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I. INTRODUGTION ARND LITHRATURE SURVEY

Nickel-based alloys containing chromium are important for ser-
vice abt high temperatures in oxidizing atmospheres, so the oxidation of
pure and chromium-doped nickel has been studied extensively.

Pure nickel, after a period of initial oxide fo;mation, oxidizes
in accordance with the parabolic rate law at temperatures above about

1k Diffusion studies

700°C, indicating diffusion controlled oxidation.
in single crystal NiO at around 1200°c have indicated that the diffusion
coefficient of nicéel is approximately three orders of magnitude greater
than the diffusion coefficient of oxygen.s’6 Therefore the oxidatien of
pure nickel is seenmingly controlled by the motion of nickel jons through
the Hi0 scale which is compact.

The parabolic oxidation rate constant of nickel increzses rapidly

1,2,7-11  pe prevailing theoryl3

with small additions of chromium.
states that the presence of chromium in the NiO scale increases the
cation vacancy concentration and increases the diffusion rate of nickel
through the scale, This doping effect would be dependent upon the dif-
fusion of chromium into NiO from NiCr,0), particles.,

While the results of thé Fresent invesitigation should be pertinent
to dilute Wi-Cr alloy oxidation, the study is best characterized as
an investigation of the diffusion of an aliovalent dopant (cr3*) in the
lattice of an inorganic compound (NiO). Initially, the defect structure

of pure and Cr-doped NiO is discussed. Then the theory of diffusion of
1



2
divalent dopants in alkali halides is presented along with experimental
results wnich support the theory. ¥Finally, the results of investiga-
tions involving the diffusion of trivalent impurities in NiO are dis-

cussed,

A. HNi0O and Its Defect Structure

Nickelous oxide, Hi0O, has the NaCl-type lattice structure--inter-
penetrating face-centered-cubic lattices of nickel and oxygen ions--
vith a lattice parameter of h.l?é&ﬁ.lh Thermoelectric pouerls’16 and
electrical conductivity, Seebeck effect and optical transmission nea-
surements®! have shown that NiO is a metal-deficit, p-tyre semiconduc-
tor; therefore, vacancies exist in the nickel sublattice along with pos-
itive holes or N13+ ions, I-Iorin18 has proposed that the holes in NiO
exist in the 2p and 3d energy levels of the nickel atoms,

The degree of ionization of the cation vacancies in the nickel
substructure has been a subject of debate in the literature. If the

cation vacancies are doubly ionized, the excess oxygen 1ls incorporated

into the lattice by the reaction:
1/2 0y = Oy + V5 + 2he (1)

1
According to the notation of Kroger and Vink, Oy is a normal oxygen ion
1
on an oxygen site, VN; is a vacant nickel site with a charge of "“ninus
two" relative to the rormally occupied site, and h' is a positive hole

or Ni-t

ion, From the law of mass action, assuming the activity of OO
is unity relative to a "perfect NiO lattice standard state," the equi-

librium constant for Eq. (1) is given as:



) tnil #°

1/2
P
0,

K (2)

The number of defects is small compared to the number of lattice sites
so the activities of the defects can be replaced by their concentrations
(Henry's Law). If positive holes and doubly charzed cation vacancies
are essentially the only charged species in the lattice, the simplified

electrical neutrality condition becomes:

P = [vNi (3)
Substituting Eq. (3) into Eq. (2) and rearranging gives:

p = K3 o 16 (1)

Therefore the e;ectrical conductivity, which is directly prépoftional
toithe nole concentration, should be directly proportional to Po‘?l/'6 if
the cation vacencies are doubly ionized. In a similar manner the con-
ductivity can be shown to be proportional to P0 1/L if the vacancies are

2
singly ionized., A singly ionized cation vacancy is a vacant nickel

site with a trapped positive hole or N13+ adjacent to the vacancy. For
doubly ionized vacancies the positive holes are conpletely dissocliated
from the vacancies. However if trivalent impurity cations are present
in concentrations greater than the native vacancy concentration, the de-
pendence of the conductivity on P02 will be 1/4 for doubly ionized cation
vacancies and 1/2 for singly ionized cation vacancies. In Fig. 1 the

n
Kroger and Vink diagram for chromium-doped MiO for the case

[VN;] >£> Dﬁﬁ:l is shown. In Zone Il where the chromium-induced va-
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5

cancies predominate, p is proportional to Poalju, and Zone III where the
native vacancies predominate, p is proportional to 9021/6.

The first exitensive study of the electrical behavior of Hi0 was
rerformed by Baumbach and Wagner.19 Thney found the conductivity of
1/

NiO to be proportional to P02 s but the nickel used to form the oxide
samples contained small amounts of iron and manganese which might have

doped the lattice. Erorzo and Bransky and TallanEl also found a Pozl/h
dependence for the conductivity of NiO. The results of these investi-

gations were interpreted as indicating that singly ionized cation va-

2z has reported a

cancies are the predominant defects in NiO. HMitoff
1’021/'6 dependence of the conductivity of NiO., HMeier and Rapp23 have
observed the conductivity to be proportional to Poal/n where n approached
6 at temperatures above 850°c for high purity specimens and n approached
Iy for lower temperatures and less pure specimens. These results were
interpreted to indicate that doubly ionized cation vacancies are the
predominate defects in NiO--at least at temperatures above 850°C accord-

ing to Meier and Rapp. Tripp and TaiLla.nzLL

have recently reported a
P021/5 dependence for the conductivity. They interpreted this result as
indicating that the cation vzcancies are doubly ionized but that the im-
purity concentration of their specimens was too large to observe the
P021/6 dependence which would be expected.

In the present work the cation vacancies are assumed to be doubly
ionized, so that in pure NiO the defect equilibrium is assumedly described
by Eq. (1). The concentration of native defects can be calculated as a

function of the temperature and oxygen pressure using the cxpression ob-

tained by Tret'yzkov and Rapp25 from coulometric titration:



- . 1/6 |
[Vﬁi:] = 0,51 (POQ) exp (-19000 + 8700/RT) (5)
the expression obtained by Mitoff22 from gravimetric and conductivity
data:
‘ n 6
gl = o (Poz)l/ exp (~17800/RT) 6)
2l

or the expression obtained by Tripp and Tallan™ ~ also from gravimetric

and conductivity data:
[‘f'n':-.'_] eff = 0.168 (Poz)l/ 5 exp (~-19800 t 3500/RT) (7)

In Eq. (7) [VN;:]eff is the effective native vacancy concentration de-
fined as the difference between the actual vacancy concentration and the
vacancies created by the aliovalent impurities., The concentration of
thermally produced native vacancies calculated from these expressions
are tabulated in Table 1 for the temperatures and oxygen pressures used
in this work. From an analysis of the impurities in the MNiO crystal,
the concentration of native vacancies created by the presence of alio-
valent cation impurities, i.e. cations whose valence states differ from
that of the host cations, 6an be estimated. The concentration of native
thermal vacancies is rather low so that the aliovalent impuvrities of
even nominally pure NiO can be important in determining the actual va-

cancy concentration,

B. Cr-doped NiO and Its Defect Structure

The schematic phase diagram for the Ni-Cr-0 system is drawn in
Fig. 2. Some of the composition limits for the various phases are not

known, but the coexistence of the phases was obtained from the stability
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TABLE 1.--Concentration of the Thermally Created Native Hickel Vacancies
in 110 as a lunction of Temperature and Oxygen Pressure

T Pos [-_VIJ;{] 4 [VN;J o [Vu;] et

(°c) (atm) (cat frac) (cat frac) (cat frac)
. 1000 1.0 2.9 x 10 1.0x10% 6,9 x 1075
1100 1.0 5.1 x20% 1.7 x10% 1.2 x 107k
10™2 2.h x 10“h 7.8 x 10"5 4.8 x 102

1075 7.3 x 1070 2, 5 x 107 1.2 x 1079

1200 1.0 8.3x 10°% 2.6 x10% 2.0 x 107k
1072 3.9x 0% 1.2x10%  8.0x 107

1075 1.2 x 104 3.8 x 107 2.0 x 1077

1300 1.0 1.2 x 203 3.9x20"  3.0x 107"
10~2 5.8 x 104 1.6 x 10°% 1.2 x 107}

10~5 1.8 x 104 5.7 x10° 3.0 x 107

4galculated from expression of Tret!yakov and Rapp
bcaleulated from expression of Mitoff

CCalculated from expression of Tripp and Tallan

11 26

diagrams constructed by Giggins and Pettit bFrom the

and Ray et al,
phase diagram, NiCrzoh is shown to coexist with either NiO or Gr203.
When NiO is in equilibrium with NiCryQ) the defect equilibrium is

deseribed by:
. R . 11
NiCr,0 == hOo + Nigg + 2Cryd + V5 (8)

where GrNi is a chromium ion on a nickel site with an excess charge of



@ +Cr,O4

Cr

Fig. 2.--Schematic Phase Diagram for the Hi-Cr-O System.



"plus one.,!" If the concentration of native vacancies is greatly ex-
ceeded by the chromium ion concentration, the simplified electrical neu-

trality condition becomes:

o "
[oryi] =2 [nd (9)
Substitution of Eq. (9) into Eq. (2) gives:

o, 1/

*+11/2
[Crui ] /
so that the conductivity of Cr-doped NiO should be proporticnal to Pozl/h

and [Crl-’:;.] -1/2

mass action to Eq. (8) gives:

p = (2K;)/2 (10)

for doubly ionized vacancies., Application of the law of

.92
K, = (om:31° s (1)

a -
1\1101‘20,4

Because EiCrQOh is a relatively tight compound, its activity is essen-
tially independent of the activities of its component species. There-
fore the zctivity of NiCrZOh coexisting with Cr-saturated NMiO is approx-

imately uwnity for all P02. Substitution of Eq..(9) into Eq. (11) gives:
. = 1
[Cr“i] Saturation (2K3) /3 d f(Poz) (12)

so that the solubility of Cr in NiO should be independent of P02 if the
chromium ions are compensated by doubly ionized cation vacancies. From
the Pozl/h-dependence and the [prNijl"l/z-dependence of the conductiv~

ity of the chromium solubility which they observed, Meier and Rapp23 con-
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cluded that the experimental range of Cr-doped MiO existence is the
right-hand rortion of Zone II in the Krbger and Vink diagram shown in
Fig. 1.

Attractive coulombic force will exist between the negetively
charged cation vacancies and positively charged chromium ions which may
cause the two species to be associated as a complex. The long-range
coulombic interaction between unassociated chromium ions and cation va-
cancies can be calculated from the Debye-Huckel theory for concentrated
electroly‘bes.z7 The fact that the ions in a crystalline system can
only occupy discrete latbice sites as opposed to ions ﬁoving contin-
uously in a solution is not likely to be significant at small dopant
concentrations., At small concentrations the average separaticn between
charges is much larger than the lattice spacing so the discreteness of
the lattice site is not very important. From the Debye-~Huckel theory,
the electrical enexgy, V

s of the electrolyte solution is given by:

N,z 2 2K
. i S (13)

e
2 DL+ K ai)

e

where Ni is the number of ions of each species present in the electro-
lyte, 24 is the valence of each species, e is the charge of the elec-
tron, D is the dielectric constant of the electrolyte, a; is the char-

acteristic diameter of each species, and K is the Debye-Huckel screen-

ing constant which is defined as:

’% 3 ( DkT )1/2 (1)

2 .2
> n
8e in:'zl
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Therefore in Cr-doped NiO, in addition to the chromium ions and
cation vacancies, there will be an equilibrium number of complexes

formed between the chromium and vacancies in the lattice.

C. Diffusion Theory

When a particular cationic species diffuses in an MX crystal lat-
tice, the rate of diffusion is dependent upon the number of cations of
that species which are cap:ble of moving. If the species diffuses by a
vacancy mechanism, then only those cations which have a vacancy on one
of their nearest neighbor cation sites are capable of a diffusion Jump.
For the case of completely random or uncorrelated self-diffusion, the

diffusion coefficient for the random walk analysis is given by:28

i

'D =(1/6)T" r? (15)

where T' is the average number of Jjumps made by every ion in unit time
and r is the jump distance. The average number of jumps is given by
Zxw,, where x is the concentration of native cation vacancies, 2 is the
coordination number of the cation sublattice and w,; is the jump fre-
quency for the exchange betueen a cation and a cation vacancy. For
self=-diffusion, the number of cations which are capable of migration is
given by Zx which is the number of cation sites adjacent to cation va-
cancies at nearest neighbor sites,

Tor the diffusion of impurity cations of the same valence as the

host cations, the diffusion coefficient is given by:
D =(1/6) T¥%r (16)

where f is the correlation factor which accounts for any interdependence
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between successive jumns of the impurity ions. In this case the average
number of jumps is given by ixcw 5 where ¢ is the concentration of the

impurity and @, is the jump freguency for the impurity-vacancy exchange.

2
For a vacancy-imgcurity pair, the correlation factor is approximately:29
w
W
1+
Substitution for T° and f in Eq. (2) yields:
W 1Wo
D =(1/6)2xc (————) r? (28)

In this case the number of impurity ions which are able to move is given
by Zxc where Zx is the number of cation sites which are nearest neignbor
sites of the native cation vacancies and ¢ is the fraction of these
sites which will be occupied by impurity ions,

For the diffusion of aliovalent cations, the situation is more
complicated because gross electrical neutrality must be maintained in
the crystal and there will be a coulombic force between the impurities
ard vacancies. The concentration of aliovalent impurities which are
able to move is.dependent upon the concentration of cation vacancies and
tﬁe coulombic force between the impurities and vacancies. Therefore
the diffusion coefficient of aliovalent impurities would bhe expected to
be dependent upon its owm concentration,

For divalent impurities in alkali halides, e.g. Cd2+ in NaCl,

each cd<* present in the lattice is compensated electrically by a cation
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vacrney vhich is singly charced, Therefore the vacancy concentralion is

increased and the electrical neutrality condition beconrtes:

[oa] = [vwa] (19)

where in the Kroger and Vink notation CdN; is a cadmium ion on a sodium
" site with a ® plus one ™ charge relative to a normally occupied so-
dium site and VN; is a vacant sodium site with 2 " minus one " charge
relative to a normal site. Also because the vacancies and cadmium are
of opposite cﬂarges they will be atiracted to each other. In this case
the number of impurity ions capable of migration will be affected by the
increase in the vacancy concentration with the cadmium concentration and
the attractive force between cation vacancies and cadmnium ions,

Up the basis of the association model of Stasiw and Teltow,30

+ . =
2 in NaCl assuming

Lidiard?® theoretically treated the diffusion of Cd
that: 1) complexes are formed between the cation vacancies and cadmium
ions hecause of the attractive force between them, 2) 2 complex is cre-
ated when a vacancy and a cadmiwa ion are on nearest neighbor cation
sites, 3) cadmium moves only when it is in a complex and therefore the
complex is considered to diffuse as an entity, and lj) the complexes are

tightly bound, With these assumptions, the one-~dimensional flux of

cadmium is given by:

J = ~Dyd_(¥pec) (20)

a_
ax

where D, is the diffusion coefficient of the complex, ¢ is the cadmium

concentration, p is the degree of association between the cadmium and



N

vacancies, and N is the number of solvent cations. The degree of asso-

ciation is obtained from the association reaction:

. 1
cha * Vya = (CdNavNa) (21)

where (0dp,Vy,) is a cadmium-vacancy complex. Application of the law of

mass acticn to Eq. (21) yields:

Keq = [CanaWua)] / [oanzl [vua] (22)

with the assumption tihat Henry's Law is obeyed so that concentrations of
the species can be substituted for their activities. The equilibrium
constant can be expressed as a function of temperature and Eqg. (22) be-

cones:

= Z exp (A G°/RT) S (23)

pec
(¢ = pc) (¢ - pec)

where 7 is the number of distinguishable configurations of the complex
and A G° is the energy of association of the complex. Lidiard has as-
sumed that the rative vacancies can be ignored, and p is called the "de=-
gree of association" and is defined as the number of cadmium ions ex-
isting in conmplexes divided by the total number of cadmium ions present.,

Because cadmium ornly moves when in a complex, Eq. (20) can be
wfitten as:

J = -Dg %_ (pe) g_x (Ne) | (2L)
c

where d_ (lic) is the cadmium corcentration gradient and d_ (pc) is the
dx dec
change in the concentration of complexes as a function of the cadmium
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concentration., The diffusion cocflficient for cadmium is then given by:

D.,=D (pc) (25)

d
cd D-a-a

and the concentration dependence is contained in g (pc). UWnen the com-
dec
~ plexes are tightly bound, the dissociation-association equilibrium need

not be considered explicitly so that the factor d_ (pc) contains the

de
whole of the concentration dependence of Dy4. By evaluating d_ (pc),
de
Lidiard obtained the concentration dependence of DCd to be:
Doq = Do {1 - [1+ 18 cexp (AGO/RD)] "1/2} (26)

At the low-concentration, high-temperature limit, i.e. for a high depree
of dissociation, DCd is directly proporticnal %o ¢, and a2t the high-con-
centration, lovw-temperature lirit, i.,e. for a high degree of association,
Dpq approaches L.

Lidiard!s model has been fit to the experimental results for sev-
eral systems involving divalent impurities in alkali halides. For the
diffusion of Cd?* in Ag3r Y, Pbet in ke132, ca?* in k€133, and Pbe* in
NaClBh, Eg, (26) has been fit to the experimental results to describe
the concentration dependence of the inpurity diffusion coefficient. To
make this evaluation of Lidiard‘'s theory, the local diffusion coefficient
along the concentration profile was obtaired from the appropriate solu-
tion of the diffusion eocuation. The diffusion coefficient at various
concentrations was placed in Eq, (26) and AG® and D, were calculated
using a method of successive approximations, From the average values of

D, and AG® for data from a diffusion profile, the theoretical depen-



16
dence of the diffusion ceefficient upon the impurity corcentration can
be obtainred. The theoretical model fit the experimental results very
well in the systems mentioned, and in each case the conclusion was of-
fered that the impurity diffused by impurity-vacancy complexes.,

Therefore, in compounds with very ionic bonding, the rate of dif-
fusion of an aliovalent impurity which diffuses via a vacancy mechanism
is dependent upon the concentration of impurity-vacancy complexes pre-
sent at a given temperature and impurity concentration. The basic as-
sumptions of the diffusion mechanism of complexes are that the impurity
diffuses via vacancies anrd the attractive force vetween the impurities
and vacancies causes an eguilibrium concentration of stable complexes

to be present in the lattice, l

D. Diffusion Studies in NiO

The self-diffusion of nickel in NiO has been studied by several
investigators. Choi and I-Ioore35 have reportéd the activation energy of
nickel self-diffusiorn in WNiO as 45.6 keal. However they reported that
the concentration of trivalent imrurities in their crystals was compar-
able to the total cation vacancy concentration. At temperatures greater
than 1100°C, Shim and Moore? reported an activation energy of LlL4.2 kcal
but they did not mention the impurity content of their crystals. Over
the temperature range 740°-~1),00°C, Lindner and Akerstrom36 obtained an
activation energy of 56.0 kecal. Crow37 reported an activation energy of
54,7 kcal from 1100°-1L00°C in crystals with a very low aliovalent im-
purity content., Crow also observed‘a Poz-dependence of the self-dif-

fusion coefficient which indicated that the cation vacancy concentration
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was determined by the oxygen pressure. The lower activation energy
probably applies to the case where the cation vacancy concentration is
constant and determined by the aliovalent impurities, i.e. extrinsic be-
havior. The higher activation energy probably applies to the case where
the cation vacancy is in egquilibrium with the temperature and P02’ i.e.
intrinsic behavior,

More recently the diffusion of impurities, i.e. cobalt, iron, and
chromium, in NiC has received attention.BT’bo Seltzerho has studied the
diffusion of Slcr into Ni0 by evaporating a small amount of 5lCr onto
the NiO surface and then annealing the crystal. From analysis of the
diffusion profile the diffusion coefficient was concentraticn-dependent
at high chromium concentrations which. Seltzer attributed to the self-
doping effect of the chromiﬁm. At low chromium concentrations, the dif-
fusion coefficient was found to be constant presumably because the num-
ber of vacancies created by the chromium ions in the lattice decreased
with the chromium concentration until the native defects predominated
and the doping effect was negated. Considering only the concentration-
independent portion of his diffusion profiles, Seltzer obtained the fol-
lowing Arrhenius-type equation for the diffusion coefficient of chromium

in Ni0O as a function of temperature:

D=9,3x 10~> exp [:-hT.O + 3.0 keal ome (27)
RT sec
Sirce this value wos obtained from the low concentration region where
significant selfl-doping should not occur, D can be considered to be the

self-diffusion coefficient of chromium in NiO.,
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Gre;kovichBB has also studied the diffusion of chromium into HiO

by contacting a NiO single crystal and a Cr203 pellet and allowing the
NiCr20LL spinel to form at the interface. The interdiffusion of chromium
from the NiO-NiCraoh interface into the NiO crystal and of nickel in the
NiO to the NiO-NiCrQOh interface was measured while the spinel layer was

growing., The interdiffusion coefficient is defined as:

D= (NNiDCr + NCrDNi) (28)

where lj;; and Ng, are the cation fractions of nickel and chromium, re-
spectively, and Dy; and Dg, are the diffusion coefficients of nickel and
chromiumn, respectiveiy. Qreskovich found the interdiffusion coefficient
to be directly proportional to the mole fraction of Cr203 in the NiO and
the diffusion of chromium to be the rate-determining step in the counter
diffusion of nickel ard chromium in NiO. These results lead to the con-
- clusion that chrémium diffusion in NiQO is dependent upon its own con-
centration. Py extrapolation of his linear plots of the interdiffusion

coefficient versus cnromium concentration to N, = 0, Greskovich ob-

Cr
tained the following Arrhenius~type equation for the self-diffusion of

chromium in essentially pure NiO:

D= L.k x 1072 exp [ -55.0 kcal] (29)
sec

37,39

The diffusion of iron in NiO has also been studied and in-
dicated that iron also acted as a self-dopant. Crow37 found that the
diffusion coefficient of iron in NiO was nearly independent of the oxygen

pressure, This result indicated that iron assumed the +3 valence state
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and therefore created cation vacancies when dissolved in Fi0 in a con=-
centration which exceeded the number of native defeéts. The iron re=-
tained a plus-three valence over the experimental P02 rarncze and negated
the oxypen pressure dependence whlch would otherwise determine the na-

tive vacancy concentration and effect the diffusion coefficient.



IT. STATEMENT OF PURPOSE

The principal purpose of this investigation was to examine theor-
4

etically and experimentally the diffusion of a trivalent impurity ion in

a divalent oxide lattice. In contrast to the previous work in compounds

with very ionic bonding, MiO exhibits predominate electronic (p-type)

conduction, and the bonding is rather covalent. The mechanism involv-

ing complexing of the impurities with cation vacancies is tested and

evaluated from the experimentzl determination of concentration profiles

of SlCr into Ni0 in the following manner:

a)

b)

d)

an empirical determination of the diffusion coefficient of
chromium as a function of the chromium concentration is made
from the experimental diffusion profiles,

determination of the dependence of the concentration profiles
upon the oxygen activity is nade,

the data are fit to a modification of the Lidiard theory to
get the bonding energy and diffusion coefficient of the com-~
plexes, and the equilibrium concentration of complexes is
calculated,

a comparison of the experimental concentration dependence of
the chromiwm diffusion coefficient to the theoretical func~

tional form of the theory is made.

20



III., THEORY

When a trivalent cation, F3+, is dissolved in an MX lattice where
M and X 2re divalent and MX has the NaCl type crystal structure, the F3+
ion occupying an M site possesses a charge of ;1 relative to the nor-
mally occupied site, In order to maintain electrical neutrality in the
crystal, either negatively charged ionic or electronic defects must be
created, For the case treated here, the assuﬁption that fully charged
cation vacancies are created is made. If the concentration of native

defects in the crystal is greatly exceeded by the impurity-created va-

cancies, the electrical neutrality condition is:

¢ = [Peord = [yl =20v;] | (30)

where Vﬁ denotes a vacancy on an M site which has a charge of "minus
two" relative tc the normally occupied site and Fﬁ'denotes an F ion on
an V. site which has a "plus one" charge relative to the normally occu-

pied site.

A, Eguilibrium and Complexing of F3+|i§ Divalent MX

Because of their opposing electrostatic charges, an attractive
coulombic force exists between the cation vacancies and the F ions. An
association or complex is éaid to exist when a cation vacancy and ¥ ion
are on nearest neighboring cation sites., Because the charge on a vacancy
is "minus two" and the charge on an F ion is "plus one," two simple types

21
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of complexes can exist--one type consists of a vacancy with one F ion
on a nearest neighbor cation site which could result in a complex with a
"minus one' charge, and the other type consists of a vacancy with two F
ions on nearest neighbor sites resulting in an electrostatically-neutral
complex, These two types of complexes, along with several others which
are disregarded because_they involve the occupancy of second-nearest-
neighbor sites, have been observed by electron spin resonance studied in
specimens of chromium-doped NiO at room temperature.hl
The two types of complexes should exist independently and simul-
taneously in the lattice; in fact, according to the tempersture, an
equilibrium concentration for each complex and for free dopants and va-

cancies exists. The first type of complex--which will hereafter be re-

ferred to as the two-member complex--is formed by the reaction:
| ] .
V;_I + Py = (VMFM)' (31)

A vacancy and an impurity ion which are initially unassociated,
i.e. at next-nezrest-neighbor sites or farther, react to form a two-mem=-
ber complex, Application of the law of mass action, an approach con-
ceived by Stasiw and TeltowBo and applied by Lidiard28 to complexes in

alkali halides as previously mentioned, yields:
K, (0) = Qw7 Dl [w:] (32)

where the brackets represent concentrations (moles/cmB), and KQ(T) is a
function of temperature only. If at ary given temperature in a unit
volume there are n, impurity ions existing in two-member complexes and

N, total impurity of dopant ions, Eq. (32) beconmes:



23

K, (1) = N, 1o / (Np = ng) (1/2 lip = np) (33)

vhere N, is the number of solvent cations, and the revised electrical

neutrality condition is:

2 [l + [omo'] = (F] # [Feond (34)

Lidiard has considered the Helmholtz energy (F) of an alkali
halide crystal which is perfect except for one type of aliovalent cation
impurity. By .assuming that the vibrational term of ¥ is independent of
the arrangement of the impurities in the lattice, and ty considering an
impurity content low enough to neglect the mutual interactions of the

unasscciated charges, Lidiard derived the equilibrium constant given by:

Ky (T) = 2, exp (AG,° /RT) (35)
where 22 is the number of distinguishable orientations of the complex
and A (}20 is the Gibbs free energy of association of the complex. A Go°

is defined as the work gained at constant temperature and pressure in
bringing a vacancy from a distant position to a nearest neighbor site of
an impurity ion.

For the NaCl crystal structure of NiO, Z, is the number of near-
est neighbor cation sites in the nickel sublattice which is 12, The
combination of Egs. (33) and (35) with the result expressed in terms
of cation fraction and p, the degree of association, yields:

P = 12 exp ( AG,°/RI) (36)
[Fiot] @ - 5,)(1/2 = by)

where the cation fraction of the chromium impurity is
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F’tot = NF/ Nc (37 )

and the degree of association for the two-member complex is defined as

by, = nz/NF (38)

The second type of complex - referred to hereafter as the three-

member complex — is formed by the reaction:

] « :
Vi * 2Fy = (F V) (39)

and again application of the law of mass action states that:
1 - 2
Ky (T) = L)l /7 [ed [FM] (LO)

rewriting Eq. (LO) in terms of Np, N,, and ng which is the number of im~

c’

purity ions existing in three-member compleites gives:
= N2 3
Ky (T) = N;° n3 / (Np = n3) (k1)

and the electrical neutrality condition is again given by Ea. (30).

Again Ki (T) can be shown to be:

Ky (T) = Z; exp (4 G4°/RT) _ (L2)

3

where ISGBO is the Gibbs free energy of association for the three-member
complex,

There are 66 possible configurations of the three-member complex;
however, only 6 of these configurations are linear arrangements which
result in a stable electrostatic force distribution., Therefore the

assumption is made that the probability of the complex existing in one
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of these six stable configurations is much greater than the probability
of being in one of the other 60 unstable configurations, and Z3 i§ as-
sumed to be approximately six. The combination of Egs. (41) and (L2)
with the result expressed in terms of cation fraction and degree of

association yilelds:

s = 6 exp (40,°/8T) (13)

[Ftot] @ - 1’3)3

where P3 is the degree of association of the three-member complexes

ny 2 [(FVR )]
P3 = - =

Kp [Feop ]

()

The two types of complexes have been considered to be independent,
but in a2 real lattice the formation of the two types will be inter-
related at most temperatures. From consideration of only the coulombic
forces between the vacaﬁcies and impurities, the enthalpy of formation
of the three-member complex is slightiy less than twice the enthalpy of
formation of the two-member complex. Because polarization and short-
ranée, closed-shell interactions are not considered but may increase the
enthalpy of formation of the three-member complex relative to the two~
member, A G2° is as‘sumed to be approximately 1/2AG3°. Then at very low
temperatures the three-member complexes should predominate. At higher
temperatures the two-member complexes should predominate because the

entropy contribution tends to dissociate (randomize) complexes. On this

basis, the following four zones would be expected in a plot of Py and P3
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as a function of increasing temperature at a given impurity concentra-
tion: (1) Zone I — all tﬁe vacancies are in three-member complexes;
(2) Zone II — all vacancies are either i? three- or two-member com-
plexes; (3) Zone III — vacancies exist in two and three-member com-
plexes but also unassociated; (L) Zone IV — vacancies exist in two-
member complexes and unassocizted.,

In Zone I, the degree of association of three-member complexes,

which is obtained directly by solving the cubic equation for P3 which

results from Eq. (L43), is given by:
1/2_1/3

1 1 1
p3=1+{-__+( + ) } +
hx?

2X 27%3

1/2..1/3

P 1 1
{— Co- ( . ) ws)
2X L2 27x’

where
X =z, [Ft.ot) 2 exp (A, °/RT) (46)

Zone I will occur only at very low temperatures where X will be very
large, The degree of association of the three-member complexes will
therefore be essentially equal to one throughout Zore I, and no two-
member complexes will be present. |

As the temperature is increased the three-member complexes will
be broken up by thermal vibrations, and both two- and three-member com-~

plexes will coexdst along with unassociated impurity ions. The coexist-
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er.ce reaction is:

S B
(FT,) + ¥y = (FVFy) (L7)

The law of mass action yields:

Ky7(T) = 1/2p3 (LB)

(1 - Py = P2) (Pz) [Ftot]

and the temperature dependence of KII(T) is:

K (T) 2z
Kpp(2) = > = 3 exp (A6,°/2r1) (19)
K (T) 2

The degree of association of the two- and three-member compleses
is obtained by solving two simultaneous equations, The first equation

vhich is obtained by combining Eqs. (48) and (49) is:

2 1/2
P 1 P P 1 p
P2=-_3+_::(_f_—__3,+__—_?_ (50)
2 2 L 2 h 2y
where
25
Y=_2 [Ftot] exp ( AGBO/ERT) (51)

29

The second equation which arises from the fact that all of the vacan-

cles are assumed to be in complexes is:
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P3 + 2P2 =1 (52)

Eqs. (50) and.(Sl) define the degree‘of association in Zone II,
but as the temperature is further increased the thermal vibrations will
also break up the two-member complexes so that two-member complexes,
three-member complexes, unassocilated vacancies, and unassociated impuri-
ties will all be present in the lattice. The coexistence reaction for
this system is: |

3 Fy+ Vg (Fvy) & 2 (FyyVyFyy) (53)

The application of the law of mass action for this reaction yields:

(1/2 p )?
Kppy(T) = (5k)

[?tot:]3 (1 -py-~ p2)3 (1/2 -~ 1/2 py - p,) (p,)

and the temperature dependence of KIII(T) is given by:
7 2
- . - 3 )
Kppp(T) = K (T) * K (D) exp (+34G,°/23T) (55)

%

In this zone, p, will generally be from one to two orders of mag-
nitude greater than p3. Because the two-member complexes predominate,
P, is calculated from Eg., (56) given for Zone IV, and p3 is calculated
by equating Eq. (5L) to Eq. (55). This calculation then yields only
approximate values of p2 and p3, but the approximation is very good

when p2§>p3.

As the temperature becomes very high the number of three-
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member complexes becomes very small, and in Zone IV the assumption is

made that only two-member complexes exist. The degrec of association

of the two-member complexes, which is obtained directly from Eq. (36),

is given by:

1/2
1 1 3 1
P2=3+ - ___+__.+___ (56)
L, 2v 16 Ly T
where .
V=2, [P d exp ( A 63°/2RT) (57)

From Eqs. (45), (50) ard (56) the degree of association of two-
end three-member complexes can be calculated and plotied as a function
temperature at a given impurity concentration. In Figs. 3-6 the degree
of association is plotted versus RT/.AGBO for increasing impurity con-
centration., The four zones are indicated by the vertical dashed lines.
The dashed lines to the zone boundaries represent the actual solutions
to the appropriate equations for each zone, but the discontinuities at
the zone boundaries must be removed, The transition from one zone to
another was obtained by visually smoothing the curves so the solid lines
represents the degrees of association as a function of temperature as a
smooth curve. The maximum for p2 moved to higher temperatures as the
concentration increased, and at temperatures above the maximum, the two-
member complexes predominate, At low temperatures the three-member com-

plexes predominate bul decrease rapidly as the temperature increases in

Zone II.
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B. Diffusion of Aliovalent Impurities

As previously discussed Lidiard has shown that the diffusion co-~

efficient of a divalent impurity in an alkali halide is:

DF = Do dpc (56)
dc

This result applies to only two-member complexes and therefore describes
the diffusion in Zone IV for the trivalent impurity in a divalent MX
lattice. In the other zones, both two- and three-member complexes are

present, and the diffusion coefficient becomes:

dp.c p.Cc
D =D_(3) 2 +D_(2)a 2 (59)
F ° de ° dec

In order to evaluate DF’ the diffusion coelficients of the complexes,
D (3) and Dy (2), must be obtained.

As given by lLidiard, the diffusion coefficient for the two-member

complex is given by:
D, (2) =(1/6)T'r’s (60)

where'T1 is the number wvacancy-impurity exchanges per unit time, r is
the jump distance and £ is the correlation factor. Because r is ﬂ2a
whnere a is the MX lattice parameter, T is Wy and the correlation fac-
tor is 6J1/6)1.+ &Jz, Eq..(60) then becomes:

Wy,

D, (2) = a2

3 le +QJ,

(61)
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If the ionic radii of F3* and M2' are nearly similar, the trivalent
charre of the F impurity would cause the potential energy barrier for an
F~Vy, jump to be reater than for an M-V, jump; therefore, &.)2<< &./l, and
Eq. (61) reduces to:

D, (2) = 2w, (62)

3

The diffusion of 2 three-member complex is a more difficult process.
For the complex to travel in the lattice, the vacancy would have to
follow a cycle similar to that depicted in Fig. 7. The plane of the pa-
per corresponds to a close-packed {111} plane of the M sublattice,
For this diffusion sequence, the three-member complex is considered to
exist when one of the F impurities is on a nearest neighbor site of the
M vacancy and the other F impurity is at least on a fourth nearest
neighbor site of the M vacancy. The cycle in Fig. 7 could be divided
into two steps, from a) through d) and from e) through h). These two
partial steps are similar to the diffusion of two-member complexes; how-
ever, the jump f£equencié$ will vary greatly for the jumps in a), d) and
e), so no comparison of the diffusion coefficients for the two complexes
seems possible, The assumpticn that the correlation factor for the
three-member complex is roughly the square of the correlation factor of
the two-member complex can be made because the three-member complex
moverient can be divided into the successive movement of two member com-

plexes, Eq. (59) then becomes:

2
& a dp,c W dp_c
DF = ___j_. —Wo- 2 + Do' (3) 1 3 (63)

Cdl+C¢J2 3 dc w]_‘-lh-wz de




Fige Te.~~Schenatic Diagram of the Jump Order for Diffusion of
a Three-member Complex.,
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where DD' (3) is the diffusion coefficient of the tiree-member complexes

-

with the correlation factor removed, When a)22> W 12 the contribution
of the three-member complexes will be extremely small compared to that
of the two member complexes., UWhen cu2<< 0)1, which is the expected
case, both types of complexes may contribute to the impurity diffusion.

In Eg., (63) the concentration dependence of D, is contained
entirely in dpzc/dc and deC/dc because G)l and G)2 should not vary with
the impurity concentration, Therefore the evaluation of these gradients
becomes necessary. In Table 2 the number of complexes are tabulated as
a function of impurity concentration at constant temperature., The
values of Po and P3 used in the table were taken from the curves in
Figs. 3-6. From the data in Table 2, a divided difference table for p2c
and p3c as a furction of ¢ at constant temperature can be created, and
the calculation pf dpzc/dc and dp3c/dc is then possible usiﬁg the deriv-~
ative of the Newton formula for divided differenceshB. An analytical
solution for dp2c/dc or dpjc/dc is possible only when one type of com-
plex is present in the crystal, At low temperatures dp3c/dc may be de-
seribed analytically. The concentration dependence of Dy can now be de-
termired from the concentration dependehce of dpac/dc and dp3c/dc.

In Figs. 8-11, dp2c/dc and dp3c/dc arefplotted as a function of
concentration from the results of the divided difference table at several
temperatures, If the three-member complexes predominate, at low tem=-
peratures DF would rapidly approach a constant value, D, (3), as con-
centration increases. At higher temperatures, Dp would increase approx-
imately lincarly with the conrcentration. If the two-member complexes

predonirate, at low temperatures D_ would increase rapidly to a maximum

F



38

TABLY 2.--Concentration of Two- and Three-member Cowmplexes as a Function

of Temperature and Impurity Goncentration

RT/A G3° ='o.05 RT/AGBO = 0,1
Conc PsC " Pye Poc Pac
(cat frac) (1071 (10“‘1* (10'll (10"1‘
cat frac) cat frac) cat frac) cat frac)
1074 0.37 0.283 0.071 0,001
5 x 1074 1.12 2.75 1,035 0.055
10~3 1.7 6.58 2,681 0.30
5 x 1073 L.25 hl.0 20.L 6..80
1072 7.0 85.0 - 38.8 22,3
10~ 22.0 956 201 " 598
.15 23.2 1hlo 2:58 985
RT/AGBO = 0.2 ' RT/A63° = 0.3
Conc P,C p3c PoC p3c
(cat frac) (107l (20-l (r0~4 107k
cat frac) cat frac) cat frac) cat frac)
107l 7.1x 12073 9,1x10° 3.2x103 1.6 x10%
5 x 1074 0,165 0.001 0.076 1.95 x 1078
10~ 0,60 0.007 0.29 1.5 x 107>
5 x 1073 9.30 0.425 5.50 0.128
1072 - 25,9 1.90 14.8 0.69
10~t Lo2 190 397 39.1
.15 560 3861 637 153
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and then decrease. At higher temperatures, the maximum would gradually
disappecar, and DF would increase with concentration and approach
1/2 D, (2) asymtotically. The limit is 1/2 D (2) because only half of
the impurity ions in the crystzl can be associated with the vacancies
when all the vacencies exist in two-member complexes.,

ks showvm in Fig, 7 the series of Jumps necessary for the diffusion
of a three-member complex is very restrictive. If Q),a >> cul the con-
tribution of three-member complexes has been shown to be very small from
consideration of its correlation factor., In the expected case,
VP K w 1 the vacancy will move rapidly around the impurities and tae
correlation factor is nearly one. Since the vacancy can move atout
the iwmpurities, the probability of the impurities meking the correct
jumps is approximately 1/6 for each impurity jump in Fig. 7 while the
probability of the impurities making a jump which would dissociate the
complex is appro“:i.ma'l-;ely 1/2 for each impurity jump. Therefore the
probability that the complex would dissociate and diffuse as a two-member
complex is greater than the probability that the three-member complex
will diffuse as a stable unit., Therefore the contribution of the three-
member complexes to the diffusion of the impurity is again very small,
and the concentration dependence of DF would be similar to that attrib-
uted to dpzc/dc s neglecting the diffusion of three-member complexes.

There are two limiting cases for DF' The first case is for very
low temperatures where complete association occurs and only three-
member complexes are assumed to be present. By differentiating Eq. (43)
and applying the condition [Ftot] 2 exp (-A G3°/RT) 3> 1, the limiting

condition dp_c/dc = 1 is obtained. Therefore, the diffusion coefficient
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at low temperatures saould be constant and equal to the diffusion co-

efficient of the three-member complex, such that:

2
& '
Dp = X Dy’ (3) (64)

a)l"f‘wz

which is expected to be very small. The other limiting case holds for
high temperatures where esgssentially all the three-member complexes are
dissociated, and only two-member complexes along with unassociated im-~
purities and vacancies exist. In this case the degree of complexing is
very low. By differentiating Eq. (56) and applying the condition that

[Fiot] exp (AG;°/2RT)<K 1, the limiting condition is:

dpzc

3 =1 o
( 2 v 2, [Fuop] exp (A e;/m))-l) (es)

de - 2

Insertion of this limit into Lq. (63) yields:

2
a f&) W 3 -1
Dp = . - {- + (Zy [Feop] o (AG3°/ZRT))"1} (66)
3 W, +Wy 2

in which DF is approximately proportional to the impurity concentration.

C. Application to Chromium Diffusion in NiO

Cnromium ions dissolved in the NiO lattice are trivalent and oc-
cupy nickel lattice sites.7’38’hLL Therefore, the chromium ions possess
a charge of "plus one" relative to the normally occupied site. In order

to maintain electrical neutrality in the crystal, either negatively
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charped ionic or electronic defects must be created., Meier and Rapp23
have shown that the compensating defects in Cr-doped WiO are cation va-
cancies which are doubly charged. The conceniration of native cation va=-
cancies, i.e., the equilibriwn concentration in absolutely pure NiO, is
relatively low as shown in Table 1, so that the concentration of cation
vacancies created by the presence of trivzlent chromium greatly exceeds
the native vacancy concentration and essentially establishes the total
vacancy concentration. The simplified electrical neutrality condition

is then:

2 vz ] = Qongl = [org] (67)

The defect structure of Cr-doped NiO conforms to the hypothetical model
for dopant diffusion which was discussed. Therefore the diffusion co~
efficient for the diffusion of chromium in NiO should be described by Eaq.

(63) with the same limits and concentration dependence,



IV, E{CEAIMEMTAL ATRRIALS AND PROCEDURE

A, Semnle nreparation

To study the concentration-dependent diffusion of chromium into
Ni0, for the diffusion anneals a pill of NiO saturated I--Z:i.C:an'ZO,4 spinel
was placed on either side of a disc-shaped single crysital of NiO. The
diffusion of chromium from the spinel into the ﬁiO was measured by the
use of a radivcactive tracer~-sectioning-counting technique.

The sintered, compacted powder, spinel pills were made from
Cr,03 and KiO of $9.5% and 99.995% purity, respectively, obtained from
Leico Industries, Inzorporated. The Cr203 was irradiated at the Battelle
Memorial Research Reactor (Hésﬁ Jefferson, Ohio) to create radioactive
5lcr fyom 50Cr by néutfon capture; The >lcr decays by electron capture
causing the emmiSsioﬁ of.gamma rays and has a half-life of 27.8 days.
The irradiated Cr203 vas then mixed with INiO in the correct proportions
to form upron sintering one gram pelletis of NiCrzoh with 5% excess [iO.
The NiO + Cr203 pouder was ground by pestle and mortar and mixed in a
5 rnl. polyethylene container rotating at 20 rpm for 18 hours. The
powder was reground and then cold-pressed into dises 1/2 inch in dia-
neter and about 1/8 inch thick undef a load of 3000 pounds, The cold-
pressed pills were placed in a bed of hiO + Cr203 powder of the same
composition in a stabilized-zirconia boat and sintered av 1200°C for two
days in air. The surfaces of the pills were prepared for the diffusion

anneal by hand polishing on successively finer emery paper using O, 2/0,

-hé
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3/0 and 14/0 grzdes of paper.

The single crystal discs were cleaved from two NiQ boules pur-
chased from Merubeni-Tida, Incorporated.% The crystals wvere groum by
a flame~fusion technique in an oxidizing atmosphere. The resglts of an
optical emission spectrographic analysis of a disc from each crystal are
given in Table 3. The analyses were performed at Battelle Menorial
Institute, and the discs were annealed at 1200°C and P02 = 1,0 atm for
2l hours before the analysis was made, The crystals are fairly pure
with the major impurities being magnesium and calcium which are divalent
and would not affect the native vacancy concentration., Nickelous oxide ha
the rock salt crystal structure and cleaves easily along the {10@} planes,
The boules were cleaved into discs a2long the {:10Q} planes perpendicu-
lar to the cylindrical axis of the boules with a hardened tool steel
cleaving tool 2 1/2 incnes long and 1/l inch square with one end ground
to form a 15° vedpge. The tool was placed on the boule at the desired
position and lightly tapped. The discs were cleaved into smaller pieces
as desired by a light tap on a razor blade held against the crystal.
The crystals were polished with 1 through L/0 emery paper and then with
0.3 micron alumina powder by a Syntron vibratory polishing machine to an
optical finish, Each crystal was annealed for 2l hours at the tempera-
ture and oxygen pressure intended for its subsequert diffusion anneal

and then repolished,

B. Pressure Celibration

Two types of apparatus were used to make the diffusion anneals.,

#Marubeni-Iida, Incorporated, Osaka, Japan
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TABLE 3,--Results of the Spectrograpnic Aralysis of the NiO Single
Crystals

Impurity Crystal #1 Crystal 2
- {pprwr) (pprmvr)

Fe ' 20 10T
Mg 70 300
si 107 10T
cu 5 5T
Co 10 10
Ca 7 3

Al 10" 108
Cr 1N 10N
¥n 1dN 10M

T = trace

it not detected

The apparatus shown in Fig.l2 was used for anneals at one atmosphere of
oxygen. A non-inductively wound Marshall, Pt-4O% Rh furnace was used in
conjunction with a Wheelco on-off type teﬂperature controller. A vari-
able trensformer provided power to the controller, and a shunt resistor
was connected to the controller. As oscillator which superimposed a
sine wave-~type voltage with an amplitude of approximately 10 millivolté
and a period of approximately 1l seconds upon the voltage measured by
the thermocouple was connected in series with the thermocouple. This

arrangement minimized the dea® band of the controller so that the relay
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Fipure 12 Legend

Thermocouple leads
Mullite furnace tube
Liguid nirtogen cold trap

Bubbler
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to the furnace opened and closed with approximately the same frequency
as the oscillator and maintzined the temperature within +1,0°C of the
desired temperature, An impervious mullite tube was placed through the
furnace. One end of the tube was closed with a pyrex cap connected to
the tube by a pyrex-to-mullite seal, and the other end was connected to
a brass adapbtor with epoxy cement, The samples were held in the furnace
in an 2lumina tube as shown in Fig,13. The tube was connected to a
brass holding jig by springs, and an alumina pushrod held the pills to-
gether and caused the pressure of the springs to be exerted on the pills
to create good surface contact, The brass jig formed a vacuum tight
seal by fitting into the brass adaptor on the end of the furnace tube.

To obtain the desired oxygen pressure of 1.0 atmosphere, the sys-
tem was evacuated using a Welsh duc-seal mechanical pump and filled with
oxygen three times, The vacuum pump was then shut out of the system,
and oxygen was bubbled off at the ambient pressure,

The apparatus shown in Fig. 1} was used for anneals run at oxy-
gen pressures of 10~2 and lower. The temperature was controlled as
previously described, An impervious, closed~end, calcia~stabilized
zirconia tube was placed half way into the furnace, and a pyrex stand-
ard taper Jjoint was connected ﬁo the open end of the tube with epoxy
cemnent. The samples were held as previously described with the excep-
tion that the pushrod was a closed-end, calcia-stabilized zirconia tube.

The oxypen pressure in the system was controlled and measured
with the two calcia~stabilized zirconia tubes., At high temperatures
and oxygen pressures, the electrical conductivity in calcia-stabilized

zirconia results primarily from the migration of oxygen ions through
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Figure 13 Legend

Adjustable brass plunger

Stupakoff Vacuum seal

Brass adaptor machined to standard taper 3L4/L5 joint
fpoxy glass-to-muliite seal

Imrervious mullite furnace tube

Alumina holder tube

Alunina pushrod

Alumina plates

NiO single crystal

Nicrzoh pellets

Platinun-Platinum 10% Rhodium.thermocouple
Tension~loaded springs

Brass cell head
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Platinum electrode leads
Thermocouple leads

Magnesium perchlorate and drierite
Bubblers
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the structure, Stabilized zirconia with platinum contacts can be used
ag a solid electrolyte in a palvanic cell with different oxygen pres-
sures on the two sides of the electrolyte. In the oxygen pressure range

vhere complete ionic conduction occurs, the cell voltage is given by:

RT P .
E = log 02 (68)

——— 7 e

1]
Iy Po,
where F, R, and T are Faraday's constant, the gas constant, and temper-

t
o

an unknown oxygen pressure at one electrode is possible if the open-

ature, respectively, and P > sz. From Eq. (68) the calculation of

2

circuit cell volitage and a reference oxygen pressure at the other elec-
trode are known. Similarly, a desired oxygen pressure in a closed cham-~
ber can be obtained by applying a constant voltage across the cell with
a reversible electrode at some known reference pressure, Stabilized

zirconia of the composition Zr 1.85 has also been used to pump

0.85°20.15°
oxygen irto and out of flowing nitrogen™ and argonhs.

The outer zirconia tube which pumped oxygen into and out of the
system contaired 3-L% calcia, and the inner zirconia tube which mea-
sured the oxygen pressure in the system contained 7 1/2% calecia. The
tubes were impervious, slip cast tubes purchased from Zirconium
Corporation of America. Platinum electrodes were painted onto the tubes
and the electrode leads were arranged as shown in Fig.15. The electrodes
were applied with Hanovia platinum paste purchased from Engelhard

Industries. Both unfluxed platinum paste‘(No. 6926) and platinum paste

fluxed with 3102 (No. 60B2) were used to make the electrodes with equal
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Figure 15 Legend

Adjustable outer plunger

Adjustable inner plunger

Pvrex standard taper 19/38 joint

O-ring seal

Stupakoff vacuum seal

Pyrex standard taper 3L/L5 joint

Tension-loaded springs

3-b3 calecia stabilized zirconié, closed~end furnace tube
Alumina cell holder tube

7 1/2 % calcia stabilized zirconia, closed-end pushrod
Brass cell head |

Epoxy ryrex-to-zirconia seal

Epoxy zirconia-to-metal seal

Epoxy platinum-to-pyrex seal

Platinum electrodes

Alumina plates

NiCrzOh pellets

10 single crystal

Platinum-platinum 10 Rhodium thermocouple

Platinum electrode leads
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success., To coat the inner portions of a tube, a small zmount of paste
was thinned with »ylene and poured into the tube. The xylene was eva-
porated leaving a thin layer of platinum on the wall of the tube., The
tube was then heated slowly to 870°C in air and furnace cooled to rerove
the or;-anic solvents and cause the platinum to adhere to the zirconia.
To coat the outer portions of the tubes, the thinned paste was applied
with a brush and nezt-treated as before. Successive layers were ap-
plied until the resistzrce of each electrode was approximately two ohnms
between extreme points on the electrodes. At temperatures of 11.00°C and
abhove, the outer electrode of the puaping cell was slowly volatilized;
however, this was not observed for the electredes inside the system.

The platinum most likely voletilized as a higheroxide molecule of
platinum so the volatilization was suppressed at low oxygen pressures.,
Therefore, the resistances of the electrodes vere measured before each
diffusion anneal and additional platinum was applied when necessarye. .
The platinum leads to the outer electrodes on the tubes were wrapped
around the electrodes several times, and the leads {0 the inner elec-
trodes lay in the tubes making a grévity contact,

To obtain the desired oxygen pressure, the system was evacuated
with the mechanical pump and filled with argon three times. The argon
was then bubbled ofi to the ambient pressure, and the system was closed
to create a stagnant atmosphere. The interior of the measuring cell
tube was also evacuated with the mechanical pump and filled with oxygen
three times, The vacuum pumnp was then shut out of the system, and
oxyzen was bubbled off at the ambient pressure. Because the system was

not entirely leak tight, oxygen leaked slowly into the system due to the
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difference in oxygen pressures of the system and external atmosphere.
However, oxygen couvld be removed from the system by applying a voltage
across the pumping cell., By bzlancing the rate of oxygen leaking into
the system with the rate of oxypgen pumped out ot the system, a desired
oxyren rressure was maintained. The oxygen pressure was determined by
measuring the voltape across the small zirconia tube with a Leeds and

Northrup volt-potentioneter.

C. Secltioning Apparatus

To obtain the diffusion profiles, the NiO crystals were sectloned,
and the radiocactivity of 510r in each section counted after a diffusion
anneal., To obtain an accuraﬁe profile, the sections must all be paral-
lel to <ach other and to the original surface of the crystal, and the
thickness of each section removed must be very accurately measured. To
perform the sectioning, the apparatus shown in Fig.X¥ was built, The
bell was made of AISI A-2 tool steel hardened to R, 52. The base of the
bell and the inner diameter of the shaft were ground so that the core of
the shaft was perpendicular to the base. A piston was cut from a stain-
less steel drill rod and ground so that the piston face was perbéndic—
ular to the outer diameter of the piston and the piston slip-~fit the
shaft of the bell, Therefore, when the piston was inserted into the
sﬁaft of the bell, the face of the piston was parallel to the base of
the bell, The plzatform for thé bell was a granite block, purchased
from Herman Stone Compény, with a surface tolerance of + 0,00005 inch
from the mean plane of the surface., A plexiglass frame on the granite

block aided the rotation of the bell during polishing. An air cushion
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ig. 16,--Apparatus Used to Section the NiO Crystals.
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between the bell and the granite block was created by a flow of com-
pressed air into the annular ring in the base of the bell. This air
cushion reduced the friction between the bell and block and allowed
smooth movement of' the bell during polishing,

Te measure the thickress of the section removed during a polish-
ing sterp, the apparatus snown in Fig. 17 was used, A Feathertouch
Heirht Indicator was mounted on a Universal Height Gage Stand and used
in conjunction with a Model 12 Accutron Amplifier to measure the height
of the piston plus the crystal. These three instruments were purchased
from The Bendix Corporation. The Height Gage Stand was placed on a
granite block with a surface tolerance of + 0.000025 inch, and a plex-
iglasa frame was fastened on the block. Thq frame had a slot for the
Height Ca2ze Stand and a V-shaped slot which matched Ve~notches machined
in the top of the pistcns, The stand was stationery, and the piston
was slid into and out of its slot with the matching notches insuring
that the same point on the crystal was positioned under the Height
Indicator for each sectibn. {casurements could be repeated with a pre-
cision of + 0,05 microns when measuring on the B scale of the amplifier,
To calibrate the Accubron Amplifier the difference in thickness of two
high tolerance calibration blocks were used. One block was 1,001 milli-
meters thick, ard the other was 1,003 millimeters thick. Because the
precision of the calibration measurements was ¢ 0.05 microns, the accur-
acy of the calibration was + 5%. Therefore the accuracy of the section

thickness measurements was approximately 5%.



Fige 17.~--Apparatus Used to Measure the Thickness of the
Sections Removed from the LiO Crystals,
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'D. Counting Apparatus

To measure the radioactivity of chromium in the material removed
for each section, the material was placed in a well-type, thallium-
activated sodiuwin iodide crystal used in conjunctien with a cesium
antimony phototube. The emmission of gamma rays was counted with a
rmultichannel analyzer manufactured by Nuclear Data, Incorporated used in
conjunction with a ratemeter., The windows of the multichannel analyzer
were set so that only channels in the energy range of the photopeak of
51Cr viere counted because the ratio of the counts per second of the
sample to the counts per second of the background was much greater for
the photopeak rance than for the entire energy spectrum., The counting
is a statistical. process whose accuracy is determined by a Poisson dis-
tribution and given by +{J N where N is the total number of counts de-
tected, The samples were counﬁed for a sufficient length of time to ob-
tain an accuracy.of + 1,0% except for when the counting rate was less
than twice the background. Tﬂese latter measurements were taken té de—

termine any residual radioczctivity in the crystal.

E. Procedure

For the diffusion anneal, a NiO crystal was sandwiched between
two NiCrZOh pills, and the assembly was placed in the furnace at a con-
stant temperature and oxygen pressure, The duration of the diffusion
anneals varied from 11 days =zt 1000°C to 3 days at 1400°C. The furnace
was heated to the desired temperature for the anneal and cooled back to
room temperature after the anneal with the assembly in place. For

anneals shorter than 10 days, the time of the anneal was corrected for
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the hentine and cooling processes by :

"
t RT(t)) dt
. 350 exp (Q/RI()) o)

exp (Q/RT )

where te is the equivalent time at the diffusion temperature T, Q is

the activation energy, and t, represents the total time of the anneal.

t
For this correction, the activation energy of the self-diffusion of
chromium in NiQ obtained by Greskovich38 was used.

After the anneal, the pills were separated, and the cylindrical
eduves of the crystal which contacted the gas phase were cleaved off to
remove any chromium which diffused rapidly down the edges or entered the
crystal at the edpes from the vapor phase, The crystal was then glued
to th2 face of the piston with Duco cement in order to section it., To
assure that the crystal surface and the granite surface were parallel so
that the sections were parallel to the NiO interface in the diffusion
courle, the crystal was placed on the granite block with the side to be
sectioned down, and the bell was placed over the crystal. The piston,
with duco cement on its face, was inserted into the shaft of the bell,
The piston was positioned over the crystal by sighting thréugh the small
hole through the.center of the piston and lowered until the face of the
piston contacted the crystal. The Duco cement was allowed to dry with
crystal surface to be sectioned in conrtact with the granite block.

After the crystal was secured to the piston, a piece of 3/0 emery paper
was fastened to the pgranite surf#ce using double-stick scotch tape. The

bell with the piston inserted wos rototed inside the plexiglass frame,
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and the crystal was polished on the emery paper. At the completion of
the polishing for a section, the thickness of the residual material was
measurcd with the height gage, Because the change in the height of the
crystal plus the piston was measured, the piston was handled with in-
sulated pads so the temperature of the piston was constant; therefore,
the length of the piston was constant., During the polishing the mater-
ial removed became embedded in the emery- paper. Therefore the piece of
emery polishing paper used to polish the crystal for each section was
folded and placed in a 5 ml polyethylene container, The 5 ml container
was then placed in a 30 ml container which was sealed to prevent con-
tamination of the counting crystal., The paper was folded similarly for
each section to maintain the counting geometry nearly constant for all
the measurements. The radiocactivity of each sample was measured with
the scintillatiop counter, and a diffusion profile was obtained, Sec-
tions avproximately ten microns thick were removed from the crystal so
the accuracy of the section thickness measurements was approximately ﬁé%.
The radiocactivity of each section was divided by the thickness of the
secticn to get the specific activity. Because of the accuracy of the

thickness the accuracy of the specific activity was approximately & 6%.



V. RESULTS AND DISCUSSIOH

The data obtained from the diffusion anneals are tabulated as the A
specific radioactivity of 510r as a function of distance into the NiO
crystal in Appendix D. Diffusion anneals were performed at P02 = 1,0

atm at 1000°C and at P, = 1.0, 1072 and 1072 atm at 1100%, 1200°C

O
and 1300°C, The duratioi of the diffusion anneals varied from 1C days
at 1000°C to é days at 130000. More than two sets of data were ob-
tained from a given diffusion annezl by cleaving thne crystal parallel
to the directicn of chromium diffusion into smaller pieces after the
anneal, The radiozactivity of a section was divided by the thickness
of the section to obtain counts per second ver micron (specific activ-
ity), and this activity was plotted versus the penetration depth of the
center of the section to obtain the concentration file for chromium
diffusing into KiO,

The experimental conditions for the diffusion of the chromium

were such that the solution of the diffusion equation was subject to

the initial distribution,

c=0, x> 0, t=.0,
and the boundary condition,
x=0, t2> 03

c_ is the solubility limit of chromium in lNi0 at a given tenperature and

o
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is assumed independent of the oxygen pressure on the basis of the re-

23

sults of Meier and Rapp. The system was semi-infinite, with x = 0
defined as the NiCrzoh-NiO interface, The assumption that the RiO
boundary was stationary--althouyh some NiCr2Oh vas decomposed to form
‘NiO-qand saturated with chromium was made because the chromium concen-~
tration in the spinel (approximately 67%) was much greater than Co -
(approximately 1-3%) and because chromium diffuses very slowly auay
from the boundary.

If the.diffusion coefficient for chromium in NiO were indepen-
dent of the chromium concentration, the solution to the diffusion
eonation for the given conditions would be of the form of the comple-

L8

mentary errvor function:

¢ = ¢, erfe ( x/2(Dt)1/2 ) (70)

However, the diffusion coefficient for chromium in NiO was expected and
found to te a function of the chromium concentration so that Fick's
second law had tc be solved for a concentration-dependent diffusion co-

efficient,

The pertinent diffusion equation was then:

Eé—z i Xa‘;c ( () (ﬁ)) (71)

where D(e¢) is the concentraticn-dependent diffusion coefficient and ¢ is

the chromium concentration. Boltzmann,h9 using the substitution:

v = x/2t1/2 (72)
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transforned Eq. (71) into the ordinary differential equation:

d_ ( D(c){de = - 2y _c_i_r_:_) (73)
dy dy dy
Integration of Eq. (73) gives:
¢ c
S d{ p(e) (_gg) =-2 (Pyae (7h)
Co dy Co
which, because t is a constant, becomes:go
5" afDn(c) (dc = ;L__)’Co x dc (75)
Co (dx) 2t /¢

Integration of the left-hand-side of Eq. (75) yields:

D(c) (g_g) - DS (_t_i_c_) =1 % xdec (76)
dxJ ¢ c 2t /7,

where ch is the diffusion coefficient of chromium in the saturated KiO

lattice.

When the experimental concentration profile is plotted using
Certesian coordinates, the slopes of the curve at the points (c, x) and
(cgs x=0) are equal to (dc/dx), and (dc/ﬁx)co, respectively. The right-
hand-side of Eg. (76) can be obtained by intesrating the area under the
diffusion profile graphically from ¢ to c,. Therefore, only D{c) and
DCS remain to be evaluated. As ¢ approaches zero, the first term on the

r

left-hand side of Eq. (76) becomes very small, such that

[D(c) (& ] < Dy () (77)
cl c—» c

(o]
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Then Eq. (76) reduces to:

—DCS-_C_IE} =_:£_j°° x de (78)
rolax 2% J g0

Co

and by graphically integrating the curve from some very small value of

ch can be calculated., In the actual determination of DCE, the

curve vas integrated from ¢ = O to c,+ Because ch is a constant for

c to c,,
each diffusion profile, D{(c) can be evaluated at various values of c
along the curve by using Eq. (76).

The diffusion profile was obtained by a2 least-squares fit of a
first- or second~order polynomial to the specific radioactivity of Slcr
as a function of distance into the c¢rystal. The polynomizl arbitrarily
extended the diffusion profile to ¢ = O although the profile should have
approached the abscissa asymptotically because of the presence of the
native vacancies in the crystal., From the assumption that the boundary
of the Ni0 was saturated with chromium, the specific radiocactivity was
converted to chromium concentration. At 1000°C and 1100°C, the solubile
ity limit is 0.012 and 0.015 cation fraction of chromium, respectively,
as reported by Meier and Rapp.23 These authors also found and explained
that the solubility limit was independent of the oxygen pressure. The
solubility limit at 1200°C and 1300°C was obtained from the curve in
Fig. 18 which also incorporates the solubility values of Greskovich.38
In his work Greskovich reported his concentration profiles as mole %
versus penetration distance from electron microprobe analysis. The

points in Fig. 18 attributed to Greskovich were obtained from his con-

centration profiles at NiO-NiCrzf)h coexistence. The solubility limit
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is approximately 0,03l and 0.0356 cation fraction at 1200°C and 1300°C,
respectively. The fitting of the polynomial for the diffusion profile
and the caleulation of the diffusion coefficient as a function of con-
centrotion were verformed on an IBM 360 computer using the program shown
in Appendix B,

In Fig. 19, the diffusion profile obtained at PO2 = 1,0 atm and
11¢0°c is shown. The data were plotted as the specific radiocactivity

versus distance and a least~squares fit of the data to a polynomial was

obtained, The least-squares polynomial was either first order as:
Yy = Ay + ax (79)
yielding a2 linear diffusion profile or second order as:
y = Ay + ax + bx? .. (80)

yielding a curved diffusion profile with an increasing slope with
penetration depth. In Fig, 19, a first order polynomial fit the data
and was extended to the abscissa ( [Crmi] = 0). The radioactivity of
the first section taken from the crystal surface was generally very
nigh because sore NiCr,0), adheréd to the surface, and, therefore, the
first section from each set of data was disregarded when plotting the
diffusion profile. The uncertainty in the position of the NiO-NiCrEOh
boundary in the diffusion profile is approximately the same as the
accuracy of the first section which is about one micron.

At high temperatures, where only two-member complexes should
exist, the diffusion coefficient would be predicted to depend upon the

chromiun concentration as described by:
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D(Cr) = Dy(2) (__-(_+_/ A (81)
N 8 lbw L W e
where
w=%5 exp( A 030/2111' ) (82)

DO(2) is the diffusion coefficient of a two-member complex as defined
by Eg. (61). This dependence is obtained directly from the derivative
of Eq. (56). ‘After the chromium diffusion coefficient was obtained as
a function of the chromium concentration from the diffusion profile
using Eq. (76), the values of the diffusion coefficient at various con-
centrations were inserted into Eq. (81), and D (2) and 4 G3° were
evaluated using a methed invelving successive approximations. Sets of
v'alues for D,(2) and Ac;3° were substituted into Eg. (81) at various
concentrations and the results for D{Cr) were compared to the values of
the diffusion coefficient obtained from the corcentration profile., The
set of values for D0(2) and Z§G3° which described the experimental re-
sults best for the entire concentration profile was used to construct a
curve for D(Cr)/Dci versus concentration, again usirg Eq. (81). The
method used to solve for DO(Z) and 15630 is fully described in
Appendix B, and the computer program used for this solution is also
shown., The theoreticzal curve for D(Cr)/Dci versus ¢ was then compared
with the experimental results, also plotted as D(Cr)/ch versus c, to
determire the extent to which the ﬁodel indeed described the diffusion
mechanism, The number of two-member complexes present was then cal-

culated by placing the theoretical ZLGBD into Eq. (56} to obtain the
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1.1

degree of complexing and nulliplyirg this faclbtor tines the chromium cone
centration,

"The diffusion coefficient for chromium a2lorp the concentration
profile in Mgz, 19 was obtained by using Eq, (76), divided by the ex;
perimental saturation diffusion coefficient and was plotted versus the
chromium concentration in Fig, 20. The solid line represents the ex-
perimental results, and the dashed line represents the fit of the theor-
etical dependence, obtaired from Eq. (81) and divided by the experimental
saturation diifusion coefficient, to the experimental results. At low
concentrations the fit and curvature of the two solutions is good, but
ot higher concentrations the fit is not as gooed and the two solutions
have different curvaiure. At high concentrations the experimentally
obtained diffusion coefficient does not decrease as rapidly with de-
craasing concentration as predicted by the theoretical model. This
difference between the model and experimental results was observed ior
every concentration profile.,

This difference in curvature at high concentrations miznt be
caused by the difference in the mobility of the vacaneies and the
chromium ions. The diffusion coefficient of nickel vacancies in HiO
is approximately 1 x 10"7 cm?/sec at 1000°C so the vacancies are much
more mobile than the chromiun, Therefore, in the absence of other gra-
dients, the vacancies would tend to diffuse down a vacancy concentration
gradient.faster than chromium down a chromium concentration gradient.
However, if the vacancies were to diffuse zhead of thne chromium, the
concentration of vacancies in the crystal would be altered as shoun

schematically by the deshed line in Fig. 21, In Fig. 21, [Cri:] is
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Fig. 21.--Concentration Profile of Chrom:n.un and Nickel Vacancies
Diffusion into HiO,
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the caromium concentration, [VNi] e 15 the vacancy concentration it

local charge eguilisrium defined by Eq. (67) is mainteined, and [VN; :

is a schematic vacancy concentration profile if the vacancies would dif-
fuse zhead of the chromium. If the vacancies would diffuse ahead of the
chromiun, the portion of the concentration profile where [VN;] '<?(
[V?;] o would have fewer than the eguilibrium number of compleies ac~-
cording to Eq. (32) so the diffusion rate would be decreased., In the
portion where [FK;:]'>>' [ng:le, more than the equilibrium number of
complexes would be present so the diffusion rate would be relatively in-~
creased. If the diffusion coefficient is directly proportional to the

concentration, the relative effects of the vacancies diffusing ahead of

the chromium wovld tend to reduce the concentration dependence of the

. diffusion coefficient,

The electrical energy in the NiO crystal arising from thé charges
on the vacancies, chromium ions and positive holes can be calculated by
using; the Debye-Huckel theory according to Eq. (13). The entropy of
mixing these species in the crystal can be calculated from statistical

mechanics by:

S= =k 1nd{) (83)
where
N !
N=_° (8h)
i1l nii
i

Ni is the nurmber of cation sites in the crystal, ny ig the number of

each type of species occupying cation sites and {1 is the number of con-
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figuration possible in arranging the various species on the cation
sites. From a couparison of the change in the electrical energy and en-
tropy upon moving a vacancy from a position in local charge ecuilibrium
to a position where there would he an excess of vécancies, the likelihood
of such an occurrence can be estimated. At 1OOQ°G and Pg, = 1.0 atm,
approximately 5000 calories of energy are needed to riove a vacancy from
a point in local equilibrium with 10"3 cation fraction of chromium to a
point where only native vacancies exist in equilibrium with the atmos-
phere, The details of this calculation are more fully described in
Appendix C, On this basis, the redistribution seems unfavorable. Hou=
ever, if positive hoies were available to move with the vacancies so
that no space charge were created in the crystal, much less energy would
be needed to move the vacancies, Therefore, the number of vacancies
which can move ahead of the chromium is limited by the number of posi-
tive holes which zre available to wove with the vacancies to avoid cre-
ating a space charge. The concentration of positive holes present in

Cr-doped Ni0 is given by:12

p = (2k))M/2 8 /b / [or -] 1/2 (85)
where

. [vi] #°

p 1/2
0,

K (86)

1

obtained from pure NiO. At 1100°C and P02 = 1,0 atm, using Tret!yakov

and Rapp's25 value for [:VN;:] from Table 1, Kl =5 x 10"10. The hole
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concentration is approximately 8 x 10"'5 cation fraction at 1.5 x 1072
cation fraction of chromium and inecreases as the chromium concentration
decreases., In Fip, 22, the eficct of the positive holes upon limiting
the vacancy distributien is demonstrated for 1100°C and PO2 = 1,0 atm,
In Fig. 22(A) the concentrations of Cryj, VH;’ and p° are shown for lo-
cal equilibrium and local electrical reutrality defined by Eq. (67).
Area A is related to the number of holes which are present in the
chromium-doped portizn of the crystal to compensate for the movement of
vacancies, Fig. 22(B) shows the maximum redistribution of vacancies
which could be accommodated by the positive holes., The redistributed
vacancy and hole concentrations are [Vh;:]' and p‘, respectively, To
avoid creating a space charge, Area A = firea B = 2-' Area C = 2 * Area D.
The number of vacancies which could possibly move ahead of the chromium
is related to Area C., Therefore most of the vacancies would remain in
the vicinity of the chromium ions although some would move ahead. If

the vacancies were to diffuse ahead, the number of complexes where
[vng:|'<3: [Vugi]e would be lower than expected and result in a re-
duced diffusion rate. The rate at the saturation limit would be reduced
about 10%. The number of complexes where [VI'T':‘:_] '>> [V}“.;] ¢ would be
greater than expected and cause an increase in the rate of diffusion,

The magnitude of the increase would be difficult to determine by the
current experimental method because of the reduced accuracy of the ex-
perimental results at the lowest chromium concentrations. These relative
effects would increase the curvature of D(Gr)/ch versus chromium con-—
centration, and couvld account for the observed difference between the ex-

perimental results and theoretical predictions.
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The theoretical wodel and, therefore, Eq. (81) do not consider
the native defects of the host lattice which might affect the diffusion
of the impurity. As shown in Table 1, an equilibrium number of thermal
vacsneies will be present in the lattice; Trivalent impurities will
alse cause native vacancies to maintain electrical newtrality in the lat-~
tice, Because the theoretical model only applies for the case in which
the native vacancies are of negligible importance, and the experimental
diffusion rrofile was arbitrarily extended to ¢ = O, no interpretation
for the diffusion coefficient at very low chromium concentrations can
be made nere, Arbitrarily, the chromium concentration at which the
nuriber of vacaneies created vty the chromium ecuals the number of native
vacanciaos was choscn as the lower limit foq the validiﬁy of the present
results. The curves showing the dependence of the diffusion coefficient
upon tiie chromium concentration were not extended beyond this limit.
The diffusior coefficient would most likely become independent of the
chroniiwa concntr=ztion as the concentration approaches zero as observed
by Seltzer.ho

The data points cobtained from the diffusicn arreal at 1100°C and
P02 = 1.0 2tm are plotted using dimersionless coordinates in Fig. 23.
The solld lire rerresents the reduced diffusion profile for a constant
diffugion coefficient, and the dashed line represents the reduced dif-
fusicn yprofile for the case in which the diffusior coefficient is lin-
enrly depoendent upon the concentration as treated by waqner.gl. Wagner
assumed tnat the diffusion coefficient was directly proportioral to the

corcoentrroion so thei Fick's sccond law became:
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%= % (Do %;(-3-%)) (€7)

whera Do represents the diffusion coefficient for a reference concen-
tration which was equated to the saturation concentration c,. He then
sclved Eq. (87) for the case where the boundary conceniration is con-
stant and equal to c,. A more comprehensive treatment of concentration-
dependent diffusion coefficients has been performed by Kass and O'Keeffe?
and their results for linear dependence of dopant diffusion on concen—
tration agreed very well with Warner's. As shovn in Eq. (66), the dif-
fusicn of chromium should be nearly lincarly dependent upon its own con-
centration at high temperatures. As would be expected, the data points
lie close to the linear dependent diffusion profile at high concentra-
tions but deviate at low corcentrations where the native vacancies be-
cone of comparable maznitude to the chromium-induced vacancies., The na~-
tive vacancies would ircrease the penetration beyond that wnicn would be
attained if vacuncies were only created by the presence of chromium.
Because the data points lie approximately as expected in Fig. 23, the
experinentally obtained DC?’ which was used to refer the data points to
dimensionless coordinates, is considered to be falrly accurate.

The results obtained from the analyses of the diffusion experi-
ments are tabulated in Table li, Included are the experimental ch ob--
tained from Eg. (78) and the theoretical Dci obtained from Eq. (81).

The theoretical values A G3° and D°(2) from Eq. (61) are also given
along with the saturaticr chromium concentration and the maximum pene-

tration depth. The maximum penetrztion depth was the point at which the



TABLE li,--Results of the Analyses of the Diffusion Profiles of Chromium in NiO

T P02 t r;:ﬁrgr;tion Ie];rgt B‘;ror A G3° D,(2)
(°c) (atm) (105 sec) (A4) (cma/sec) (cm2/sec.) (c21) (cm2/sec)
(x for ¢ 0O)

1600 1.0 8,712 28 2,07 x 1002 2,2x107% 5980 9.5 x 1072

1100 1.0 8,722 6l L2h x 100 125 x 107 Mo 5,75 x 207L
1.0 9.3u2 6l, 9.5 x 102 1.2 x3107M L0 5.0x107H
1072 8,566 53 8.1x10%  8.1x207%  h9oo 3,75 x 107
1075 968l ks 5.2 x 107 5.53x 107 1620 2.5 x 107

1200 1.0 5,20 107 5.5x10%  5,5x100 230 2,1x10°
1.0 5,194 109 6,0 x 1000 5,8x10 220 2.2 x 1070
1072 5,21 115 6.2 x 2000 6.3x200Y 2300 2.) x 10710
105 5,233 81 31x12000  3a1x10 2500 2,15 x 10710

130 1.0 3,761 196 2.6 x10% 28210 1200 9220710
1072 2.6l 160 23210 20 x10° 1060 8,15 x 2070
1072 2.6l 107 2,1 x 10720 2.2 x 10710 1200 7.15 x 10710

S8
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diffusion profile as drawn by the least-squares polynomizl intersected
the abscissa at zero snecific activity.

At 2 given temperature, but at lower Poe, the maximum penetration
depth was less as can be seen in Table 4., This decrease can be attri-~
buted to the reduced native vacancy concentration at lower Pg, in the
NiO which in pure NiO has a Pj, 1/6 dependence, As the chromium diffuses
inward, the native vacancies ailow a chromium~independent rate of dif-
fusion at the front of the diffusion profile where the native vacancy
and chromium concentraticns are cémparable. The native vacancies, there-
fore, cause a deeper penetration than would occur if there were no na-~
tive vacancies. Because Dci is obtained by integrating the diffusion
profile from ¢ = O to ¢, as shown by Eq. (78), the native vacancies
would 2lso increase the value of ch over that which would be obtained °
if the crystal contained no native vacancies. The concentration of na-
tive wvacancies decreased with decreased P02; therefore, the penetration
depth would also be expected %o decrease and result in an apparent de-
crease in ch. The theoretical model, Eq. {81), fits the experimental
results well at low concentrations so the native vacancies would seem to
contribute to the diffusion only at the very low chromium concentrations.
This increase in the diffusion rate at low concentrations would have a
gradual effect upon the diffusion profile and would not greatly affect
the concentraiion dependence above the lower limit of the theoretical
and experimental results. In Table L, the diffusion coefficient of the
two-member complex, DO(Z), seemed to depend uron PO « The only vari-

2
ables in Eq. (61) for Dy(2) are the jump frequencies waich will not vary
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with P02' Therefore this variance must result from the effcect of the
native vacarcies upon the experimental results to which the theoretical
solution was fit,

In Fig, 2, the experimental ch is plotted versus log Poz; ch
is not a function of P02 and should be represented by a horizontel line,

. . . S
but the native vacancies seem to cause an apparent increase in Dp,, with

P02' As PO2 decreases, ch should approach a value which is independent

S

p &b the lowest oxygen

of the native defects. Therefore the values of D,
pressure are ﬁost nearly the values representing the system if no native
vacancies are present in the crystal,

From fitting the theoretical model to the experimental results
usirg Eg. (81) as described in Anrendix B, a value for the energy of
association of a two-member complex was also obtained. This association
energy should be independent of the oxygen pressure so the averzre value
of AG2° at each temperature was used to celculate the number of two-
member complexes as a function of the chromium concentration, At 1000°C,
RT/A 330 wvas 0,425 so that at this and higher temperatures only two-
nember complexes were assumed to be present in the crystzl. This assump-
tion was made from referring to Figs. 3-6. For this reason the use of
Eq. (81) to fit the experiméntal results was justified. In Fig. 25 the
concentration of two-member complexes is vplotted versus the chromium
concentration for 1C00°C, 1100°C, 1200°C and 1300°C. The concentration
of complexes is given as the cation fraction of chromium atoms existing
in two-member complexes,

As the concentration increases the slope in Fig. 25 increases,
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and because:

d(p,c)

de

D(Cr) = D (88)

D(Cr) should increase with the chromium concentration as has been ob-
served, At a specific chromium concentration, the degree of complexing
and therefore the nunmber of complexes decrezsed as the temperature in-
creased, However, the diffusion coeificient increased because the jump
frequencies iécreased faster than d(pzc) / dc decreased,

The temperature dependence of the diffusion coefficient is given

by

D(t) = a® W, (T) ¥ (1) (89)
where 632 is the frequency of a chromium vacancy interchanze and Nc is
the number of complexes, i.e., the number of chromium atoms which have a
vzeancy for a nearest neighbor, ‘The temperature dependence is clarified
if the activation ernergies are inserted into Eq. (89) so that:
2 ™ [ ]
D(t) = a© ¥ exx ¢ =BEs ) po(T) |01 (90)
i ( B po() [onf]

vhere P is the lattice vibration frequency, Ej is the zctivation energy
for a chremium~vacancy interchange, p, is the degree of association as
defined ty Eg. (56), and [prui] is the chromium concentrztion,

In order to calculate the enérgy of activation of a chromium ion

exchanging with a vacancy, the assumption that a)2‘<< Q)l, is made so
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that the diffusion coefficient is described by Eq. (89) and is dependent
enly upon d)z. Also in plotting the diffusion coefficient as a function
of temperature there must be an equal number of chromium ions which are
available to Jjump and, therefore, an equal number of two-member complexes
present at each temperature, From Fig. 25 the chromium concentration
" for each temperature at which a specific concentration of complexes were
present in the crystal could be obtained. In the analysis a complex
concentration of 10"3 caticn fraction was chosen. The diffusion coeffi-
¢ients for eacﬁ temperature and chromium concentration at one atmos-
phere of oxygen were then calculated from the appropriate diffusion pro-
files. The logarithm of the diffﬁsion coefficient is plotted versus the
reciprocal of the temperature for 10"'3 cation fraction of complexes and
P02= 1.0 atmosphere in Fig., 26, From the slope in Fig. 26 the activa-
tion energy for the jump of a chromium ion was calculated to be approxi-
mately 52 kcal / mole. At 1000°C W, = 104, so the assumption that
bJ1,>> GJ2 was justified; howvever, as the termperzture increased the ratio
of jump frequencies decreased, and at 1200°C w, = 8602. At 1100°C and

P = 1 atm the self-diffusion coefficient of nickel is 1.255 x 10'10

) |
cm?/sec, and the diffusion coefficient for chromium in saturated MNiO is
7 x 10~12 cmz/sec. The diffusion coefficient for nickel tracers in }NiO

is given by
" 2
D = 1/6 (12 [v] wp) e (1)

1t
vhere r is the jump distance, f is the correlation factor, and [vuij]

and 601 are as previously defined. From Eg. (91) &)l can be calculated,
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and because Wy = 9&,, &, can be calculated. The correlation factor
Tor the diffusion of chrowmium can be obtained by substitution of the
concenfration of two-member complexes for [Vt;:] and W, for W,. The
correlation factor was evaluated to be approximately C.l. Although the
chromium increases the concentration of nickel vacancies, the diffusion
of chromium is slouwer than the nickel self-diffusion vecause only a
fraction of the chromjum ions exist in complexes simultaneously, &, is
smaller than &, and the chromium jumps are highly correlated. The
calculation of the corrclation factor is rather inaccurate because of
the large uncertainty in the native vacancy concentration and the un-
cervainty in the activation energies for the nickel-vacancy and ciromium-
vacancy exchange jumpse. The correlation factor calculated from the jump
frequencies is about 0,9 which is reasonably close to the above value,

According to Eowick53 the effective activaticn ernergy for the
diffusion coefiicient at low impurity concentrations and high tempera-

tures is:

= T, = gy ©
B Ang - Ag, (92)
where lej is the enthalpy of activatiorn for an impurity-vacancy inter-
change and A H? is the enthalpy of formation of a complex. A vacancy

2

formation energy was not included because the vacancies are present to
mairtain electrical neutrality in the crystal rather than being ther-
mally produced defects, This relation would apply for a divalent impur-
ity in an alkali halide where the impurity and vacancy have equal but

26

opposite charges. According to Lidiard™ at the limiting case c exp
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(AGO/RT) << 1, the diffusion coefficient is given by:
D(c) = 8 2% W, ¢ exp (AGO/RT), (93)

where AG° is the energy of association of tne complex. However, in the
present system at the limit of ¢ exp (A GBO/RT) << 1, the diffusion co-

efficient is given by Eg. (66) which reduces to:

a2 2 7, ¢ exp (4G°/2RT)
D(cr) = _ &, > (5L)
3 32;c exp (A G3°/2RT) + 1

Obvicusly Eq. (92) would not apply to the present system, but the energy
of association would be expected to affect the effective activation
energy of the diffusion coefficient. In Fig,., 27 the logarithm of the
diffusion coefficient is plotted versus the reciprocal of the temperature
at one atmosphere of oxygen and chromium concentration of 1l.2 x 10"2
cation fraction. Fro= the slope'in Fig, 27 the effective activation
energy was evaluated to be ﬂ9.0 kcal / mole. Tnerefore the activation
energy for the diffusion coefficient is affected by the energy of asso-
ciation for the complexes but the effect is not described by Eg. (92).
In Fige. 28 the diffusion coefficient is plotted versus the chro-
mium concentration at P02 = 1,0 atm and 100000, 1100%, 1200°C, and
1300°C. As the temperature increases the theoretical model would pre-
dict that the dependence of the diffusion ceefficient upan the chromium
concentration becomes more linear. In Fig.,29 the experimental. results
for D(Cr)/Dci versus the chromium concentration are showm for Py = 1.0

2
at 1100°C and 1300°C. In Fig. 29, tho solid line is the experimental



95

o 1300°C__ 1200°C 1100°C 1000°C
I I | I

log D (Cr)

-2 ! I I N
6.0 6.5 7.0 75 8.0 8.5

75 (x 10%)

Figs. 27.--Log D(Cr) e&s a Function of 1/T for 1.2 x 1072 Gation
Fraction of Chromium. o



96

10=°¢ I I l r I I ]
: P02=I.O :
3 1300°C ]
| -0 _
O : ?
- 1200°C ]
=
L ot 11Q0O°C .
o - .
¥ ]
1000 °C R
10712 —
N . i
{O-13 I ] ] | ! I
10. 20 30 a0 50 60

.[Cr;\”] (10”3 cat frac )

Fig, 28.--Diffusion Coefficient of Chromium as a Function of
Chromiun Concentration and Temperature. '



o7

1.2 I I |

HHoo°C

[Cr,;”] (1072 caf frac )

Fig. 29.--Normalized Diffusion Coeffxcment of uhronlum as a
Tunction of the Chromiunm Concentratlon at 1100°% and 1300 C.



98
results for 1100°C and the dashed line is the results for 1300°C., The
curvature for the high temperature curve is 1éss than for the low tem-
perature curve. With the assumption that the effect of the vacancies
diffusing ahead of the chromium is fairly constant, the experimental re-
sults indicate that the dependence of the diffusion coefficient upon the
'chromium goncentration becomes more linear as the temperature is in-
creased, Greskovich38 found that the interdiffusion coefficient of chro-
mium and nickel in NiO was linearly dependent upon the ﬁhromium concen-
tration at 133b°c and above, Because the diffusion of chromium was the
rate determining step, the diffusion coefficient of chromium was then
linearly dependent upon the chromium concentration., At 1330°C at approx-
imately 10"2 cation fraction of chromium and above he observed a2 linear
dependence which would correspond fairly well to the results obtained in
this work at 1300°C. 1o meaningful_direct comparison to Seltzer'sho
work'can be made except to note that he also observed a concentration
dependence for the diffusion of chromium in NiO at 1100°¢ to 1250°c.

The activation energy for a chromium ion-vacancy interchange was
evaluated as 51,9 kcal / mole. This value can be compared with the
activation energy for tracer diffusicn of chromium in MNiO which has been
evaluated as 55,0 kcal / mole by Greskovich and 47.0 kezl / mole by
Seltzer. Tnese latter two activation energies are the activation energy

of the vacancy-chromium exchange and compare well with the value ob-

tained in this work.



VI, SWHARY AND JSONCLUSICHNS

A theory has been developed to describe the diffusion of tri-
valent impurities in a divalent metal oxide, The theory has been eval-
"uated for the diffusion of trivalent chromium in NiO,

At 1000°C and above, from the reasonable fit of the experiﬁental
results to the theory, chromium seems to diffuse in NiO by a mechanism
involving the diffusion of two-member complexes composed of a chromium
ion and cation vacancy. The presence of chromium ions in the NiO lattice
caﬁses the formation of cation vacancies to maintain electrical neutral-
ity. Because chromium diffuses by a vacancy mechanism and cavses the
creation of vacancies, the diffusion coefficient is a function of the
chromium concentration.

The presence of native vacancies affects the diffusion of chro-~
mium at low concentrations which causes deeper penetration than results
from the theory which neglects rative defects, Because the concentra-
tion of native vacancies varies with the oxygen pressure, a slight
apparent dependence of the diffusion coefficient upon the oxygen pres-
sure is cﬁused.

The diffusion coefficient of chromium in NiO saturated with
chromium increases from approximately 2 x 10-12 cm2/sec at 0.012 cation
fraction of chromium at 1000°C to 2 x 10710 cmz/sec at 0,056 cation
fraction of chromium at 1300°C.

The diffusion of curomniun is slower than nickel self~diifusion

99
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because the couilibrivm number of complexes is small, the jump frequency
of a chromium ionrn-vacancy exchange is about a tenth of that for a nickel
ion-vacancy exchange, arnd the chromiwn ion-vacancy exchanges are highly
correlated, i,e, f = 0,1,

The activation energy for the chromium-vacancy exchange is anprox-
imately 52 kecal, and the effective activation enersy for the chromium
diffusion coefficient is approximately L9.0 kcal., The bonding energy of
the chromium~vacancy complex accounts for the difference vetween the
effective activation energy and the jump activation energy.

From the model which has been developed and the reasonable fit of

the theory to the experimental results, the diffusion coefficient for

chrorium in Ni0 above 1C0C°C is described by:

——n.

( [CrN;.] 3
- +

8 I (81)
lor,: ] ° L [CTN;J 1\

+

D(Cr) = D,(2) | 3 -

L W Wl
where

W= 2, exp (A G,°/aT ) (82)

Do(z)t is the diffusion coefficient of the {wo-member complex, 22 is the
numb;er of distinct configurations of a two-member complex, and AG2° is
the energy of association of a two-member complex which was found to de~
crease from approximately 3000 czlories ab 1000°C to approximately 600

calories at 1300°C.



APPENDIX A

Tnis computer program was used to draw the diffusion profile
through the data points by a least squares fit to a polynomial and
evaluate the diffusion coefficient as a function of the chromium con-

centration from the diffusion profile according to Eq. (76)

101



DIMENSION X{500),CPSM(500),CPS(500}),BLOCKL{100),BL0OCK2(100), .
2CH-10 910}y YGAL(-500) o X IN-(500-9YOUT (500 ) 9 RMS (¢ 10-)-y VAR (1 -}y DZERC (-1-0-}y~m
3DCONC(500),DCDX(500),CONC(500),NCDCN(500),W(500)4DIST{500},

- o 4RATIO(500),CINI500),DXDPC{500)+XOUT{500)+BLOCK3(500) 4HLAOCKA{500),-—-
SCC(10,10)1XCAL(500),SHRIIO)yRAV[lO),DELTA(IOJ
100-FORMAT (8F10.0) - - - R
200 FORMAT  (10X,'IER',110) :
300 FORMAT-{5Xy  OUTPUT-*45X s K1y 15) -mmm e - e
400 FORMAT {10X,'DZERD'4E15.5, SX,'DCONC',ElS 5 5X;'CONC',E15 5,
~ 15Xy *DCDCO'4EL5.5) - - R
500 FORMAT {10X,y 'X'4E15. S,SX,'CPSM',EIS 5,5X7'W',EIS 5)
600 FORMAT- (10X 'K ? 3 I595Xs KK 3I595X ) oo - oo oo e
650 FORMAT (2X,'C1-CK',10£12.5) | -
700-FORMA T-=—~{ 10X y 1RMS 1+ E15,5,5Xy ' VAR yE15 .5 )~ -
750 FDRMAT (10X, 'TEMP',E15.5,5X, 'PRESSt,E15,5)
e == +==800 - FORMAT =~ (10X, 'CIN',E15.5,5Xs "XOUT ! yE15.555X, 'CPS!EL5.545Xy -DCDX! -
1,E15.5)
oo = 850 -FORMAT ~{5Xy "X INTyEL5.5 45Xyt YOUTI §EL5 45} = mvmw oo+ oo o e
920 FORMAT (10X, 'RATIOT4E154545Xs'NIST!4EL5.5)
———TEMP -=—1300 4 0 -rm e o mmiim e e e -
PRESS = 0,00001
—— et ———— e~ . - TIME “DB4000 0 - - mmm e s e e - . e+ e et m et man = ¢
: NN = 39
e e e -NOPT 1 A R T
DIV = 15.0 .
~CSAT-= 0.056 - ———
INCRE =
e mmem = =T INCRE = INCRE o0 - oo prem o mem e simos i mm i e e e — e 4 meiem s e
NUM = INCRE + 1
e m—— == NN = NN o 1 e o
) READ (5,100) {(X{I)yI=1,NN)
- -—=READ- {54100) ~{CPSM{-I),yT=LsyNN) - -
READ (5,100) (W{I),I = 1,NPN) : _
— .._._-_......._____.._DU 1100 K = 143 - - C e tm e memm e e At i e o < i e = = oes am + i s =
WRITE (6,300) K

nw Yy




AR v SR YRS SN e e et bt bt e+ ot e e e 2 4 e e

C OBTAIN LEAST SQUARE FIT TD THE DATA
CALL- PCFI- (X 2CPSH s Vigdig NN KKg-2-9-BLOCKL -y BLACK2:9 €y YCAL » RMSp VAR e e
DO 900 J = 1,NOPT

e 3 S S
XIN(J) = (=DIV + (DIVETJ))

emmmmee=-Q00-CONTINUE- - - - .- -. S U O

C CHANGE CURVE TO INCREMENTS OF X | '

—~CALL- PCFE..{XINyNOPT KK ,YOUT).. . S

WRITE (6,850) (XIN{J),YOUT(J)sd = 1,NOPT)
e e e DELTALK Y -2 YOUT (1) / TINCRE o oomee e i = o+ omem o m e e e e e
IF {K<EQ.1) X{500) = XIN{1) | ‘
bt § RN § (<10 PR0 B €-X-1 1 BN £V (1 U

IF (K.EQ.3) X{498) = XIN(1)
IF—{K-+E041)--CPSM{500] - =- YOUT (1)
_ IF (K.EQ.2) CPSM(499) = YQUT(1) | .
- IF- (KeEQe3)~CPSM(498). = YOUT{L) -mrme o oo momom s mmromme e e e
. WRITE (6,650) (C(Ksd}yed = 14K)
—RITE~{65700) - (RMS(K) g VAR (K) I =~ mmmom e e — -

1100 CONTINUE | |
DO-1300-K—=--1ry3 — =i s o ne : -
NRITE {6,300) K

it n

—«-IF [KeEQal) XINMN) =+ X{500)- - =rsmsmm s o s e e
IF (K.EQ.2) X(NNN) = X(499)
e TF(KeENa3) X INNN) =X (498) - o s o et e oo o e
IF (K.ED.1} CPSMINNN) = CPSN{500)
IF~(K.EQ42)~CPSMINNN)-=- CPSHL409 ) - ————
IF (K.EQ.3) CPSHINNN) = CPSM(498)
————e e am ...._..........KK..._ K - 1 e me eEms e e — g e ik 4 % f ot e b et o dme = e

C OBTAIN LEAST SQUARE FIT FOR NEL" CUORDINATES
T oTmeer T CALL pCF‘I {CPS|11X w 0NNI\:KK,Z!BLOCK?)1BLOCK"P,CC,XCAL‘,SMR,RAV)— I
DO 875 I.-= 1,NUM

S ) FOIFT (R - vamn - e m et e ot e = e oo 2 Bt o oo m

L CINIT) = (-DELTA(R) + DELTA(K)*TI)

—— T

€0t



1 - . P

‘ ___u__-u"_.375 CONT TNUE o oo oo eem o om e e e e e e e

C CNANGE TO INCREMENTS-OF CONCENTRATION

¢ e mo . -CALL PCFE. (CIN,NUM,KK,XOUT) e e e e e
DD 950 I = 1,NUN

CONCI(I). CIN(I)*CSAT/CIN(NUM) , .
950 CONTINUE )
L*.__“_HC INTEGRATE AREA UNDER THE CURVE . ... ...
CALL QTFG (CONC,XDOUT,CPS,NUM)
—ca.m-C.OBTAIN SLOPES. FROM THE CURVE . . ...

CALL DGT3 (CONC,XOUT,DXDC,NUM,IER)

B Mo WA e ——

i ~—~WRITE-{645200) TER- - - o mrermmie oo — -~ —

; ‘ IF (K.EQ.1) GO TO 1025 _

e —mmm e e e — D0 885 1- = 14NUM e e e e e e s
DCOXI(IY) = 1. OIDXDC(I) ; '

e e —— -885-CONTINUE - - - e e ! e

: VRITE (64800) (CIN(I),XDUT(I),CPS(I)gDCDX(I) I= l NUM)

—DZERD(K)—=—=CPSINUM) /{24 0TI ME=DCDX [NUM) )
DO 1000 I = 1,NUM

1 DCONC (1)==-~CPS(1)/(2.0%TIMEXDCOX{T )} e

= DCDCO(I) = DCONC(1)/DZERB(K)

te— e ——— 1000-HRITE (6,400) DZERO{K)yDCONC(I)4CONC{ 1) 3DCDCOLT)wmmmm s oo oo o

DO 910 I = 1,NN

RATIOAI)-=_CPSM{L.L/YOUT.(1) . -
DIST(I) = X(I)/(2.0%(DZERO(K)*TIME )##0.5)

—-HRITE (6+920) RATIO(L) s DISTUI) o oo oo oo oo e e e

910 CONTINUE

e = = WRITE (64750) - TEMP §PRESS -~ oo — e oo — S,
: WRITE (64600) K,KK '
Tw-wmﬂﬁﬂnlogsuanTINUE-_w”h_“_“.“ O
1300 CONTINUE '
e c~CALL BXIT - e e o e e e e e e e
' END

not



APPERDIX B

This computer program was used to fit the theoretical model de-
scribed by Eq. (81) to the experimentally evaluated diffusion coefli-
cient, evaluate the association energy and diffusion coefficient of the
two~meomber complex, ard evaluate the theoretical dependence of the dif-
fusion coefficient as a function of ihe chromium concentration again
using Eqg. (Eli.

The theery was fit to Eq. (81) for a particular diffusion profile
by assuming a value for D0(2) and for a specific concentration varying
A 030 until D{Cr) calculated from the equation is within 5% of the value
of the diffusion coefficient obtained from the appropricte diffusion
profile at that concentration. The value of A GBO which yielded the
best fit was then inserted into Eq. (U1) and'Do(E) was varied until
D(Cr) was again within 5% of the experimental value. 7The value of D0(2)
vhich yielded the best it was then inserted into Eq. (81) arnd ZSGBO wes
again varied, This process was reiterated until D0(2) and £1G3° became
constant through tuo successive iterations. The values of DO(2) and
1&630 obtained from several concentrations were averaged, and these
averaged values were the theoretical parameters which related the theor-
etical model to the experimental results for the diffusion profile under
consideration. By placing these parameters into Eq. (1) and varying
~ the éoncentration, the theoretical dependence of the diffusion coeffi-
cient upon the concentration was obtained.
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DIMENSTON DG3{2%),D00(25),DCONC (50}, CONCIS0Y, DELTAGIZS:2 ),
e s e 2DZERD(25925) 3 DCUEO) yDCDUHO ) o DEN 280, CONIROY R
10 FORAAT [5E15.5) ' . i
. e T 2 FORMAT——Ber g L1l m,r,,( o d Loy Tty 5%yt My Tl Y DS FLE R B e e
2INCALC Y LF15,.5,5%, ' DR_TAL Y, 1 5.5) :

>~—-“-“m~l?~F”R'Aan(%V,'T',I4,ﬂk,'L',14,7X, Ly Ty BX s LNARY AFLTAG Y E L5 B
l 12 FNRAAT  (BKy 11V T 153 Lt 1.4 Xe VRV T4y BREVROONE T, E15,6,5), !
e 2DCALC 5 T B 5K TNZERO Y, 1YL 5 I e

. 14 FRRUAT (5% VIV, T Bty VL1, 148Xy VRV, T4, 65X, 1LONP i 2 © 1. E16.5)
e eamr raree e s 15, BN AT (54 NI, T4 nX, LYy i '.r> X! DELTAG! 1 5.545%) lnv"""',_,,i‘_l,'?. D I
16 FORMAT (55X, 'I'y]"r,L’A-lilyl g‘:’q'”r)' 1'2’.1“ b L‘\(ytn(“' 15,49}
_LTORNEAT (X TCUNC T LS 5, bR, TN U”l?;fJ5-5:531f“ﬁ33151545J53i.m-”
21050, R1h.50)

IR OFNUEAT (10X, TDED Y F19.h,9X,, Y 20, F15.5) e e e
19 FMEmAT (Sx'll.".'g:";‘pfjx":'7‘:}.5057_‘3:\'1'”C"Flll r‘ '3:"1"](1“—” Fi5, 59 !
e 25X D02 TS . :

: 20 FORMAT (10X, 'OUTPUT!) \,
o __bha FNREAT_ (10X, 'TERPILFLS, J,bf,'P”FQQ"-lﬁ,ﬁj :

Tt M = 1(] T T T

e it TEMPL 5020060 Ll e e e e,
PRESS = 1.0
e L TTME = 520000.0 _
CSAT. = 0.034
e .__DFLTAC.= 0, e e

Nz
L. = 17 '
SO IS 1.5 I 5 SR R e e e e e
| NNEXP = N,00547T4
e 7_=_2.0 .
R = 1,9372 '
e e e MRITE (A G20
5 MATTE (6,44) TEMP,PR
e PLAD (5410) (CONCLLY .
READ (S,10) (DCOMECIT)
NN 1202 JJ = 1,9

G o e v s e m o tm T % M ars e ke G d by S i e e m s

TJ = 1

SR T T e o e o
Loz e b e e e o)
' I = 1,0rt) ' I:
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APPENDIX C

To calculate the energy necessary to move a vacancy beyond the
1imit of the possible rearrangement of positive holes both the entropy
of mixing and the electrical energy must be considered. For an illus-
trative calculation, 103 cation fraction of vacancies were assumed to

2 cation frace-

be moved from a 1 cm3 of NiO in local equilibrium with 107
tion of chromium to 1 cm3 of 110 in equilibrium with the atmosphere.
The electrical energy for the species in the NiO lattice was calculated

from Eq. (13). With Stirling's approximation, Eq. (83) beccmes:
S= -k (N, Inl_ -~ 2-n; 1n ny) - (95)

from winich the entrbpy of mixing the species in fhe lattice can be cal~
culated. |

From Eq. (13) and Eq. (95), the electrical energy and entropy for
each piece of NiO was calculated before and after the vacancies were re-
distributéd. At 1000°C and P02 = 1,0, the change in the electrical en-
ergy would be approximately + 10000 caloriés per vacancy and the change
in the entropy would be approximately - 5000 czlories., Therefore, ap-
proximately 5000 calories are necessary to move a cation vacancy from a
position in equilibrium with lo'jlcation fraction of chromium to a posi-
tion with no chromiun if vositive holes were not available to maintain
local electrical neutrality. If holes were available to maintain the
local electrical neutrality, the change in the'electrical energy would
be reduced and the cation vacancies would be moved more easily,
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APPENDIZ D

TABLE 5, Diffusion Data for Chromium in Nickel Oxide

Symbols used in Table:

x = distance to the center of the section (microns)

O = specific activity of the section (counts per second per
micron)

t = lengﬁh of the diffusion znneal (sec)

T = temperature of the diffusion anneal (°C)

Py = oXygen pressure during the diffusion anneal (atm)
2
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TABLE 5,

T (°C)

1000

1100

1100

Continued

P. {(atm)
0y

1.0

1.0

1.0

t (sec)

8.712 x 105

8.712 x 10°

9.3L2 x 10°

x( )

L.86
9,88
17.35
12,18

9.18
17.56
26.79

6.0
15.88
27.06

5.51
14,00
25,72

5,90

12,69
18,98
25.98
35.00
48,25
62.45

L. 87

9.79

15,19
20,53
27,18
35.30
Lk.69
55.03
66.27

10.17
19,60

‘30.05
10.70

52.8h
67 .61

10.L2
19.43
30,38

11

T (cps/pm )

0.66)
0.56L
0,2537
0.076L

0:h77
0.206
0,051

0.66
0.305
0.0582

0.627
0,315
0.353

31.2
30.3
28.5
2L.7
18.91
8.23
2.02

3h.7
32.3
29.L45
27.85
21.6
16.28
10.63
3.51
0.08L

17.1
12.5
3.73
6.5

2433
0.11

15.78
12,12
9.67



TABLE 5.
T (°c)

1100

1100

1100

1200

Continued

p
0>

1.0

10~2

10~5

1.0

(atm)

t (sec)

-

9.3h2 x 10°

8.586'x 10°

9.68l x 10°

S.2 x 105

x( )

L,8.16

66.98

6.99

13.10
19.97
27.31
35.95
L7.47
62,145

11.1h
21,71
33,62
51.3

69.95

6.67

13.02
20,01
29,22
37.77
50.97

17.74
32.03
51,72

10,90
19.45
2795
38,78

10,28
19,80
31.90
hl.27

Tell

12,37
17.76
23.h1
30,32
36.5
L3.145

50,87

112

O (cps/i )

L.L6
0.506

15.95
15.01
12,05
10.95
7.58

3.73

0,537

1h.2h
11.h
8.36
3.52
0.106

11,92
8.3L
6.14
4.57
2.63
0.67

737
h.BL
1,11

«519
1168
«259
.0BOL

L96
«337
169

+03h5

57.0
53.8
€01
L8.0
L3.5
hlo 0
32.93
30.L41
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TABLE 5, Continued

h 0 -~ [ =
? (°c) PD2 (ztm) t (sec) x(/U-) _ a“(cpg/}u.)
1200 1.0 5.2 x 10° 58,35 26.88
66,72 22,93
95.147 Le.75
112,67 0.58
9.68 56.8
20,0 Lo.1
29083 ’ !-l60
39.19 41,1
. L7 .22 36.7
1200 1,0 5.19) x 10° 8.90 21.25
. 13,52 22,2
20,47 20,45
29-711 19065
38.38 15.3
51,00 13.0
65.08 10.27
75.36 B.25
87.61 Lh.76
1031.1 1.75
11h.4 L0862
9.58 21.2
15.69 21,63
T 22,18 19.6
28.85 18,15
35.77 16,39
8.38 20,19
14.26 22,19
19091!- 1908h
28,58 18.37
39.L43 18,0
52.33 12.69
63.95 10,78
7320 8.L7
8h02h 5-15
96,94 1.93
111.1 .181
1200 10-2 5.2 x 10° 8.34 7.08

15,31 77T



TABLE 5,
T (°c)

1200

1200

Continued

P tr
02 (atm)

102

10~5

t (secc)

5,21 x 105

5.233 x 105

24.87
35.3k
U6.76
6C.75
TGL3h
88,84
114, 7

5.69

10.98
18.47
26,15
33.82
52.1-'9
63.03
75.60
91.h1
111.8

11.11
18.80
26,60
34,87
Lhh 2
55.1h
6777
8§3.82
99,0L
113.1

9.h6

16.83 '

24,51
33.05
h2.61
5h.71
70,63
867
99,9

5.5l
11.53
18.38

11k

1.75
1.218
«352
.0l7
.075

3,51
3.24
3.00



TABLE 5.

T (Oc)

1200

1300

Continued

P02 (atm)

10-5

1.0

t (sec)

5.233 x 105

30781 X 105

x( )

26,hl
36.15
h6.24
56.39
68.20
81,95

10.79
12,10
27.29
36.93
L7.84
61.97
TT7a37

Te93

15.96
24.93
35.53
L6.77
60,5
76.70

30.45
t3.30
55.39
67.L8
79.L0
91.4L9
103.4
11h.4L
127.3
41,5
157.3
171.2
185.9

32,28
Lh,O7
56,52
64,32
81.37
93.84
107.6
122.0
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TLBIE 5. Continued

r (°c P 2tm t (sec x( ) o (cps/m)
) 0, (atm) (sec) g;b (cps/pe

1300 1.0 3,761 x 10°  137.9 13.6
154.0 9.57
168.8 6.63
13.04 38.4L
20,58 35.3
30.28 31.6
39,68 32.7
49.93 28.6
59.67 . 27.0
68.81 26.0
79.28 22.3
89.56 23.1
99,97 20.0
112.2 17.4
12L.5 14.17
136,2 11.51
149.3 8.1
163.3 6,72
178.4 2,2
1413 35.5
23.33 32.h
33.68 31.3
Lhhe3h 29.7
54,68 27.08
65,62 25.6
76 .88 25,2
87.73 21.9
98.11 20,2
108.3 18,25
118.L 16.0
130.6 14,05
145.7 10.65
164h.7 5.90
182.1 2.50

1300 10-2 2.6L x 105  L.92 3.58
8.13 3.41
12.03 3,60
18,12 3.39
27.25 3.28
37.22 2.88
Lh7.77 2.78
57 .97 2.60



TABLE 5.
T (°C)

1300

1300

Continued

P02 (atm)

10~2

10-5

t (sec)

2,6l x 105

2.6l x 105

xg;b)

69.28
81.58
9l;.78
109.14
127.7
1h5.h

5.88

.06

12.90
17.39
21,91
26.38
31.18
37.56
46,02
55.77
66,36
77.51

91.09

102.1
208.5
115.h4
124.0
136.7
154.6

21.4L45
30,14
39.97
549.93
59,07
69,32
81.L8
9.1l
106.5
118.6
130.6
1L3.9

17.8h
23,36
30.05
38,23
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1.015
. 769
.JJEJB
.0899

1.66
1,95
1.61
1.71
1.39
1.252
1.C9
917
687
-!-‘9
.290
2112

1.8L9
1.71h
1.74L2
1.663



TABLE 5,

T (°¢)

1300

Continued

Pos

10~5

(atm)

t (sec)

2.6l x 105

x(pe )

47.21
57.94
67.97
78.76
89.47
98,92
109,00
122,0
1%.6

10,25
18.82
29.55
37.67
L6.11
55l
65.09
75.63
86.43
97 .61
110.3
123.6
136.1

Cr(cpgépb)

1,463
1.415
l.233
1.126
«93h
817
.61‘0
<386
«20L
T L051L

2,105
1.Lly

1,99

1.985
1.801
1- 519
1.h27
1.171
1,003
.805
«552
.290
.098
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