I

000~ (95—~ >/t

et -

UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN

THE GRADUATE COLLEGE

OCTOBER 1978 .

WE HEREBY RECOMMEND THAT THE THESIS BY

ROBERT JOHN LAUF

ENTITLED. A STUDY OF METAL-OXYGEN SOLID SOLUTIONS

UTILIZING SOLID ELECTROLYTIC CELLS

BE ACCEPTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR

THE DEGREE OF DOCTOR OF PHILOSOPHY

QQUSA\@W irector of Thesis Research
( ﬁ { ULJ

Head of Department

Commltt E:rl ﬁxa minationf
9 de .

/%', V’/‘//LC {67%_\ Chainpan
v

: '\/ - ?/ /éf¢%/; Ll
/éw‘ / :fj’ -
L/

+ Required for doctor’s degree but not for master’s.

0-517




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



~ A STUDY OF METAL-OXYGEN SOLID SOLUTIONS

UTILIZING SOLID ELECTROLYTIC CELLS

BY
ROBERT JOHN LAUF

- ' - . I. 197”
.S., University of Illinois,
ﬁ.g.,.University of Illinois, 1974

THESIS

Submitted in partial fulfillment of.the riqu};ements

for the degree of Doctor of Philosop ylie o of the
: tallurgical Engineering in the Graduate Co %978 |
e University of Illinois at Urbana-Champaign,

|

NOTICE
This report  was prepared as an account of work
sponsored by the United States Govemment. Neither the
United States nor the United States Department of
Energy, nor any of their employees, nor any of their
, sub . or their empl yees, makes
any warranty, express or implied, or assumes any legal
liability or responsi ility for the Y, pl
or usefull of any infi ion, app , product or
process disclosed, or represents that its use would not
infringe privately owned rights.

Urbana, Illinois . 5

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED

A




A STUDY OF METAL-OXYGEN SOLID SOLUTIONS
UTILIZING SOLID ELECTROLYTIC CELLS
Robert John Lauf, Ph.D.
Department of Metallurgy and Mining Engineering
University of Illinois at Urbana-Champaign, 1978
A study has been made of the thermodynamic and kinetic

behavior of oxygen in a number of Group V metals and alloys.
Inveétigatiohs were made with a ThOZ/Y203,electrolyte over the
temperature range of 600-1150°C (873-1423°K). The activity of
oxygen in.thfee Nb-Ta alloys (nominaily 25, 50, and 75 at.% Ta)
was found to obey Henry's Law up to the solubility limit in
each alloy. The standard enfropy“and‘enthalpy of solution of
oxygen in the three Nb-Ta alloys were intermediate between

those‘for pufe niobium and pure tantalum, and varied almost

viinearly with Nb:Ta content.

The diffusion coefficient éf oxygen was measured in niobium .
and vanadiuh, and the values were found to be in excellent
agreement with literature valueé obtained by a variety of
techniques. The diffusion coefficient of oxygen in each of
several dilute substitutional niobium alloys was measured and
compéred to the diffusion coefficient in pure niobium. The
addition of 1 to 5% substitutional solutes resulted in as much
as an order—offmagnitude decrease in the oxygen diffusivity.

This decrease iIs believed to be due to trapping of oxygen by




substitutional solute atoms. The substitutional-oxygen binding

or "trap” energies (in eV) for several substitutional solutes
‘in niobium‘weré determined to be: Ta: 0.3+40.1; V: O.55id.05;'“
Ti: 0.740.1; zf: 0.7+0.05. The trap energy is rationalized
as béing the sum of a chemical interaction and an eélastic

" interaction. -
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1. INTRODUCTION

The refractory metals molybdenum, nlobium, tantalum,
tungsten, and'vanadium have great potential for use as high
temperature structural materials, due to their high melting
points and strength at high temperaturés. Because of their
greater ease of fabricability, the Group V metals, niobium,
tantalum, and vanadium, are of primary interest for a humber
of applications. Unfortunately, these materials are very
reactive with oxygen and nitrogen at high temperatures, and
- this poses a serious restriction on their use in hostile
environments.

The purpose of this research is to examine the thermo-
dynamlc and kinetic behavior of oxygen in varlous refractory
'metal alloys. The interaction between oxygen and substltutlonal
solutes is determined from its effect on long range oxygen
diffusionAand/or its effect on equilibrium oxygen activity.

The data are determined by the use of solio state galvanic
cells. Experimental diffusion data are compared to statistical
models for diffusion under the influence of randomly distributed
‘isolated traps. Thesé results are used to‘estimate the binding

" between the oxygen and substitutional impurity atoms.

1.1 Solid State Galvanic Cell Technique

The galvanic cell used in this study consisted of two
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eleqtrodes with,differént 6xygen activities,~separated by a
solid oxide electrolyte. A% high temperatures, this electro-
lyte conducts oxygen ions, which diffuse through it in the 
direction bf decreasing oxygen chemical potential. At open
cirbuit, providing the oxide does not.conduct electrons, a
negative éharge.layer builds up on the side of lower oxygen
activity. Eventually, the electric potential associated with
this charge layer just balances the chemical potential differ;
“ence. A state of dynamic equilibrium is achieved, and the cell
EMF becomes constant with time. This EMF is related to the
difference in freé energy of oxygen,AG, between the two
electrodes, by the Nernst equation, |
AG=-nFE 4 (1)

where n is the ionic charge (n=2 for oxygen), E is the cell EMF,
aﬁd F is thé Féraday constant.

In practice, one electrode‘is used as a reference and has
a known oxygén chemical potential. The measured EMF therefore
allowé the determination of thé unknown oxygen chemical poteh-‘
tial of thé other electfode. The.assumption is made that there
is oniy one‘reversible cell reaction, and that there are no
reactions with the cell atmosphere or between the electrodes
and electrolyté. In addition, it is assumed that a1l Eharge
transport in the electrolyte is due to oxygen ion migration.

Kiukkola and Wagner (1,2) demonstrated the use of solid
oxide eléctrsiytes for the determination of standard free
energies of formation of several metal oxides. 'Mahy studies

have been undertaken since then for the purpose of developing
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better oxide electrolytes and characterizing their properties.
This work is reviewed by Etsell and Flengas (3).

The suitability of a particular electrolyte for use with a
given metal/oxygen system is determined mainly by two criteria,
namely,. the ionic conductivity and the ionic transference number.
In general,.these are both dependent on temperature and oxygen
partial pressure. For the electrolyte to be useful, the ionic
conductivity must be great enough for eduilibrium to be attained
in a reasonable amount of time, and the ionic transference |
number must be greater than 0.99.

For use with the Group V metals, the thoria-based electro-
lytes are the most suitable. This is due to their thermodynamic
stebility and, purely ionic conductance at the relatively low
oxygen partial pressures encountered in these systems. The
eleetrolyte nsed'in this study was a soiid:solution of 92 mole %
Tho2 and‘8 mole % Y203, and had the fluorite structure. This
composition has an anion vacancy concentration of 3.75 % (3). This
results in a high anion nobilitytrelative to cation and electron
‘mobilities. The relation between total conductivity and oxygen
pressure at 1000°¢ is shown in Figure 1 (4-8). At this tempera-
ture the eleetrolyte exhibits p-type conduction at oxygen
pressures greater than 1075 atm (1.01 Pa) (&) and n—type'con—
duction at oxygen pressures less than 10—30 atm (1.01 X 10—25 Pa)
(5). Between these two extremes, the conductivity is constant
and is almost entirely due to anion mobility. The range_ofe
oxygen pressures found in this investigation is indicated in’ the

'figure,‘and it is seen to be within the range of ionic conduction.
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Figure 1: Logarithm of total conductivity versus logarithm of
oxygen partial pressure for Th02/Y O3 electrolyte at

1000°c. The dashed lines 1ndlcate the range of oxygen
partlal pressures found in this study




1.2 Thermodynamics of the Niobium-Tantalum-0xygen System

) The.terﬁinal solubility and related thermodynamic data for
oXygen in pure niobium and in éure'tantalum have been reported
by a number of workers. Reviews by Fromm (9) and Fromm and
Jehn (16) have also been published.

However, the early results for both the niobium-oxygen
system (11-15) and the tantalum-oxygen system (16-25) show some
disagreemenf, particularly at the lower temperatures and
compositions. Recently, data for the niobium-oxygen System (26)
and the tantalum-oxygen system (27) have been determined using
solid electrolytic cells. In these latter studies, it was found
that oXygen obeys Henry's Law in pure niobium and in pure
'tantaium up to the solubility 1imit in each. The standard
enthalpy and entropy of formation of a 1% solid solution of
ioxygen in nibbium are given as -91370 cal/molé (-382.3 kJ/mole)
and -13.3 cal/mole-°K (-55.6 J/mole-°K) respectively (26). The
standard enthalpy and entropy of‘solution for oxygen in tantalum
are given as -92679 cal/mole (-387.8 kJ/mole) and. -14.7 cal/mole-°K
(-61.5 J/mole-"°kK) respectively (27). |

Since‘niobium and tantalum form a continuous isomorphous
series (28) it might be expectéd that niobium—tdhtéiﬁm»alloys
would have chemical properties.intermediate ﬁéfWeénythdéé of
the two pure elements. One phase of fhé present study was

undertaken to-examine this area more fully.

1.3 Diffusion of Interstitial Solutes in Refractory Metals

‘Since the structural properties of refractory metals are

# A1l percentages are given in atomic percent.




.

degraded by the presence of dissolved oxygen or internal oxideé,
it is impoftant‘to know the rate at which oxygen will diffuse
through these metals at high temperatures. At the same time, an
examination of the long range diffusion of oxygen in a diluts
substitutional alloy can yield more fundamental informafion_on
the interéqtion between an oxygen atom and a single substitu-
tional atom. This latter aspect will be dealt with in detail

in the next section.

The diffusion of oxygen in pure nibbium has been measured
by maﬁy workers, using a variety of techniques. This topic has
very recently been reviewed'by Boratto and Reed-Hill (29). 1In
that work, a.least-squares analysis of all the reported dats
points resulted in the following: Q= 26170 cal/mole (109.5 kJ/mole)
and DO=5.3 X 10-3cm2/sec. Diffusion was governed by a simple
‘Arrhenius relation, but the data for temperatures above about
500°c (773°K) showed a rather wide scatter.

Data for the diffusion of oxygen in vanadium has also been
reviewed by Boratto and Reed-Hill (30). This system showed

_zcmz/sec and

simple Arrhenius behavior with D_=2.661 X 10
Q= 29805 cal/mole ( 124.7 kJ/mole). However, the data consist
of many measurements at temperatures less than approximately

200°% (473°K), and three data points at temperatures bf 1650°¢
(19230K) and above, with nothing in between these two extremes.
By the nature of the leaét-squares analysis, these three high-

| temperature points are given somewhaf more weight than they might

otherwise deserve.
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Thus, because of the scatter in the oxygen-niobium diffusion

data, and the pronounced lack of oxygen-vanadium data in the
temperaturé range of this study (500-110000), these two systemg
were chosen for preliminary diffusion measurements. This also
served to establish the accuracy, reliability, and applicability
of the EMF-method to these systems. |

Many studies have been reported on the diffusion of oxygen
in substitﬁtional alloys (31-41).

Early work by Bunn and coworkers (31)'on‘niobium—zirboniﬁm
alloys indicated the appearance of an extraordinary internal
friction peak that was attributed to 0-Zr clustering. However,
it was hot possible for these investigators to determine the
Cg-i binding energy; Miner_et al. (32) analyzed intefnal friction
data and report activation energies for five separate Snoek
relaxations in Nb-1% 2r. These correspdnd to the "normal"
~ oxygen and nitrogen relaxations as well as to relaxations
involving 0-2r, 0-Zr-0, and N-Zr clusters.

Wert (33) reportéd that the binding enthalpy of the 0-2r
pair in niobium "must be several electron volts.” - This cohclusion
was baéed on the analysis of internal frictibn‘peaks. On the
~other hand, Perkins and Padgett (34) measured the diffusivity
'of oxygen in three dilute Nb;Zr alloys. While reporting a very
strong'decfeaée.in the diffusion coefficient due to the addition
of approximately 1% Zr, these authors concluded that the binding
"enfhaipy is approximately zéro, and-the binding entropy is —3.26kB
for the 0-Zr pair. ' '

Sagues and Gibala (35) stUdied s-i interactions in Ta-Re-N
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and Ta-Re-0 alloys. The binding enthalpy of the N-Re cluster
was feported to be 0.14 eV, and that of the N-Re-N cluster was
given as 0.20 eV. Thesé workers reportéd a wide spectrum of
possible 0-Re clﬁsters which makes a'quantitativé determination
of their binding enthalpies impossible. ‘But, it was suggested
that the O0-Re bindihg enthalpy is probably larger than that of
the N-Re pair.

Mosher and coworkers (36) report binding ehthalpieé of

- 0.31 eV for N-Zr clusters in niobium, and 0.46 ev for Zr-N-Zr
‘clusters.

McLellan and Farraro (37) have developed a first—grder sta-
tistical model fér iron-based ternary solutions containing
oxygen, carbon, .or nitrogeﬁ, together with a substitutional
solute. It was found that when there is no "misfit énergy"
the energetiés of trapping are dictated by elebtronegativity

‘differehces between iron and the substitutional species.

Mondino and Seeger (38) reviewed the evidence for interactibns
between vacanéies and interstitial solute atoms. They concluded
thét monovacancies can act as traps for carbon and'nitrogen
diffusing in iron, and probably also for oxygen and nitrogen in
the Grqup Va metals. |

There have been several attempts to classify the modes of
interaction between substitutional and intérstitial soluté atoms.
Haséen and Arsenault (39) developed a classification system based
oh chemiéal affinities. Szkopiak and Smith (40) iﬂvestigated

Nb-X-0 and Nb-X-N systems, where X is some substitutional solute.
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They analyzed the results in terms of chemical affinities, size
factor, modulus factor, and first ionization pbtential.

Shikama and cdwofkers (41) investigated s-i interactions
in vanadium, and developed a classification system that is
similar fo the previous two systems (39,40). In a qualitative
way, the interaction (atfractive or repulsive) is related to |
the ratio of the heats of formation of the oxides of the substi-
tutional species and the matrix. For example, the heat of
vformation of aluminum oxide is 133 kcal/mole of oxygen, while
that of vanadium oxide is about 100 kcal/mole of oxygen.‘ Thus,
since this ratio of 1.33 is greater than unity, it is predicted
that aluminum atoms will attract oxygen in vanadium. This is
in agreement with observation.

The effect of'trapping on the solubility of nitrogen in
iron was examined by Dijkstra and Sladek (42). These workers
concluded that small additioné of manganese increase the

nitrogen solubility, according to the following equationi

C=CFe\:1+2CMneXP(AG/RTﬂ | o | (2)

where C is the total nitrogen solubility,‘CFe is the nitrogen
solubility in a pure Fe-N alloy, Cyn 1s the mariganese content,
and AG is the difference in free energy of nitfogen‘Between
fhe normal and preferred sites. This trap energy,Z&G, was
suggested to be 2800 cal/mole (11.7kJd/mole), or 0.12 eV (42).
Enrietto (43) reported that the addition of manganese to

iron, in concentrations of up to 0.75%, had little influence on
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the nitrogen solubility above 25000, while as little as 0.15%
~Mn inhibited'the precipitation of iron pitrides, especially
Fe#N. This effect was not attributed to trapping, since.enly
-about 11-12% of the nitrogen atoms were calculated to be trapped.
If the precipitation kinetics were limited by nitrogen mobility, S
such small trapping could not account for the large decrease

in nitride precipitation rate (about.a factor of 10), Enrietto
concluded that this deerease was due instead to an inhibition of
nitride nucleation. -

_The question of Whether interstitial atoﬁs normally occup)
octahedral or tetrahedral sites in a BCC crystal has not been
conclusively answered. This is an important issue, since the
model (44) that is norﬁelly used to relate internal friction
data to an actual diffusion coefficient makes the assumption
that interstitial jumps involve only octahedral sites.

McLellan and coworkers (45) developed a medel to -explain the
high femperature anomaly in the diffusivity ef carbon in ferrite.
This ﬁodel'takes into account the possibility of both octa-
hedral and tetrahedral occupaney. This model was refined by
Condit and Beshefs (46) who concluded thet, at ieast'for carbon
in ferrite,'the existence of multiple diffusion pafhs (i.e.,.
o—t,‘e-o, and t-t) is possible. | |

A recent paper by Beshers (47) reviews the experiments
that are being'uhdertaken to determine Which systems involve
primarily octahedral site Qecupancy and which involye tetrahedral

site occupancy.
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1.4 Theoretical Models for Diffusion with Trapping

The theoretical analysis of interstitial diffusion under
the influence of "trapping" defects (e.g., solute atoms, |
dislocations, etc.) may be»approached from a number of viewpoints
(34, 48-51). Two of these models (34, 49) will be preéented here
~in detail. Discussion of the others will be presented in
Section 4.2.

McNabb and Foster (48) developed a model to explain the
anomalous diffusivity and solubility behavior of hydrogen in
steel. The results ére applicable to other -interstitial solutes
as well. The mathematical treatment consisted of ﬁodifying'Fick's
Laws,'making the assumption that the diffusing’spécies periodically
encounters certain sites where it is delayed temporarily.
Approximate and exact solutions to the resulting differential
equations were obtained for various simple geometrical shapes.

A major shortcoming of the model is that it involves several
adjustableiparameters that are difficult to determine experi-
mentally. '

| Céskéy and Pillinger (515 obtained appfOximate solutions

to the nonlinear partial differential equations derived by McNabb
and Foster (48). The finite differeﬁce method was applied 0
these equations, with boundary conditions appropriate to
"interstitial permeation and evolution in a plane. This technique

will be discussed more fﬁlly in Section 2.7. -

"1.4,1 Oriani Model

Oriani (49) developed a simplified model, based on the




12
work of McNabb and Foster. This model is less general, and
‘applicable only to certain ranges of composition. Its major.

advantage is the use of a single parameter to characterize the

- trapping statistics. This parameter is readily related to

experimental measurements.
In this model, the crystal is assumed to contain two kinds

of interstitial sites for occupancy by the okygen Most sites

»are normal sites characterlzed by the standard enthalpy of

solution, AH° » With respect to gaseous oxygen. A smaller number
of sites, called "extraordinary" sites or traps, provide a-

more energetically favored environment for the oxygen atom:

[0];1_"[0]}( | AEy | 2

Providing the trap density is small, it can be assumed that
the traps do not appreciably reduce the cross-section for normal
diffusion. Then, Fick's Law can be written for the flux, J, in
terms of the occupled normal sites only:

g=-p_%%n W)
dx
where Dn is the normal'diffusivity and ch is the oxygen
soncentration on normal interstitial sites. But; iﬁ_ﬁost
experiments the important parameter is the relation between the
observed flux and the gradient of total concentration, Cps Which

is the sum of c, and the concentration in extraordinary sites, Cy

g=-p%°r (5)

dx
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This quantity D may be viewed as an apparent or phenome-
nological diffusivity, and its relation to Dn may be defived by
-assuﬁing that local équilibrium exists between the trapped and
untrapped pbpulations, both in the static case (J=0) and during
‘diffusion. |

The equilibrium between the two populations, each occupying
a fraction Gi of the available sites, can be described by an
equilibrium constant, Kzax/an, where a, andvan are‘the oxygen
activities on the extraordinéry and normal sites, respectively.
The activities can be expressed as ai=6h/(1—91) where the
reference state is ai=Gi when Qi—*o. Also, since low concentra-
tions are the only ones being considered,@nk<1 so that the local

équilibrium constant for reaction (3) may be written as:

) _i ax‘ |
Coafs] e

Thus, the relation between the apparent diffusivity, D, and

the normal diffusivity, D, is given by:

c, :
D=Dj, cpte, (1-6.)) (7)

For the case where g <1, D=Dn(cn/cT).

Finally, the equilibrium'constant can be expressed’as:v
K=exp(-AE,/kT) 7 (8)

To appiy,theAforegoing_to experimental data, the fbllowing-

approach may be used. Consider N atoms of niobium with some
J _




fraction Xs (less than about 4%) of a substitutional species

such as vanadium or zirconium. There will be 3N normal intersti-
tial sites, and 3N-2Xs trapping sites. (The factor of two arises
from geometrical considerations.) Providing Oy and Qn are «1,

the following simplification applies:

_6x |
_9n
And, . D=p_|_°n
. ¢ty
where | cn—Nnen 3N9
and cx=NX9x=3N(2XS)K9n
S i - 3Ng,
Thus, | D—Dn '3N9n+3N9n(2KXsH
or, p=p_|—* } ‘ - (9)
: o Rl +2 '

. In this way, knowing Dn for oxygen in pure niobium and

. measuring D for oxygen in some alloy of XS substitutional content;

the value of K is obtained at a particular temperature or
temperatures. From this, the trap depth ZXE y comes out dlrectly.

Alternatlvely, know1ng D as a functlon of temperature ‘and

assumlng some values for;ﬁE -and alloy content X y it is easy to

calculate expected values for the phenomenological diffusivity, D.
A family of such curves can be generated for constant X by
varylnglﬁE . The one that best fits the data for a given alloy

provides the "best value” for the trap energy,[&E . The assump-
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‘tion of small 8, and small 8, can always be checked a posteriori

o make certain that the 31mp11ficatlon is valid for the

particular system under 1nvestigat10n

1.4.2 Perkins and Padgett Model

This modei was developed to explain the effect of zirconium
additions (3 to 1% Zr) on the diffusion of oxygen in niobium‘(ju).
The GiBbs free energy of binding, G, is defined as the

decrease in free energy of the crystal as an oxygen atom is
moved from infinite separation to a hearest-neighbor octahedral
site adjacent to a zirconium atom. The binding enthalpy and

enfropy are ‘similarly defined so that

G,=H,-TS (10)

b b Py

In praetice,.an'oxygen atom beyond the next-neafest-neighbor
‘pOSltlon can be treated as being at 1nf1n1te separation.
A random walk analysis results in the follOWing relation

for the average squared migration distance ﬁzs

_2_ : | .
R —6Dnt S . (11)

where Dh is the normal diffusion coefficient and t is the
diffusion time. The effective diffus1v1ty, D, is then governed
by the average time that an 1nterst1t1al atom spends trapped
and the time that it spends freely d1ffus1ng,

‘The jump frequency of an oxygen atom between normal

6ctahedral sites is given by:

Wy =VeXp (—AGm/kT ) | (12)
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where vy is the vibrational frequency of the oxygen atom and

AG is the free energy of migration, given by:
AG,NH -TAS, . (13)
The migration enthalpy,zﬁHm,,is the same as the "acfivatioh
energy", Q. '
~ The Jump frequency for an oxygen atom from a NNN site to

- a NN site adjacent to a zirconium atom is:

wo=vexp[ - (AG, 3Gy ) /kT] Coaw
and for the reverse jump,

wosvexp| - (AG, +3Gy )/kT] s

The average time that an oxygen atom is mobile, fm,-after
leaving one trap and before entering another, is the reciprocal

of the trapping frequency, vp» glven by:

Cp=hw, c 4P (16)

NNN' ENN

where 4PNNN is the probability of ‘the oxygen entering a NNN.
site by random jumps, and Pyy 1S the probability that a NNN
oxygen atom will jump into a. NN site. PNNN is the fraction of

zirconium-NNN sites in the crystal,
Py =g/ (1-2X) (17)

Pyy is given by: ,PNN=2w2/(2w1+2W2) (18)

. Combining equations (12) and (16-18) the following expression
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4ie obtained -for the trapping frequency:

5% AG ] |
16[1 z)s{sjllllgvl+wjluexp[—ET—mJ (19)

The average time that an oxygen atom spends trapped t m

is the reciprocal of the escape frequency, v from the trap:
4w3 Pann (20)
- where P3NN is the probablllty that an atom on a NNN site will

Jump to a site further from the trapping atom, and
PBNN=2w1/(2w1=2w2) 4 (21)

Combining equations (15) and'(ZO-ZL) yields the following:

Wy '1
v =l e uexp[- (AGm+§Gb)/kT] (22)

The effective diffusivity, D, can be related to the normal

diffusivity by again coneidering the random-walk, equation (11):

=2_ :
R=6D t_ . (23a)
=6D(t_+t; ) (23b)
Rearranging, D t.
ﬁg—lrtlm - (2ba)
m - )
Up : '
=— . (24b)
I/E .

Substituting the expressions for U and Vg into equatioh

(24b) yields the final result:
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'ulu
n]

[ ux o
-1 = L{ﬁj-exp(-sb/k)exp(Hb/kT) o (25)

This expréssion,'coﬁbined with experimental Values'of D,
enables one to obtain values for the binding enthalpy .and

-entropy of thelo-Zr‘pair.-
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2. EXPERIMENTAL PROCEDURE

2.1 Preparation of Electrolytes

* The electrolytes used in this study were of two types. .Those
used in the thermodynamic study of niobium-tantalum-oxygen
.splutionsAwere made by G. L. Steckel at thé Materials Research
Laboratory at the University of Illinois. The details of their
manufacture are presented elsewhere (52). These were preparad
for use by polishing through %#_diamond paste.

Thé electrolytes used in he kinetic measurements were of
a commercial type, supplied by Zirconium Corporation of Americsa.
As received, this material was approximatély 3 mm thick. In order.
to decréaae the response time of the cell, the electrolyte was
- slicediwith a diamond saw to a final thickness of 1 mm. This
thin slice was then polished'through %z p diamond paste in the same

manner as before.

2.2 Preparation of Alloys

The niobium-tantalum alloys were supplied in strip form by
Prof. David Peterson (Iowa State University). The nure niobium
was purchased in rod form from Wah Chang'AiBany Corp., and the
pure vanadium was dOnatedkby tne U.S. éureau of Mines in tné form
of cast bars ofﬂapproximately 11.5 x 6.5 x 1.2 cm. The titanium
and zirconium were polycrystalline bars prbduced by the iodide
process. The chemical analyses of all starting materials are
given in Table 1I.

The alloys were prepared by arc-melting in a furnace having
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TABLE I

Analyses of Starting Materials (Atomic ppm)

NDb : v Ti Zr
Na - <20 -——— interference interference
Al 50-200%* - _ 20 90
Si , 200 T 27 3 interference
K - L20 -——- -—— 3
Ca . L20 - 0.2 10
Ti - - bal 10000
v _ 30 - bal 2 0.3
Cr 30 S . 10 200
Fe 30 _— . 10 800
Ni S 5 —_— ‘ 70
Cu 50 - <8 ’ 3 20
r ' Loo == _ 12 bal
" Nb: bal — £0.5 , 1
Mo Lo S— : 5 -
Hf 12 . : - - 20 200
Ta ' 100 - -— interference
W 30 _—— -—-- - interference
‘ Sn 10000

Analyses of Nb, Ti, and Zr were done by mass spectrographic
analysis at the Materials Research Laboratory, University of
Illinois. . ' ‘

The analysis given for V is the lot analysis given by the
Bureau of Mines. .All other impurities are below the detection
limits of emission spectrography.

* Aluminum seemed to be inhomogeneous.
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a copper crucible and an argon atmosphere. A zirconium pellét
was melted first in a separate part of the crucible to act as a
getter for residual oxygen and other-impurities in the atﬁosphere.
The ailoy ingot was turned and melted four times to insure
homogeneity.
| The resulting ingots were typicélly_lo,mm in diameter and

25 - 30 mm long. The ingots were then swaged to 3.1 mm diameter.

- and cold-rolled into strips 0.6 mm thick. The materials were

quite ductile throughout the operation and required no interme-
diate annealing; Sections of each strip were analyzed by
electron microprobe and spéctrophotometric‘techniques. The

analyses of all the alloys used are shown in Table II.

2.3 'Electrode Preparation

The sambies were prepared by doping the metal strips With_
measured amounts of oxygen inAa high—vacuuﬁ Sieverts' apparatus.
This apparatus is deséribed in detail elsewhere (53). The strips
were ahnealed for approximately 12 hours at 1100-1300°C (1373-

15730K)‘at pressures in the lowv10'7,torr (10_5 Pa) range. The

~pumps were then closed and the oxygen allowed to leak in slowly,

to prevent the formation of an oxide layer on the surface of the
strip. The strips‘were annealed for % hour with the pumps closed,
to insure tha% all -of the oxygeh Héd'ﬁeen aisorﬁed; The puﬁpg
were then openéd to the chamber, and an‘homqgenization anneal

was carried out in vacuum with the specimens held at approximately

1300°C (15?3°K) for 3'to L hours.' The specimens were then slowly

" cooled to about 1000°C and then radiation cooled to room

!
temperature.
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TABLE II
Analyses of Niobium Alloys

Ma jor constituents (atomic %)‘

EFrownnFnPruwonnoone e

" Nb 73.7 48.0 22.6 Nb 98.57 97.3 94.9
- Ta 26.3 52.0 77.4 v 1.43 2.7 5.1
Impurities (atomic ppm)
Na 4 <1 < —— ——- <
Mg . 0.6 0.3 0.5 0.2 ——- <0.
Al 1 1 0.4 5 3
Si Lo. 20 6 9 <5
K <0.5 <0.5 . <0.5 - -— <Q.
Ca 0.9 1 0.9 0.1 - 0.
YA 0.3 ' 0.6 0.2 2 — 0.
Cr 6 3 0.6 1. <6
Mn 0.03 0.2 0.03 2 - 0
Fe 4o 9 2 3 <2
Co 0.0k 0.03 0.03 0.07 _— 0.0
Ni - 8 ' 3 2 0.09 - 0.
Cu 1 . 0.6 0.2 10 L
Zn 0.2 . - -——— — -—- <0.06
7r 1 30 i 0.5 ——- 0.8
Mo 0.6 2 2 6 L 1
HE - —-——— -——- R 0.05 i <0.08
Ta major major major. 30 £40 20
W 20 4o . 50 2 5 L

concentrationg of major. components were determined at the
Materials Research Laboratory, University of Illinois, by
titrimetric and spectrophotometric analysis.

Impurity levels were determined at the Materials Research
Laboratory, Unlver31ty of Illinois, by mass spectrographlc
analysis

. Carbon and nitrogen levels for alloys produced by this
technlque are typically 300-400 ppm or less (52).
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TABLE II (Continued)
Analyses of-Niobium'Alloys

Major constituents (atomic %)

Nb 99.1 NDb 99.05 Nb 95.9
Ti 0.9 . r 0.95 Ta 4.1
Impurities (atomic ppm)
Na *¥% . Coiw . -
Mg 20 <3 -——-
Al 2 . . A 30 _ 10
Si b ~ 50 ‘ . - 10
¥ L ' s } T
Ca 0.2 ' 3 A 2
Ti ma jor » 20 ‘ . &3
Cr 0.1 10 , e . =2
Mn 0.2 €0.5 -
Fe 0.8 = - 30 . <1
Co 0.02 3 —
Ni  0.06 1 | -
Cu . 3 ' 20 | 10
n 0.08. -— -—-
- Zr’ 0.04 : major . . £0.9"
Mo 0.1 : : <10 S 3
Hf - ‘ 100 -
Ta 20 100 .-major

w'.',l 50 , L

- # Inhomogeneously distributed in sample; may be due to surface
contamination.

#% Interference present which prevented. determination of levels
of this component.
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The niobium-tantalum alloys were doped with 0.2 to 3.1 %
oxygen. The alloys used in the kinetic measurements were dbped
to 0.5 to 0;6 % oxygen. The final oxygen conéentrations were
analyzed by Leco Corp. using a vacuum fusion technique.
| The strips were cut into segments 13 x 7 X Q.6 mm.' The
éurfacés'wereiground through.4/0 emery paper. The niobium-
tantalum eiectrodes were then attack polished through 0.05u
alumina in.a chromic acid slurry. This produced a flat shiny

surface on both sides of the electrode. The samples used in

the kinetic study were ground as ébove and then polished on a
6 diamond  lap. This resulted in a surface that was not as
shiny as those produced by attack polishing, but was slightly
flatter. This enhanced the intimate contact required at the
sample/zirconium interface. |

The zirconium "sinks" usedlin the kinetic study were made

from a polycrystalline bar of iodide process zirconium.’ A.lOAmm
thick slice of the bar, 20 mm in diameter, was cold-rolled to
about:3 mm thick. Rectahgular sections were cut from this with
dimensions slightly greater than those of the samples, typically
10 x 15 x 3 mm. One face was ground and polished through 61
diamond, and platinum leads were spot welded onto the oﬁboéi%é

face.

2.4 .Experimental Apparatus and Technigue

The vacuum furnace used in this study is shown schematically .
in Figure 2. The electrolytic cell was supported between two

high density alumina rods mounted vertically in the center of
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Figure 2: Schematic illustration of the experimental apparatus .
electrolytic cell 5. ceramic insulators 9, weight
. platinum rings 6. niobium shields 10. frame

Lucalox tube 7. thermocouple leads
furnace element 8. EMF leads

Fwnr
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the furnace. A platinum.ring above and below the cell helped to
insure good alignment and tight contact of thé cell components
at high temperatures by allowing the assembly to creep into
pi?ce. 'A stainless steel weight of 1.4 kg was placed on top
of the upper support tube.‘ This provided. the stress needed to
compress the platinum rings, producing the tight contact necessary
for good operation of the cell. Heat was providedlby a thoriated
tungsten filament, operating on alternating current. The tempera-
'ture Was controlled by a proportional coﬁtroller,using the upper
thermocouple; The temperature gradient between the upper and
lower electrodes was typically less than 3%%.

One cylindrical niobium sheet separated the electrode

compartment from the furﬁace element, and six concentric layers
of sheet}éurfounded the entire assembly. These niobium sheets
acted as a getter for impurities, aS'eleotrical shielding, and
as thermal barriers.to keep the temperature stable with time.

6 8 ¥ io 1076

The ‘pressure was typically 107~ to 10" torr (10~ Pa).
| The céll was carefully isolated electrically to insure
accurate EMF méasurements, The lower electrode was grounded,
and the upper electrode support was isolated from the lower by
alumina spacers at room temperature. The cell EMF.was measured

12‘ohm) electrometer. The output of

using a high impedence (10
the electrometer was connected to a digital printer, which

printed the date, time, upper and lower thermocouple output,
pressure gage output, andlcell EMF, at ten minute intervals.

To save time, a double cell was used for most equilibrium EMF

measurements. This is illustrated in Figure 3-(Db).
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' Flgure 3: Cell conflguratlons used in this study: (a) and (b),
' thermodynamlc study of Nb-Ta-0 system;- (c¢), kinetic
study ' ‘
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2.4.1 Technique for Thermodynamic Study

'Fof the study of niobium-tantalum alloys, the electrodes
were placed in the cell and the leads spot-welded together.
After positioning the heat shields, the system was sealed and
pumped down. After baking out the chamber, the furnace was
slowly heated up, maintaining vacuum. The temperatureAwas brought!
to 1000°¢ (1273%K) in 6 to 8 hours. It was then held at this
temperature until the EMF became constant with time (generally
'8 to 12 hours). The EMF and actual temperature were recorded
and the furnace set for a new temberature (e.g., 900°C)J
Equilibrium was reached af the new temperature in 2 to 4 hours
and another data point was recorded. This continued down to
600°¢C. Then, points were taken at 650, 750, 85o°c; and so on

up to 105071100°C. The resulting piot of EMF versus temperature
showed no hysteresis,:and.points taken at the same temperature
were generally reproduceable to within 2 mv.

*2.4.2 Technique for Kinetic Study

The basic arrangemenﬁ of the apparatus was much the same
in the kinetic sfudy, with the following differences: |

1; Theerefereﬁce electrode was placed on the bottom andl
was not disturbed for several consecutive runs. This was
possible since only a single cell was used. |

| 2. Since measurements had to be taken ih a fixed time period,

heating up was done at a somewhat faster rate. The furnace was
held at about 300°C for % hour and then brought to 1000°C in
-approximately one hour.

3. The EMF was recorded as a function of time. After a
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sufficient time was allowed for this EMF curve to show a distinct
straight-line portion with a.slope that could be calculated wifh
confidence, the temperatufe‘was changed and a new curve Qf EMF
veréus time was obtained. This is discussed more fully in

Section 2.6. The cell arrangement is illustrated in Figure 3-(c).

2.5 Cell Arrangeméntlfor Nb-Ta-0 Study

EMF measurements were made on the following cell:

Nb-Ta-0 Thi)z/,Yzo% V + 10.0 at% 0 |
solid solution | electrolyte a+  phases

The reaction for cell I is

[0]\/ - [o]Nb—Ta (26)
The equilibrium EMF, E, for this cell is related to the‘difference
in Gibbs free energy of oxygen between the two-phase vanadium-
.oxygen‘alloy and fhe ﬁiobium—tantalum—oxygen:solid solution by

the Nernst equafioh:
AGy=-nFE (1)

The knowr free energy change,[&Gz, for oxygen gas in -
equilibrium with oxygen in the vanadium (a+B8) mixture (Sh)'is
added toZkGl.to obtain AG, the free energy change for the overall
reaction | | ‘

Thus, cell I is used to determine the change in thermo-

dynamic functions when molecular oxygen dissolves in niobium-

.tantalum alloys.



2.6 Cell Arrangement for Kinetic Study

For this phase of the research, EMF méasurements were made

on the following celi;

Alloy + 0
solid solution

reference

11 Zr electrode

ThOz/YZO%
electrolyte

The usefulness‘of this cell for kinetic measurements was
first demonstrated by Kirchheim and coworkers (55). It was

shown that the cell EMF is given by the following relation:-

B=Rlin(a/a ) :  (28)

where a is the oxygen activity at the sample/electrolyte
interface, and a., is the corresponding activity of the reference
electrode.
Assuming that Henry's Law is obeyed, equation (28) can be
written as:
_RT o
Efﬁfln(c/cr) - (29)
where ¢ is the oxygen concentration.
Since- the free energy of oxygen in zirconium is approximately
100 kJ/mole lower than in the niobium alloys used here, the

oxygen concentratlon at the alloy/21rcon1um 1nterface (x= O) is

effectively brought to zero, or c¢ (0,t)=0. Due to the low

capacitance of the cell (several pico-farad) only a very negli-

. gible amount of oxygen is exchanged at the sample/electrolyte

interface. Therefofe, at x=I, the condition is that %%éo and the

initial condition is c(x,O)=CO. Thus, the following solution to
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Fick's second law is obtained (56):

c(x,1t) =C, ZZ sintZX 2L exp( t/r ) © (30)
wheré h=1,3,5,...
: 2
and | o =]

For t>r1, c(x,t) can be closely approximated by the first term
in the series:

72
c(x, t) C sinZX. exp |-—=— gt (31)

2L 4L

The EMF of the cell depends on the oxygen concentration at x=L,

thus,

E(t) flin(c /c,)- TﬂzD (32)
8FL?
So.a plot of EMF versus time will be linear with a slope
given by:
2
d L
E=.RITD (33)
8FL : ‘

‘The. diffusion coefficient is then easily calculated froml
equatibn (33). -When the temperature is changed to a new value,
~ the slopé of the_EMF curve changes and a new straight—iiﬁé |
poftion is formed. 1In practice, values of D at seVeral-tempéra—
turés ﬁay'thué be obtained before electrohic‘éohduction causes
. deviations in.-the EMF. .(This limitation will be discussed

more fully in Section 3.2.)

: 2.7 computational Technique

The mathematical modeling of diffusion with trapping was




32
performed‘on the Digital Equipment Corp. DEC 26 digital computer
with a Tektronix 4010 interactive graphics terminal. .Programming

was done in the Fortran language. Plotting.was done with the
Calplot plottihg‘subroutine, modified for interactive’use. The
computational treatment consisted of a modification of the
'tecﬁnique of Caskey and Pillinger (51). This is,presented in

the Appendix.
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3. RESULTS

3.1 Equilibrium in the Niobium-Tantalum-0xygen System

The raw EMF data for cell I are presented in Figures 4-6
for the nominally 25, 50,Aand 75 % Ta alloys respectively.
Straight lines were fitted to the data using a least-squares
analysis.

The following equation,

AG = -nFE = AG°+RTInYX : | (34)

can be used to intérpolate'compositions to find Eg» the EMF for
al % solution. The data for different temperatures are normalized

by noting that
AG®=-0FE | (35)
and thus, : nF(E-E,)/RT=-1nY-1nX (36)

When all the data are plotted as'nF(E—Eo)/RT versus 1hX

(X .= atomic percent oxygen) the points will form a straight line

‘with a slope of -1 if Henry's Law is obeyed. By choosing the

standard state to be a 1% solution, ¥=1.0 for ali.éiloys studied.
Figure 7 shows the data points For the three alloys. The
solid line is a plot of Henry's Law, and it can be seen that the
data points for all of the alloys are well-represented by'Henry's
Law. This is true for all Nb:Ta proportions and all oxygen
concentrations studied, in the range of 600°c to 1100°C.

The standard free energy'of solution,jﬁGf(T) can be calculated
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EMF versus temperature for the Nb-25%Ta alloy, relative
to a two-phase vanadium/oxygen reference electrode.

‘The small numbers on the right indicate the oxygen

concentration in each specimen (in atomic %.)




35

5ol | [O]d?[O]A | - oaee
.50 AT % Ta ’
25 |
O -
S
E -25 |
Cw
=
W
_50 -
=75 F
—100}
sl 1| 111 L
- 600 700 800 900 ' 1000 00

T €C)

Figure 5: EMF versus temperature'for the Nb-50%Ta alloy.
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Figure 7: Henry's Law plot for the behavior of oxygen in the
three niobium-tantalum alloys studied. The actual
Nb:Ta contents are given in the upper right.
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by interpolating the EMF(T) data to a 1 % solid solution.
Figure 8 shows the resultinglﬁGf(T) for the three alloys. From
these-lines, the‘standard enthalpy and'entropy changes,zﬁHo and

AsS®, are calculated (as discussed in Section 2.5) and presénted'

in Figure 9.

3.2 Oxygen Diffusion

3.2.1 Pure Niobium and Pure Vanadium

Figure 10 shows the result of a‘typiéal EMF.run for oxygen
diffusing in pure niobium. From the slope, dE/dt, the diffusion
coefficient for oxygen is calculated at the particular tempera-

ture. The resulting data from several such runs are shown in

- Figure 11, along with the results of previous work reviewed by

Boratto and Reed-Hill (29).' A least-squafes_analysis of all
data points results in the following expression for the "normal
diffusivity" D,:

Nb_ -3\ 2.

D =(6.71 X 10 7)exp(-26380/RT) cm“/sec

Figufe 12 shows the results of this study only, compared to
the line calculated with the expression above. The scale is
exﬁanded to facilitate comparisons with the data for oxygen
di%fusion in substitutional alloys.

‘Similarly, the data for diffusion in vanadium are presénted
in Figure 13. A'ieast—squares analysis of all the data gives
the'foliowing'result:

| DX=(1.56 X 10"2)exp(-29388/RT) cmz/sec.

Flgure 14 shows the data from this study compared to the line

calculated with the expression above.
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3.2.2 Substitutional Alloys

Arrhenius plots for the diffusion of oxygen in the six
substitutionai allbys studied are presented in Figures 15 through-
20. In each figure, the line corresponding to'qugen diffusion
in pure niobium is shown for reference. For each alloy, several
values of the trap energy were used to calculate expected values
of D accordiﬁg to equation (7). The resulting lines are shown
in each‘figure for comparison to the data. The values for the
trap energy that give the best fit* to the data are summérized

| "~ below:

TABLE IIT

b

Trap Energies for Substitutional Alloying

AElements in Niobium (Oriani~Model)

Element Trap energy (eV)
Ta . .+ o« o« o« o« . . 0.310.1
V. « « « « « « i .0.5540.05
TL o o« « o« o« o« .« . 0.740.1

Zr . .« i i % . i i, 0.740.05 L

#The data are considered withih the framework of the QOriani
model. Thus, the "best fit" in this sense is not the best

fit in terms of a least-squares analysis.
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‘3.2.3' Microhardness Measurements

It has been demonstrated (58) that the microhardness of a
metal-oxygen solid solution can be related to its oxygen content.
Thﬁs, the hardness of a specimen in the as-doped condition could
~be compared to that of a specimen after an EMF run to verify that
the oxygen -actually -did diffuse‘out of the specimen and into
the zirconium biock. A complefé hardness traverse across the
"used" diffusion couple should show the effect on the hardness
of the zirconium due to the influx of oxygen.

Three alloys were chosen for microhardness testing. They
were: Nb-2.7V-0.60, Nb-O.9Ti—1.dQ, and V—6.57Q.‘lIn eéch case,

a doped specimen that had never been in contact with an oxygen
sink was mounted so that hardness. readings could‘be taken across
its thickness. - A "used" specimén, with its zirconium block
attached, was sliced perpéndicular to the interface and mounted
so that hardness ﬁeasurements could be taken across the thickness
of the entire diffusion couple. This is illustfated schematically
in Figure 21;

.The results are shown in Figures 22-24. 1In each case, the
alloy in the'as-doped cdndition is'noticeably harder than the
same alloy after diffusion haé occurred. :

The Nb-Ti-O alloy, Figure 22, has a haraness before diffusion
of'200-246 DPH. (The scatter in the data is due to the fact thatA
this specimen is probably two-phase at room temperature.). After
diffusion, the hardness has fallen to a maximum, at the outer
face, of‘about 160 DPH. The hardness decreases toward the

interface, reaching a minimum value of about 100 DPH. The hard-
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ness of the zirconium block, on the other hand, reaches a |
maximuﬁ close to the interface (160-170 DPH) and decreases
with:distance from the interface.

The Nb-V-0 alloy, Figure 23, shows the same general behavior
as the Nb-Ti-0 alloy, except that the decrease in the hardness
due to diffusion is not nearly as great. This alloy, éven
after diffusion, was apparently two-phase at room tempefature.

- The oxygen~concentration gradienf in ‘the zirconium block is
again quite visible.

The V-0 alloy, Figure 24, shows the most striking decrease
" . in hardness, from 600-700 DPH to approxiﬁately 75 DPH. The
extremely high hardness 'in the as-doped condition is due to the
' fact that at 6 to 7% oxygen, the pure vanadium .is a martensitic#*
ﬁhaée. This diffusion couple was in éontact at 95OOC (12230K)>
for approximately 100 hours. Because of the‘large amount of
oxygen transferred, the overall hardness of the zirconium is
greater in this specimen fhan in the previous two. Noﬁetheless,
a clear trend of hardening toward the interface is apparent.
(One pdint close to the interface had a hardness of 294 ‘DPH,
which put it off the scale of Figure 24, indicated by o )

3.2.4 Auger Electron Spectroscopy

The three alloys»that were tested for microhardneés were
repolished and examined in the Auger microprobe. For each alloy,
one specimen was examined‘inﬂthe as-doped condition and one Was
examined after diffusion had occurred.

The.Auger microprobe was operated in the following modes:

a) imaging of specific elements, e.g., Nb, 0, Zr; b) energy

~*Formed on cooling to room temperaturé after doping.
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scanning in selected areas (narrow raster); c) absorbed-current
midroscopy; and d) linear scanning to profile the distribution
of a selected element. _ ‘ |

'Imaging the oxygen signal was difficult, due to the rela-
tively low cOncentrations._ In both the.Nb—Z.?V and the Nb-0.9Ti,
. after diffusioh,‘the oxygen appeared to be most concentrated in
a narrow region of the zirconium close to the interface. In the
V—6.57g alloy, after diffusion, large second phases were present
in the zirconium block. -

The energy spectra of selected areas of each alloy, before
and after diffusion, were compared to determine the amount
of oxygen that had diffused into the zirconium from the alloy.

- To obtain séﬁiquantitative results? the following method was used
for each alloy: |

An energy'spectrum was defermined in a small area on the
as-doped specimen. A characteristic oxygén.peak (uéually 510 eV)
was selected and its amplitude compared to that of a particular
niobium or vanadiuﬁ'peak (197 eV and 437 ev, fespectively).

The resultingv"amplitudé fatio,” AR, is compared.to that of. a
specimen after diffusion. 'Then, .

ARfinal ~
ARs i tial o

OIO

(37)

Table IV summarizes the amplitude ratios for the three
alloys. It can be seen that in each case the zirconium has
absorbed a subétantial amount of oxygen from the alloy.

. Figure 25(a) shows a typical absorbed-current image of the
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diffusion couple. The vanadium specimen is on the left and the

zirconium is on the right. The lighter areas in the zirconium

' arevalso Visible optically and will be discussed in Chapter 4.

Figure 25(b) shows the same area as Figure 25(a). The
relative concentration of each specieé is shown as a functibn
of distance along the indicated line.. It can be seen thét the
oxygen has been removed from the vanadium and is diffusing into
the zirconium block. (The large noise level in the oxygen
profile is due to the fact that the main oxygen peak was not
usable due tQ'interferenéeAfrom'fhe vanadium. Therefore, a

much weéker oxygen peak was used.)

TABLE IV

Results of Auger Electron Speétroscopy

Alloy Oxygen/Metal Amplitude Ratio

As-doped = After diffusion
Nb-2.7V 0.12 0.09
Nb-0.97i 0.42 0,19

Pure V 0.72 10.09

3.2.5 Computer Simulation

The Nb-0.95Zr. alloy was chosen for detailed analysis by
the finite-difference method (as discussed in the Appendix)}
- For a given temperature, measured values were given for the

specimen thickness, "normal" diffusivity, and trap éoncentration.

"Then, réasonable values were selected and assigned to the
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(a)

(b)

Figure 25: Auger photograph 0
block attached, after 100 hours at 950°C.
(a) Absorbed-current image of interface region -
zirconium is on the right.
(b) Zr, 0, and V line scans.

s of the V-6.570 alloy, with Zr
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trapping. and release . coefficients. Experimental data points
for EMF(t) were put in for comparison. The computer program
then solved the diffusion equations and preéented the results
as-twq_calculated curves of EMF(t), one for simple diffﬁsion
and one for diffusion with trapping (59). The experimental
cufveﬁappeared on the same plot for compariéon. A typical
output is shown in Figure 26. In addition, the equilibrium
constant, K, relating trapped and untrapped‘cohcentrations,
was calculated for é given pair of trapping and release coef-
ficients. | ' |

If the slope of the computed EMF cﬁrve'differed from that
of the experimental curve, the trapping or felease coefficient
was changed and the procesé was repeated. Those vélues of the
trapping/release coefficient ratio that gave the best fit to
experiment are summarized in Table.V and'compared-to results

of,calculétions based on the Oriani Model.

TABLE V ‘ .
Results of Finite-Difference Method
Compared with Those . of Oriani Model

Temperature - Trapping coefficient 'EQuiiibrium Constant
dK Release coefficlent Frank ‘ oriani
1088 6.59 x 10721 1100 1736
1101 | 6.88 x 107 2% 1148 1590
1125 6.34 x 10”4 1057 ' 1359
1178 | 5.60 x 1072t 934 982
1231 . 4.60 x 1074t . 766 730
x 10721 622 587

1273 - 3.73 |
Trap Energy -0.4 ev -0.7 ev
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The temperature for this plot is 12?3 K.
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4. DISCUSSION

4.1 Equilibrium in the Niobium-Tantalum-0xygen System.

L.1.1 Raw EMF Data

The raw ENF data, Figures 4-6, for -all three niobium-
tantaiﬁm alloys were quite consistent, and with only‘one exception
(Nb-25Ta-0.20) showed very little scatter. The data for Nb-75Ta-
0.130 show the effect of electronic conduction which can occur
at very high temperatures and low oxygén activities. In this
case, the deviation from linearity became apparent at 1000° and
was proportional to the temperature increase above that point.

It was also time-dependent.

. The Nb-25Ta and Nb-50Ta data illustrate the EMF behavior
when a solubility limit is reached. For fhe Nb-25Ta alloy, it
may be concluded that below 850°C (1123°K) both the 1.94% and
3.64%.oxygen sahples are two-phase. Thus, both specimens have
equal oXygen activities and hence equal EMF. It should be noted
that 1.94% oxygen is not the true (equilibrium) solubility at
850°C, since the time required for precipitation of the_équili—
bfium-oxide phase would be very long. The oxide present in
theée samples no doubt has a composition corresponding to the
‘Nb:Ta ratio of the matrix, which is not necessarily the equili-
brium value for the oxide.

4.1.2 Thermodynamic Functions

Since oxygen obeys Henry's Law in pure niobium and tantalum

up to the solubility limit in each, it is not surprising that it



also obeys Henry's Law in the ternary alloys, Figure 7. It is

also not surprising that the standard entropy énd enthalpy of

formation of the 1% solid solutions vary almost linearly with

Nb:Ta ratio, Figure 9. It is believed that in niobium-tantalum

solid solutons the niobium and tantalum atoms are arranged

randomly (60); The chemical(prdperties of niobium and tantalum

are similar, and their atomic radii are withih O.l%.of each otﬁer.
The'oxygen partial pressure in equilibrium‘with a niobiume

tantalum solid solution coﬂtaining oiygen can be expressed as

' - follows: : .
R 2 2[?389ooo+45.5be

where R is in joules/mole-oK,'X's are in atomic'%, and PO is
in atmospheres. When an order-of-magﬁitude calculation'ig
sufficient, the following expression.gives the oxygen partialA
pressure (in Pa) ét the temperature T (OK) dver niobium, 

tantalum, or niobium-tantalum alloys over the range 600—110000:

1 : 20200 _
logxo—glqu02+ —g— -3:05

L.2 Oxygen Diffusion

4.2.1 Raw EMF Data

The measurements were.taken over a temperature range of
600-1150°C (873-1423°K). The EMF curve that had the greatest
slope represented diffusion of oxygen in pure niobium at 1000°¢.
Its 'slope, dE/dt, was -1.13 X 10_2mv/sec and corresponded to
D, =2.25 X 10_7cm2/sec. The curve that had the slowest rate of

- change represented diffusion in the Nb-2.7V alloy at 696°C (969°K).
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Its slope was -1.93 X 10'5mV/sec and -corresponded to D=3.56 X 10'10
cmz/séc.
To accurately measure values of dE/dt that varied over
three orders of'magnifude,the frequency of data collectipn varisd
from once every ten minutes to ohce every four hours. In general,
the curves formed fairly.straight lines after allowing an initial
period for the cell to establish equilibrium at each new
temperature. Occasionally, the onset of electronic conduction
would introduce a slight curvature to the line. This problem
was minimized by taking the highest—temperafure points first;
then, when the oxygen activity was lowest, the cell would be at
a more moderatébteﬁperature. Several specimens were uSed for
each alloy, and doubtful points on the Arrhenius plots were
retaken with ancther specimen whenever possible. |

4.2.2 Arrhenius Plots

The points on the curves ofAlogeD versus.l/T showed no
hysteresis, even though they were'taken in a skipping fashion
(i.e.,.iOOO, 800, 950, ... etc.) Thus, over the range of
oxygen concentfatibns studied, the diffusivity of oxygen is
indépendent of oxygen concentration, in agreement with the
-Observations of Perkins and Padgett (34).

Tﬁe data for the diffusion of oxygen in niqbium and vanadium
aré well—fepresented by straight lines. The agreement between
the valuesvreported in the literature (29,30) and those deter—
mined in this study is excellent. 'This is convincing evidence
in support of the assumpfion of nearly perfect oxygen removal

by the zirconium block.
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The. data for the six substitutional alloys are fairly

,well—represented by straight lines, although there is more
scatter present in the alloy data than in the data for the two
pure metals. There are two reasons for this: a) The reactive
solutes, Ti and Zr, lowered the oxygen activity so drastically
that electronic conduction was more of a problem in these alloys
than in niobium or vanadium, particularly at the higher tempera-
tures. b) At the lowest temperatures, diffusion in the alloys
was so slou that it was sometimes diffieult to measure'dﬁ/dt
accurately.

Oxygen diffusion in'each of the alloys was slower than
dlffu31on in niobium at the same temperature. In some cases,
the dlffu31v1ty was lowered by more than an order of magnitude.
This overall effect is many times. greater than the relative |
error of the individual data points.

'The data for Nb-2.7V and Nb-5.1V have a very sllght curva-~
ture. However, since all of the data points fall within a
relativelyAnarrow error band, it was decided not to attempt any
‘non-linear curve fitting for these alloys. It 1s significant
“to note that, using the Oriani model, all three Nb-V alloys

| . give the same value for the 0-V binding energy (-0.5540.05 eV).
Thus, it appears that the two-state model is valid to at least ﬂ
5% substitutional content, although the upper limit is probably
not much higher.

The Arrhenius plot for diffusion in Nb-4.1Ta does not follow
a line calculated by the Oriani model as well as do the data for .

the other alloys. This is discussed more fully in the following

section.
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4.2.3 Application of Theoretical Models

1. Oriani: The model predicts Arrhenius plots which appear
to represent the data fairly well, with the exception of‘Nb-4.1Ta.
The same 0-V binding energy was indicatedvby the &ﬂa'for each of
the three different Nb-V alloys studied. ‘The method of analyzingA

the data according to the Oriani model takes the follbwing form:

(equilibrium) K=§iE¥%iJ. (6)
(oxygen mass balance) 3N6n+3N-2XSQX=NXO

atom fraction substitutional solute

where XS =
XO = atom fraction oxygen (XO=O.OO5 was used.)
K = exp(-AE,/kT) - (8)

A value of.AEx was'chosen, and K was calculated‘at some tempera-
ture. An expression for 8, in terms 6f ex (obtained from the
mass balance) was substituted into equation (6) and the resulting
quadratic equation was solved for QX. The value of 8, was

calculated from the oxygen mass balance. Then,

_ 6n
D‘Dn9n+2x85&(1—9£7

gives the "predicted" D at the given temperature. When this
calculation is performed for several températures, an "Arrhenius"
line is obtained for constantlﬁEx. If this line does not repre-
sent the data, a new value of AE, is chosen and the procedure is

repeated.

The assumptions are thatZXEx is not a function of oxygen
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concentration, substitutional concentration, or temperature. ¢
These a8sumptions appéar to be valid for all solutes studied
except tantalum. .The data for Nb-4.1Ta can be closely approxi-
matedlby'a-straighf'liné, but it is definitely not any line
~predicted by the Oriani model for constant trap energy.f

Two possible explanations are: 4

a) The trap energy may be a function of temperature. To
explore this more fully, Figuré 27 shows thé result obtained
with the Oriani model, modified so that: | |

AE =(1.3 X 1073)(1-1370) " For 1370<1<1070°K
It can be seen that_thisicalculated curve fits the data fairly
well. This emphasizes the important point that the trap energy
may, in some cases, have an entropy'contriﬁution. 'The Oriani
model assumes'that the only entropy change is configurational.
If, however, there are other entropy contributions, then the
exponential in equation (8) could be temperature-dependent.

b) Tantalum and niobium are chemically similar, and are the
same size. Thus, tantalum may form such a weak trap that longer-
‘range effects become apparent (e.g., changes in the elastic
' properties_of thevalloy as a whole). 'This overall effect may be
small enough to be masked by stronger traps, such as Ti or Zr.

Clearly, future work should include a-re—examinatidn of this
alloy, and other dilute Nb-Ta alloys, to gain a better understan-
' ding of their behavior. Until more data are obtained for this

system, it seems most appropriate to treat this particular alloy
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like the others, but allowing a larger uncertainty in the trap
energy. |

2; Perkins and Padgett: Ih»general, this model was not as

satisféctory'as the Oriani model for the alloys studied. For

n
D

slope is then equal to Hb/kB and the intercept at 1/7=0 is

each alloy, a plot was made of 1n - 1| versus 1/T. The

equal to Sb/kB. However, when presented in this form, the scatter . o

‘becomes much more severe. The slope of this line can be calcu-
lated by a linear regression, but the correlation’coéfficieht ,
(fit) is not good. Also, from the temperature range of this
study, it is a dangerously large extrapolation to 1/T=0 to obtaih_
the binding entropy. |

The results of this model are summarized below and cbmpafed

to those of the Ofiani model :

TABLE VI

Comparison of Perkins and Padgett Model
and Oriani Model

Alloyi - "Hy" (eV) " E" (eV)
Perkins Oriani
Nb-1.4V -0.51 -0.55
 Nb-2.7V ~0.51 -0.53
Nb-5.1V -0.56 -0.55
Nb-0.97Ti ~0.53 . -0.7

Nb-0.952r -0.55 -0.7
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The failure of the Perkins and Padgett model to provide a
consistént value for the 0-V bihding enthalpy raises serious
doubts about its sﬁitability for these systems (oriat least for
these data.)' It is, unfortunatelj, Qery senéitive to errbrs in

the lowest-temperature data points, and it is just these“points

.that are often the least reliable. If data Were available of

the same aécuracy aé those for the pure metals, this modél would
no doubt be acceptable for calculating Hb. Still, calculations -
of Sb would not be very reliable unless the temperature range
were extended somewhat.

3. Finite-Difference Method: The resulté (59) obtained'ﬁy the
finite-difference method (51) for the Nb-0.95Zr alloy are
summarized in Table V and compared to the reéults of the Oriani
model. It can be seen that in terms of the trap energy,;the
agreement is hot good. When a plot was made of the logarithm

of the equilibrium constant (as calculated from k/p) versus 1/T

‘the result was definitely not a straight line. Thus, a least-

squares analysis to obtain the trap energy by equation (8) is
probably not valid. O0f course, the connection between the
equilibrium cpnstant and the ratio of the trapping and réiease
cdefficients may be less direct.thénAwas.previously thought. To

settle this question definitively, one would need to know more

‘about the actual structure of the trap, i.e., the height of

energy barriers and the depth of energy wells close to the
substitutional atom.
L. Summary: For the substitutional solutes considered in

this study (with-the possible exception of taﬁtalum) the Oriani
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model'appeérs to be the most useful. The simplifications that
distinguish it from the models of McNabb and Foster (48) and
Koiwa-(SQ) appearlto bg valid for the present alioys and
temperature range. Foliowing the Oriani approach, a change in
the trap energy of 0.05 eV produces a measurably large change
in the predicted diffusivity. Taking 0.05 eV as the minimum
uncertainty,.it'is encouraging to note that the 0-V .trap energies
caléulated'from the three Nb-V alloys (1.4 to 5.1%V) were all
in agreement. On the other hand, elements with greater trap
energies were readily distinguished'from vanadium. Thus, the
difference between:élements was large relative to their indivi-
‘dual uncertainties.

The data obtained in this study have provided é critical
test of thege models. The Oriani model proved most suitable
by distinguishing four different trapping elements, and at the
same tiﬁe "fecognizing" one element in three different éoncentra-
tions. |

b.2.4 cComparison with Other Reported Data

The difquion data for pure'niobiumband pure vanadium are

. in excéllent agreement with the results of previous work (29,30).
For niobium, a summary of the previous data (29) indicated that'
QNb=26100 cal/mole (109 kJ/moie). With the data from this work
included, the result is QNb=26400 cal/mole (110VkJ/mole){ or a
chénge of 0.8%. Perkins and Padgett (34) report a somewhat
lower value of QNb=259OO-cal/mole (108 kJ/mole). But, the
present results confirm their findings that the diffusivity of

oxygen is independent of its concentration.
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For vanadium, previous work indicated (30) a value of

QV=29800'cal/mole (125 kJ/mole). The addition of the present

'data results in the following value: Q'=29400 cal/mole (123 kJ/mole)

or a change of 1.4%.

"There is a wealth of 1iteratﬁre on s-i interactions in
various systems. The overall quality and accuracy are highly
variable, and there .are few datAAOn the alloy systems investigated f
in this study. To provide an overview of the sitﬁation; Table VII

lists some reported values for s-i binding energies in various

4lsystems.
| TABLE VII
Substitutional-Interstitial Binding Energies
Matrix = s-i Pair ' inding ener Reference
ev kJ/mole
Nb Zr-0 i >1.0 >96 33
Zr-N i - 0.31 30 36
Zr-0 d 0 0 34
Zr-0 d 0.7 67 Present work
Ti-0 d 0.7 67 PR ~
V-0 d 0.55 53 . "
, Ta-0 d 0.3 29 "
Ta ~  Re-N i 0.14 14 35"
Re-0 i >0.14 >14 35
Vo . .Ti-01i 0.26 25 41
. +0.4 439 :
A1-0 i 0.1k S k1
Be-0 i 0.27 26 M
Fe Ti-N i 1.3 125 61
V-0 d # 0.29 = - 28 37
V-N 4 * 0.25 25 37
. Nb-N 4 * 0.21 20 37
i = internal friction #1iquid solutions
d = long-range diffusion '
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Thére'have been several attempts in the past to develop
a model that can relate the s-i binding energy fo some easily
determined properties of the substitutional element (39-41).
The majdr obstacle in most cases is a lack of good data fdr a
sufficient number of substitutional elements. A second obstacle
seems to be the inclusion of so many parameters that the model
becomes unworkable. Sgkopiak and Smith thO) in particular have
tried to tie in éo many parameters that some simple relationships
among the data are overlooked. N
An added difficulty is the use of internal friction data to
estimate s-i binding energies. When a distinct s-i peak is
observed, interpretation is straightforward. However, there is
some disagreement in fhe literature concerning the interpretation
of data when fhere is only a broadening of the primary Snoek
peak (41)." A model cannot be based on data which some workers
interpret as attractive s-i interaction and others interpret as
s-1 repulsion. The data in the present study demand a less
equivoéal'interpretation,
| Before developing a model to explain the results of the
present study, it is necessary to understand the significance
and limitations of the parameterélEx. According to a strict
application of the Oriani model, it is ﬁhe etiergy différencé
between a normal interstitial site and each bf'the six "extra-
brdinary" sites surrounding the substitutional solute atom.
The assumpfioh is that NNN sites (cube edges) are normal sites.
This is probably not quite true. A recent  study (52) indicéted

the importance of 0-0 interactions between NNN and possibly up



76
to third-NN oxygen atoms. Thus, it is not unreaéonabie to
expect some interaction between the substitutional atom and
NNN oxygen atoms. The effect of including more sites asAtraps
is not large. (Adding all of the NNN sites would result in a
decreasé iﬁ the trap depth of only about 20%.) The important
thing to note is that these geometric considerations affect all
of the solutes equally, and thus do not interfere with the |
development of a predictive model based exclusively on data
obtained by this EMF-method. However, caution must be used
‘when trying to compare the present results to those obtained by
anelastic techniques.

With this qualification understood, it is now possible to
enumeréte the principles on which the present model is based.

1. Chemical affinity: If the substitutional solute has a
higher affinity for oxygen than the host elément, there will
be a s-i attraction which will be roughly proportional to the
difference in oxygen affinities. A quantitative measure of
oxygen affinity per se is not generally available, but a good
approximation is probably gi&en by the heét of formation of the
oxide, expressed in eV/oxygen atom.

2. Elastic interaction: The interaction between the strain -
fields of the interstitial and substitutional solute atoms
could result in an attractive or repulsive s-i interaction,
depending onvwhether the substitutional atom is smaller or larger
than the host afom.

3. Other effects: Parameters such as atomic compressibility,



A 77

afomic polarizability, or local chahges in the elastic modulus
of the host lattice are ignored. This keeps the model simple
enough-thaf possible non—linearities in the two major modes
of 1nteractlon could be determlned given data for a large enough
number of alloys.

The data for the four alloy syetems examined in this study
are presented below, along with the chemical afflnlty and size
mlsmatch terms for each. (Also 1ncluded are the values of these

parameters for hafnlum, and its "predicted" trap energy.)

TABLE VIII

Parameters Affecting Substitutional-Oxygen

Interactions in Niobium

Element ' Observed Chemicél SizelMismatch
Trap Energyé&E Affinity, A ‘ o
(ev) (ev) : (%)
Ta 0.3 ©0.13 0
v 0.55 0.13 I B
i 0.7 | 0.52 o0
- Zr - 0.7 1.39 +11.2
Hf (0.8-1.0)* 1.68 +10.5
*Predicted

i

The proposed model may thus be expressed by the following

general formula:

AEX=f(A.) + g(e) ‘ ‘ (38)

where ' A=Z§HNbo1ﬁHﬁo eV/oxygen atom (39)
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r -T .
__Nb "M , A (40)

and : €

Nb

where Iy is the atomic radius of the species X.

The present data are not extensive enough to determine
analytical expressions for f(A) and g(e), but from the results:
shown in Table VIII several observations .can be made. It can
be seen that Té and V are chemically similar, yet V is a strongef
trap, due to its smaller size. Zirconium, on the other hand,
has a greater chemical affinity for oxygen than titanium does,
but the elastic repuision due to its larger size partly offsets
the chemical attraction so that Zr and Ti have about'the same
trapping strength. It is interesting to note that Szkopiak and
Smith (40) report that hafnium is a stronger trap than zirconium.
On the basis of their complicatéd model, they cannot understand
how this can be so. But, that observation is in agreement with
fhe prediction.of the present model. | |

One difficulty that arises in using heats of formation to
lestimaté oxygen affinities is the large number of compounds that
some elements form, €.g., Vo, V203, VOZ’ V205, etc. The heéts
of formation of these COmpounds (in eV/oxygen atom) are all
différént; and the prediction of the model will depend on
which value is selected. If the value for the MO-type oxide
is used, a problem is then encountered with elements such. as
tahtalum, for which there is no stoichiometric compound corres-
ponding to TaO. (Szkopiak and Smith (40) introduced a great -
deal of cdnfusion by neglecting to divide by the number of

oxygen atoms. Thus, they compare Ta205 = 504 kcal/mole and
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NbO = 102 kcal/mole and cannot understand why tantalum isn't

a vigbrously trapping solute.)

ﬁasson and Arsenault (39) point out that‘the correlation
between heats of formation of the substitutional-element oxides
is not as straightforward in tha Group V systems as it is in tre
iron-based ternary alloyé. They suggest that this is dne to
the greater degree of clustering of 0-0 pairs in the Group V
alloys. |

One method of evaluating the elastic. term is given by
‘Hashizume and Sugeno (62). For the case of Si-N interaction in
iron, the value for the elastic contribution is given as

¢AEe=O.21 eV. ~ The following expressions were developed (62):
— 3

where C11 and 012 are the elastic constants .of the alloy and
Eq and E2 are the principal values of the strain tensor that
characterizes a nitrogen atom in a normal octahedral site, and

C is the lattice parameter} Also,
"I 3
o _1(rSi'rFe)
66 3 3
Fe

(42)

r

- When typical values are used for the case of oxygen in niobium,
the result is an elastic term of 2 to 3 eV. This term is
attractive or repulsive, depending on wheéther the substitutional
atom is snalier or larger than the Nb atom. The values calculated
by this.method seem high by about a factor of five. Blanter and

Khachaturyan (63) calculate the interaction between a vacancy
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and an oxygen in'a.NN position to be 0.4 eV. Since the vaeancy
can be thought of as the limiting case of a vefy smell substi-
tutional atom, it is unlikely that a real substitutional atom
(e.g., vanadium)_couldvinteracf elastically-to produce several
eV of elastic strain energy. At the same time, it is not clear
thaf»Blanter and Khachaturyen (63).are‘justified in using an
_elastic model, when they calculate NN atom displacements around
the oxygen to be 20% ofithe lattice parameter. o
| While there is disagreement concerning the magnitudes of
the elastic interactions, it seems cleér that a.smallef}atom
will attract an interstitial,.while a larger one will fepel the
interstitial, ceteris paribus. ‘

L.2.5 Microhardness Measurements

The micfohardness data for all three selected allo&s showed
the fellowing‘cheracteristics: | f

1. A substantial overall softening of the alloy af{er'contact
with the zirconium block at high temperatures.

2. A general downward trend in the hardness of the alloy
going toward the interface. |

3. A general'downward trend in the hardness of the zirconium
going away from the interface.
These three observations are consistent with the aesumptions
that the zirconium block is acting as a sink for oxygen and
-that the change in cell EMF with time is due to outward diffusion
of oxygen rather than precipitation within the sample.

The scatter in the data points is, in general, due to the
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fact that some of the samples afe probably two—pﬁase af room
temperature. This was a problem particularly when the Knoop
indenter was used. When the data were retaken with a 136°
Diamond Pyramid indenter and a somewhat larger load, this
source of error was decreased. The 136 1ndertor also reduced
the scatter that was due to the anisotropy of the polycrystalllne
zirconium block.

The data for the Nb-Ti-0 alloy, Figure 27, best show the.
variOus effects mentioned. ~ The hardness in the as-doped
conditien is substantially higher than the haidness after diffﬁ—
sion has occurred. To the alloy, the interface is an oxygen
sink. To the zirconium block, on the other hand, .the interface
is anxoxygen souree. The motion of the oxygern across the
interface is a good example of the phenomenon of "uphill.diffusionﬂ
firstAanalyzed in detail by Darken (64).

The data‘fer the Nb-V-0 alloy show the stme general trends,
Figure 23, but the scatter is more severe. The hardness profile
in the zirconium block is more well-behaved, because it 1s
probably stlll a solid solution at the end of the EMF run.

The data for the V-0 alloy, Figure 24, show a very great
decrease in hardness due to the oxygen loss. The final hard—
ness (~75 DPH)indicates that some oxygen is still freSent (65).
The wide variation in the hardness of the zirconium Bloek is
due to the formation of an extremely hard, brittle phase which
was seen to grow into the zirconium at an angle to the interface.

ThlS phase had a blocky or platellke morphology. A hardness
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profile that progressed normal to the interface could first
encounter this phase at some distance from the interfacé. This
resulted in some abnormally high readings at locations of .010-
.015 in. (.254—.381 mm) from the interface. ﬁhis effect was
not observed in the other two specimens, because the amount
of oxygen transferred was not great énough to cause the large
quantity of second phases;

It is interesting tolnote that the ﬁb—Ti—O alloy was doped
to 1.0% oxygen, while the Nb-V-0 alloy was dopéd to 0.6% 0.
These facts are in qualitative agreement with the observations
tﬁat; a) the Nb-Ti-0 alloy in the as-doped condition is harder
than the corresponding Nb-V-0 specimen, and b) there is slightly
more hardening in the zirconium block due to outward diffusion
of okygén from the Nb-Ti-0 alloy than from the Nb-V-0 sample.

4.2.6 ‘Auger Electron Spectroscopy

To compare the amplitudes of oxygen and niobium (as outlined
in Section 3.2.4) the 510 eV oxygen and 197 eV niobium péaks
were used. In tﬁe vanadium, interference from the 509 eV ‘

- vanadium peak made it necessary to use the weaker 490 eV oxygen
peak and the 437 eV vanadium peak.

The information obtained by the use of AES brovidéébciear
evidence that the‘zirconium is a very'efficient sink for oxygen.
It confirms the validity of the assumption that the mode of
oxygen removal is by outward diffusion rather than internal
precipitation. The striking agreement between EMF data,

microhardness data, and AES data can be seen in Table IX.
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IX

Comparison of Analytical Data

ave

Alloy Ciurface . DPHpipag ARfinal
Co . DPHinitial ARinitial
) Nb_2!7v O-5 0082 0172
| S ND-0.9Ti 0.5 0.62 0.45
o v 0.09 - 0.12. 0.13

#*Estimated from EMF data.

The good agreement between
and the AES technique indicates

tools are suitable for use with

Usihg‘the Auger microprobe

the microhardness technique
that both of these analytical
these alloys.

in the absorbed-current imaging

mode, it was possible to photograph theﬂsécohdqphase regions in

the zirconium block adjacent to

the V-0 alloy. These appear in

Figure 25(a) as light areas close to the interface.
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5, CONCLUSIONS

Oxygen obeys Henry's Law in niobium-tantalum alloys up to

‘the solubility limit of the first oxide phase. The

standard entropy and enthalpy of solution of oxygen in
tﬁese élloys are intermediate between those of oxygen in
pure.niobium~and-pure tantalum. - | | E

The oxygen partial pressure.in equilibrium with a Nb-Ta

solid solution containing oxygen can be expressed as follows:

| 38900045, 5X
2 2 : Nb
POZ_XOeXpﬁ[ 0 — + 60.9-0.055XNé]

where R is in joulés/méle—?K, X's are‘in atomic %,'and PO
is in atmospheres. | 2
The EMF-method is suitable for studying the transient
diffusion of oxygen in vanadium, niobium, and niobium alloys.
The diffusion of oxygen in several dilute substitutional
niobium élloyé ig -slower than it is in pure niobium. This
appears to be due to the trapping of oxygen atoms by the
sﬁbstitutional solute atoms. |

TheAeffect of substitutional-interstitial interactions on
the interstitial diffusivity can be approximately explained
by theoretical models that fake into account the concentra-
tion of substitutionél atoms and the binding or "trap" |
ehergj'associated with neighboring intérstitial sites.

The substitutibnal solutes examined in this study are,

“in order of increasing trapping strength: tantalum, vanadium,
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titanium, and zirconium.
The trap ehergy,does not appear to depend on thé substitu-
tional concentration, up to about 5%.‘ It is also not a
function of oxygen concentration. V |
The substitﬁtional-interstitial binding energy appears fo
be the sum of a chemical affinity term and an elastic term.
For all of the alloy systems studied, the net chemical |
affinity Wés attractive. .The elastic, or:"misfit" energy
was ‘attractive, neutral, or repulsive, . depending on the

size of the particular substitutional atom.

-
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APPENDIX

Thé éompﬁtér technique for analyzing diffusion with
trapping may be summarized as follows (59).

The genefal-equation for diffusion with trapping, as given
by the Caskey and Pillinger (51) treatment of the McNabb-Foster
model (48) is: |

—88—2+N-g—2=b V4

il

where : C concentration of diffusing species

N = traps per cm3
n = fraction of traps occupied
and . ‘ N§%=NKC(1—n)—pnN (conservation of
solute. atoms,
or, ~ ”. '§%=kc(1—n)-pn

where k and p are rate constants for trapping and release,
respectively, of diffusing solute at fixed trapping sites.
To simplify computation, the equations are written in

dimensionless form:

U SW _ 2 - ~
= t& = U 1)
8t Ot \ (1)
. ' SW _ _
and . . - Q= = \U - uW - »UW 2
o St H v . B (2)
where - : U=C/CO relative concentration of
' diffusing solute
W'=nN/Co relative concentration of

trapped solute atoms

rth/L2 : reduced time
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X=x/L " relative distance
A=NKLZ/D
A-p=pL2/D
V=CokL2/D
In these expressions, Co is some reference concentration, such
as the initial or surface concentration, and I is a reference
distance, such as the thickness of the'specimen.

At equilibrium,

Sn_ a
g;—kC(l—n)—pn—O
ke

Thus, _ n=p+kc

kCO
Inltlally{ no=§;ﬁag

To find the finite-difference solution, the thickness of

the plate is divided into M intervals. Define Ug.....Uo and

M
Wg-w..-W§ initially, and change the values at successive times:
Ug.....Uﬁ, wg.....wﬁ. This is dohe in the folloWing manner.

"Expand a Taylor's Series in time:

+1 _ | -1
Uy = Ut S

n
A‘r+ e 8 s 8 (Small thl-tl)'
m

This is done for both U and W.
Expand a Taylor's Series in space, and include the second

order .term:

: : ‘ n 24 |°
W, o= s U0 Ax + 32U ax)? = L.l (hoot.)
Solving n+1
’ N Vi e
SUE n _m etc.

St At
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Substituting these into equation (2):

| T (Un+1 2U+UT

m
.+m

At - A . (ij

A long-standing rule for solving such equations by the
finite-difference technique specified a relation between the size
of the time interval and thevsizerf the space interval:

Ar
(AX)?

<3

Generally, if this rule was not obeyed, the resulting. solution
“would diverge. A cbhtribution of Caskey and Pillinger.(51).was
to note that if some contribution from the future time- 1nterval
is mixed with the present value, the solution will converge,
even for larger values of Any%ﬁx) . This facilitates computation,
since the time intervals can be made larger.

The final result is:

m
+ T =

vUn+1_Un Wn+1_wn
m m _ [ o) Ug+1 2Un+1 Un+

At At (AX)?
(1-8) n
* (AX)Z'(Um+1-2[J;ll+Urlm—1)]
where 6=0.5 commonly.
'Also,
n+l on
WE Wy T ( Un+1 Wn+,1 Un+1wn+1) (1-8)( U e
‘—-—A—T—‘[ka. adit S " A Am"l“m‘”mm)}

Thus, 8 is the parameter that governs the mixing of past and
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future times.

After expansion and rearrangement, the following expressions

afe obtained;
-Ampm+1+Bmpm-Cmpm-1=Dm : ‘(3)
and qm=Rmp e

L 80cvy)

I“8w+mﬁyﬂlﬁy)
A -0

S =

™ B+ )+(1/AT)

where

Am=8
B —(AX ° 1+R_|+28
Ar |~ m
_ AX)?
Dm_Ug+1_2U2+U$-1_SmL7§%_

These eguations need only be solved for N Caskey. and

Pillinger obtained solutions to equation (3) such that:

A

S
E =— m>1
m B -ChnEn-1
. D +C F
and Fm:Bm-Cm m-1 m>1
: mEm—l
Then U$+1 =p +U_ and wf;*l =q, W)
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The fact thét Em and Fm are equal to zero at the surface
provides the initial values. At successive times, U and W are
~adjusted using the expressions above. |

The computer program written by Robert Frank (59) dalculates
the concenfration as a function of time for the appropriaté |
boundary conditions. The values of C(t) are then converted to
EMF(t) and plotted, along with EMF(t) for simple diffﬁsion (no
trapping)., The ratio of the trapping and release coefficients,
kX/p, is then adjusted until the slope of the calculated EMF(t)
curve matches the slope of an experimentally determined curve.
From the k/p values, the equilibrium constants and "tfap energy"

can be calculated and compared to the results of other models.
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