 x 10"

1.56 x 10"

8.15 x 10 13

4.90 x 10 13

9.46 x 10-"

1.07 x 10 '4

3.33x 10"
3.84 x 10 '6

2695

2574

2554

2450

2407

2360

2281

2212

2108

1867

1810

1792

1738

1614

1517

1446

1354

9.73 x 10

2.61 x 103

9.73 x 10

7.86 x 103

2.61 x 103

1.04 x 104

7.86 x 103

5.94 x 103

1.04 x 104

5.94 x 10

3.28 x 10

3.62 x 1p

3.28 x 105

3.63 x 105

1.63 x 10

9.02 x 10

3.92 x 103

2.50x 104

1.80 x 105

Doped, grinding

Doped, grinding

Clean, grinding

Doped, grinding

Doped, grinding

Clean, grinding

Doped, grinding

Doped, grinding

Clean, grinding

Doped, grinding

Doped, grinding

Clean, grinding

Doped, grinding

Clean, grinding

Clean, anodizing

Clean, anodizing

Clean, anodizing

Clean, anodizing

Clean, anodizing

".Doped" samples contained 500—800 wt. ppm of 02, and "clean" samples &50 wt. ppm 02.
Profile questionable; value probably low.
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is the actual measured diffusion coefficient within
the experimental error of +25% found for the anod-
izing profiles. , The largest error was in the mea-
surement of temperature and had the values given
in Sec. IID.

As can be seen in Fig. 5, the Arrhenius line
shows curvature, and a two-exponential fit to the
data gave the following relation

D= [8+3x 10-'exp( 3.62+0.09eV/kT)

+3.7 +0.3 exp(-4. 54 +0.0leV/kT)] cm'sec '.

FIG. 4. Concentration profile of ~5Nb in niobium ob-
tained by anodizing.

IV. DISCUSSION

'A. Effect of oxygen on self-diffusion in niobium

~ 2673
IO

-t
I

10
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2073

I

l 673
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l373

IO
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I
'

C/l

hl

IO
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-I5

-IS

3.5 5.5
IO /T (K-')

I
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FIG. 5. Diffusion of 9 Nb in niobium as a function of
temperature.

pair had the higher diffusion'constant.
The data from the concentration profiles were

least-squares fitted to obtain the values of the dif-
fusion coefficients given in Table I and shown in
Fig. 5. In Table I, all the average diffusion coef-
ficients, except those for 1354 and 1517 K, were
taken as the geometric average of two diffusion
coefficients measured at the average blackbody
temperature given in the third column. At 1354
and 1517 K, only one of the samples from each of
the pairs could be sectioned, so the listed value

The considerable care that was exercised in ex-
amining whether the presence of oxygen affected
the measurements of self-diffusion in niobium w'as

strongly predicated by the results of Irmer and
Feller-Kniepmeier" on self-diffusion in iron.
There are many errors in this iron work but they
would not account for the large difference (a factor
of 40) between diffusion coefficients measured in
samples with low- and high-interstitial impurity
content. Recent measurements which compared
self-diffusion in the same clean samples with iron
that had an oxygen content in excess of 100 wt. ppm
showed no difference in the diffusion coefficients. '

As can be seen from Table I and Fig. 5, varying
the oxygen content of the niobium samples from
500 wt. ppm to less than 10 wt. ppm did not influ-
ence the self-diffusion coefficient in the measured
temperature range 1740-2695 K I(0.65-0.98)T„].
A strong influence of oxygen might be expected if
niobium self-diffusion occurred by an oxygen-va-
cancy pair mechanism. Except at the highest tem-
peratures, the oxygen would be in much greater
concentration than the vacancies. Since all the va-
cancies would already be tied up with oxygen, the
oxygen content would have to be reduced below the
concentration of vacancies to initiate an effect on
self-diffusion. The oxygen effect in iron self-dif-
fusion was observed at lower homologous tempera-
tures (0.58T„ to 0.65T„) as was the oxygen effect
in void swelling" and yield strength. ' A com-
parison of the diffusion rate in oxygenated and
"pure" niobium samples at temperatures below
1720 K cannot be made due to the uncertainty in
the surface condition of the samples and the
amount of "Zr present in the "Nb isotope.

To measure diffusion in the homologous tem-
perature range of the iron work (less than 1570 K),
or to study isotope effects at lower temperatures,
thin sections must be taken so that the anneal may
be done in a reasonable length of time. The total
profile would be less than 3 p.m, and in most cases
'would be less than 1 p, m. The impurity content of
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this layer, not the bulk, must be known in order
to compare diffusion rates in the oxygenated and
the pure niobium.

At temperatures less than 1773 K, the surface
cannot stay clean by evaporating oxides as it does
at higher temperatures. Birnbaum ' has indicated
the temperature and pressure conditions neces-
sary to keep a clean surface. When those condi-
tions are not correct for evaporation of the oxide
from the surface, oxygen is dissolved into the met-
al. This excess oxygen diffuses into the. sample
and finally equilibrates, but during the course of
the anneal an oxygen gradient is in the exact place
where it is most detrimental: the self-diffusion
zone. Unfortunately, the condition of the surface
layer changes as the niobium cools so the condi-
tions measured on a cold sample can only be theo-
retically related to the sample at a higher tern-
perature. Although a bulk analysis of the sample
may indicate a low interstitial content, the sur-
face layer may have a different impurity content.

B. Nonlinear Arrhenius behavior

al." The smaller values have particular. signifi-
cance if the two processes are interpreted in
terms of single-vacancy and divacancy mecha-
nisms. Direct evidence of diffusion by equilibrium
vacancies in bcc refractory metals is not as strong
as in fcc metals, but most analyses have been
made assuming a vacancy model. "'" For a sin-
gle-vacancy-divacancy model, the respective acti-
vation entropies for self -diffusion determined
from the preexponential factors in Eq. (2) are S,„- 1k and S,„-7k. The previous analyses"'" yielded
higher entropy factors. The values of the param-
eters for the group-V bcc metals given in Table II
are similar to those'found for the group-I fcc met-
als,""' ' in which self-diffusion has been inter-
preted in terms of a single-vacancy-divacancy
mechanism. The detailed analyses that have been
possible for the fcc metals have allowed the de-
termination of,the formation enthalpy E~„and mi-
gration enthalpy E,„for single vacancies, and the
binding energy E,„and migration enthalpy E,"„of
divacancies. For fcc metals, these parameters
are related by the following equation

Two models for explaining a curved Arrhenius
plot are a temperature-dependent activation ener-
gy

' and diffusion by a combination of single vacan-
cies and divacancies. Isotope-effect measure-
ments, "which unfortunately could not be made
would help to identify the correct model. We have

chosen to interpret the niobium self-diffusion data
in terms of the prevalent single-vacancy-divacan-
cy model. The nonlinear Arrhenius behavior found

in vanadium self-diffusion" and in the niobium
self-diffusion measurements reported here
prompted a two-exponential analysis of recent
data for self-diffusion in the three group-V bcc
metals. The same variable metric minimization
routine ' was used for each set of data; the re-
sults are given in Table II. The activation ener-
gies for diffusion (q) have been normalized by the
melting temperature (T„).

The values of all the parameters listed in Table
II are considerably smaller than those found by
similar analyses by Neumann" and by Mehrer et

E& +E& (q /q )(EF +EM) (3)

In the case of the fcc metals that have been ana-
lyzed, ' '"'" these parameters are related in the
following manner: E,„/E~„-0.9, E~„/E,„0.25, '

E,'„/E,'„0 8S, a-nd .q,„/q, „-1.25.
The similarity found for the diffusion param-

eters in the group-V and group-I metals could be
fortuitous. If there is significance to the similar-
ity in the diffusion parameters, then a much high-
er ratio of E,"„/E~„ than the previously sug-
gested"'"'" value of -0.25 for group-V metals
would be expected. The low values have been ob-
tained from quenching experiments, and one of
the main difficulties of such investigations for
group-V metals lies in their high sensitivity to
interstitial contamination. However, the recent
quenching experiments on high-purity niobium"
would also yield a, low value of E,JE~„(-0.18).
Equation (3) may not be applicable to bcc metals,
because the number of different divacancy config-

TABLE II. Diffusion parameters in group V bcc metals.

(Do)~
'

Element (cm sec )

(Do)p
'

(cm sec )

q(/T
(cal/mole K)

q, /z
(cal/mole K) Q&/Q~ Reference

V
Nb

Ta

].4x 10 2

8.0x 10

1.8 x 10

7.5
3.7

10.0

31.2
30.5

28.7

39.8
38.2

37.7

1.27
1.25

1.32

25
Present
work
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1 represents single vacancies.
2 represents divacancies.
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FIG. 6. Comparison of self-diffusion in bcc metals.

urations that are possible makes it difficult to de-
fine the ratio of the binding energy to migration
energy of a divacancy. Measurements of the for-
mation enthalpy of single vacancies would help to
clarify this problem.

The present analyses of the group-V bcc metals,
together with earlier analyses, ""'allow a com-

parison of all the bcc metals for which nonlinear
Arrhenius behavior has been observed. The com-
parative data are plotted in Fig. 6, using a nor-
malized temperature scale. On each curve, the
thicker line indicates that region where the fitting
procedure yields equal contributions to diffusion
from the high-temperature and low-temperature
processes, assuming that each can be represented
by a linear Arrhenius behavior. There is a line
of. equal contribution instead of a point due to ex-
perimental uncertainty in the fitting procedure.
These regions are farther from the melting. tem-
perature as the slope increases. There are no
obvious physical grounds for this phenomenon.
In terms of a single-vacancy-divacancy interpre-
tation, the bcc metals would appear to have much
larger divacancy contributions than the fcc met-
als, where divacancies contribute less than half
to the diffusion coefficient at the melting point.
On the basis of this empiricism, even the mea-
surements on chromium self-diffusion" could
have been expected to show nonlinear Arrhenius
behavior at a much lower temperature. Empir-
ically the phenomenon would also suggest that
measurements of .tungsten self-diffusion ' have
not been made to low enough temperatures to ob-
serve curvature in the Arrhenius plot.
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