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APSTRACT

Intrinsic tracer impurity diffusion measurements in ceramic oxides

have been primarily confined to CoO, NiO, and Fe30^. Tracer impurity dif-

fusion in these materials and TiC^, together with measurements of the

effect of impurities on tracer diffusion (Co in NiO and Cr in CoO), are

reviewed and discussed in terms of impurity-defect interactions and mech-

anisms of diffusion. Divalent impurities in divalent solvents seem to have

a weak interaction with vacancies whereas trivalent impurities in divalent

solvents strongly influence the vacancy concentrations and significantly

reduce solvent jump freouencies near a trivalent impurity. Impurities with

sr..all ionic radii diffuse more slowly with a larger activation energy than

impurities with larger ionic radii for all systems considered in this

review. Cobalt ions (a moderate size impurity) diffuse rapidly along the

open channels parallel to the c-axis in Ti02 whereas chromium ions (a

smaller-sized impurity) do not.
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1. Introduction

Impurity diffusion is the transport of any species other than the host

material in the solid. Two types of impurity diffusion coefficients are

commonl}' used in the literature. The interdiffusion coefficient 6

describes the process by which two adjacent solids of differing composi-

tions homogenize by the mutual diffusion of species across a common

boundary. This coefficient is composition dependent (hence, a function of

position within the sample), and its interpretation in terms of defect

properties is complicated by the presence of compositional gradients and

net mass f]ow. The tracer diffusion coefficient D* refers to either self-

or impurity diffusion when the species of interest is at infinitely small

concentration. The tracer diffusion coefficient is independent of position

in a homogeneous sample; even though there is a gradient of the radioactiv-

ity as a function of distance, a given atom "sees" only a homogeneous

solid. Owing to the greater accuracy of measurement and ease of interpre-

tation, only tracer diffusion experiments will be considered in this paper.

Work supported by the U.S. Department of Energy.
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Two types of tracer-ir>purlty diffusion measurements may be made that

complement each other and help identify the details of the impurity

diffusion process.

(a) The motion of an isolated impurity ion in an otherwise pure

crystal may be measured. The availability of high specific activity (often

carrier-free) tracers allow measurements to be made at indiffused-impurity

concentrations below the intrinsic defect concentration. Under these

conditions the tracer atom follows a .lump sequence as though no other

i_ arity ions were in the crystal and at a defect concentre ;ion corres-

ponding to the pure crystal. The diffusion process is then relatively

simple to treat theoretically. It is necessary only to specify the atomic

jump frequencies and defect interaction energies for the few simple and

well-defined solute-defect configurations. Impurity diffusion under these

conditions in KiO, Coj_gO , Fe30^, and Ti(>2 will be reviewed in sections

2 to 4.

(b) Self- and impurity tracer diffusion may be measured in crystals

doped with controlled amounts of the impurity. The dopant will influence

the concentration of defects and jump frequencies of the ions throughout

the crystal, but the concentration of an indiffused tracer is sufficiently

low that D* will be independent of position in the sample. If the concen-

tration of randomly spaced impurity ions is sufficiently low so that the

spheres of influence of different impurity atoms do not overlap (1-2%

dopant), the theory may be sufficiently simple to allow details of the

impurity diffusion process to be deduced. The effect of Co additions to
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NiO and Cr addition to Coj.^O on tracer diffusion will be discussed in

section 5.

2. Impurity Diffusion in NiO and ^Oj_gO

Before the results for impurity diffusion in NiO and Coj.gO are

considered, the general formalism for impurity diffusion will be briefly

•discussed.

2.1 Inpurity diffusion fonaalism

The temperature dependence of l̂>e tracer self-diffusion coefficient is

frequently found to obey the Arrhenius equation

Ds - D^ exp(- 0s/kT). (1)

From simple reaction-rate theory, one may obtain the expressions

0s - hf + h£ (2)

and

D® - a2 Vsfs exp[(s* + s^)/k] (3)

for diffusion by a simple-defect mechanism in a cubic structure. The

superscript s refers to self~diffusion; hf and hm are the enthalpies and sf

and sm are the enthropies of defect formation and migration, respectively;

a is the edge length of the elementary cube; v is the vibration frequency

of an atom about its equilibrium position in the jump direction; and f is



the correlation factor that accounts for the non-randomness of tracer atom

.lumps. For self-diffusion, fs is generally a temperature-independent

constant that is determined by the diffusion mechanism and the crystal

symmetry [1].

For impurity diffusion, the correlation factor f* depends on the

relative jump frequencies of the impurity and the neighboring solvent

ions. The presence of the impurity will change the values of the jump

frequencies of the neighboring solvent atoms relative to the values in the

absence of the impurity. Assuming that the effect of the im, urity is

short-ranged, four different jun<p freouencies for the vacancy near an im-

purity ion may be defined for the fee lattice. As shown in fig. 1, Wj is

the frequency of exchange of a vacancy neighboring an impurity ion with any

of the four solvent ions that are also neighbors of the impurity; wo is the

frequency of exchange of the impurity and the vacancy; w^ is the frequency

of exchange of a vacancy neighboring an impurity with any of the seven

solvent ions adjacent to the vacancy but not neighbors of the vacancy (dis-

sociation jumps); w^ is the frequency of the association jump (reverse of a

W3 jump); and all other jumps are assumed to take place with a frequency

wo, which is the frequency of the solvent-vacancy exchange in the pure

solvent. The correlation factor for impurity diffusion f in the fee

lattice may be expressed in terms of these various jump frequencies;

w, + 7/2 ]»3

+ 7/2
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where F is the fraction of vacancies making W3 jumps that effectively do

not return to the site from which the Wo jump was made; F is a known

function of w^/wQ [2].

If there is an impurity-vacancy interaction, thr. energy to form a

vacancy next to an impurity hf will be different from h|. Similarly, the

energy for an impurity-vacancy exchange hjjj may be different from h^. The

activation energy for imparity diffusion 0 will differ from 0 s by an

amount

Ao = O1 - 0S = (h* - h^) + (h* - h^) - C

= Ahm + Ahf " °> (5)

where - Ahf is the impurity-vacancy binding energy h and C is the tem-

perature dependence of f*;

c
c " F aci/T) •

Each of the WJ'S in eq. (4) may be written in the form of an Arrhenius

equation:

w = v exp(sm/k) exp(- hm j/kT). (7)

Since the various l^ i's may be different, f will vary with temperature.

Values of Ahm, Ahj, and C have been calculated for a large number of

impurities diffusing in Cu, Ag, Al, and Cd [3J; good agreement between

theory and experiment is found when a realistic interatomic potential is

available. Similar calculations have not been reported for metal oxides;
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however, the formalism above is valid for oxides and is useful for dis-

cussing experimental results.

2.2 Defect structure and mobility In NiO and Coj_gO

The oxides NiO and Co^^O (also Mn^gO and Fej.^O) have the NaCl

structure and are vetai-deficient at high temperatures [4]. The oxides can

be described by a general formula, Mj-gO, in which the non-stoichiometric

defect has been generally recognized as a cation vacancy. Electroneutral-

ity in the crystal is preserved by the presence of an appropriate number of

electron holes that compensate for missing cations. The value of 6 is less

than 10 ° for NiO and less than 10 for Co^rO. The defect structure and

mobility is better known for Coj_^0. The details of this defect structure

that influence impurity diffusion are discussed in the following paragraphs

for Coj_gO.

The extensive measurements of the deviations from stoichiometry 6 as a

function of p0 [5-10] show an excess of oxygen ions relative to cobalt

ions in C o ^ O . The rapid cation tracer diffusion [5, 11-14] relative to

anion tracer diffusion fl5] (D(, /D^ ~ 5x10 at 1200°C) strongly suggests

that the excess oxygen ions are accommodated by the formation of cation

vacancies (and electron holes) rather than anion interstitials. Various

charges are possible for the cation vacancies. The formation of neutral

vacancies can be expressed as follows:

V = V*o + 0* . (8)
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Singly charged vacancies can be formed hy the dissociation of neutral

vacancies:

V* = V ^ + n .

Further dissociation of electron holes yields doubly charged vacancies:

v' = v" + n . (10)
, Co Co

If only one type of cation vacancy is present, and the defect con-

centration is sufficiently small that defect-defect interactions can be

neglected, then the application of the law of mass action to eqs. (8-10)

allows one to relate the defect concentration to the oxygen partial

pressure:

fVCo] * (PO

fVCo]

The simplified electroneutrality condition

was used in the derivation of eqs. (11-13). The deviation from

stoichiometry is given by the relation

6 = ^ o 1 + fVCoJ + fVCo]'

If the mean lifetime of the various charged cation vacancies is small



compared with the mean time-of-stay between vacancy jumps (i.e., the hole

mobility is much greater than the vacancy mobility), then only one jump

frequency need be considered for all vacancies. If this jump frequency is

independent of the defect concentration, then a measurement of the cation

tracer diffusivity D as a function of PQ may be related to 6 and provide

a determination of the dominant vacancy type.

, Several measurements of 6 [7], electrical conductivity [6,9,16] and

^Co 113,141 cover a large range of p^ . These measurements show a curved

plot vs pp , indicating that more than one type of defect is prpsent in

Co, rO. The results of Pieckmann [13] for Ppo are shown in fig. 2.

Dieckmann has made an extensive analysis of the literature data on the PQ

dependence of 5, VQO, and electrical conductivity. He concludes that the

concentration of cobalt interstitials and oxygen vacancies are negligible;

the dominant defects are vacancies on the cation sublattice and electron

holes, and the vacancies can be formally treated as neutral, singly

charged, or doubly charged. The appropriate equilibrium constants for the

reactions given by eqs. (8-10) are as follows [13]J

£oJ -2K8 = i/2 = K 6 x l C exp[-26,000 (J/mol)/RT]; (16)8

iv ]
KQ = -~ 2.4 exp[-51,000 (J/mol)/RT]; (17)

CoJ
K =—¥1 = o.l7 expf-72,000 (J/mol)/RT]. (18)
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The normalized D*Q and electrical conductivity may be described by F13]

D*o/E[VCoJ = 0.113 expf-136,000 (J/mol)/RTj (cm
2/s) (19)

and

a/[h] = 5.4xlO3 expt-R^OO (J/rool)/RT] (R-cm)"1, (20)

thus justifying the earlier a 7umpt:ion that the hole mobility is mu~h

greater than the vacancy mobility.

The curvature in the plots of log J)QQ vs log PQ shown in fig. 2 can

be quantitatively interpreted in terms of a change in relative contribu-

tions of differently charged vacancies with varying PQ , as shown by

Dieckmann [13]. Other possible interpretations of the data include (a)

impurity-induced (extrinsic) defects at low PQ and (b) defect clustering

at high pQ . Chen and Peterson fî J ^ave measured the isotope effect for

DQO as a function of PQ and observed values of f AK that are independent of

PQ and consistent with diffusion by noninteracting vacancies and

AK « 0.75. Only the change in relative contribution of differently charged

vacancies with varying PQ is consistent with the PQ -independent value of

fAK. The other possible causas of curvature are expected to produce an

observable p0 -dependent value of f AK within the accuracy of the experi-

ment; impurity-induced defects, defect clustering, and Frenkel defects do

i

not make a major contribution to cation self-diffusion in Coj_xO at 1200°C.

Equation (19) indicates that T)Co/E[VCo] is independent of p 0 at a

given temperature, i.e., either all vacancies, independent of charge, move

with the same activation energy (hm = 136 kJ/mol = 32.5 kcal/mol) or only

one type of vacancy is mobile. It was previously mentioned that if the
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lifetiî es of the various charged cation vacancies is i~Jiall as compared to

the mean time of stay of a vacancy, the vacancy may change its charge state

many thousands of tiroes between jumps and only one activation energy cor-

responding to the energetically most favorable vacancy charge state is

required to describe cation-vacancy exchange in CO|_(j0. The actual charge

state of the vacancy during the jump is unknown. Without prior knowledge
*

of the vacancy charge state during the jump process, potential gradient

studies cannot be safely used to determine point defect concentrations or

mobilities in a material like Coj..^ [13]; theoretical calculations of this

charge srate will also be necessary for reliable calculations of activation

energies for impurity diffusion.

Most of the features of the defect chemistry of Coj,_gO are also

applicable to NiO and Mnj_gO. The electrical-conductivity [17] and cation

self-diffusion [18J measurements reouire both singly and doubly charged

vacancies in NiO, and only one activation energy for defect migration

(hR = 150 kJ/mol = 36 kcal/mol) [17] seems appropriate. Self-diffusion and

the isotope effect for cation migration in Mnj_gO are consistent with

migration by neutral, singly, and doubly charged vacancies; defect-defect

interactions do not influence the diffusion until 6 is greater than 0.01

[19]. Also, only one activation energy for defect migration seems ap-

propriate in Mnj_gO.

2.3 Results for Impurity diffusion In NiO and Coi_gO.

In addition to cation self-diffusion [12,18,20-22], tracer diffusion

has been measured in NiO for the following impurities; Co [12,22,23], Cr
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[24], and Fe fl2]. The results for impurity diffusion and self-diffusion

(including anion self-diffusion [25]) in NiO at pn =0.21 atrn are shown in
"2

the form of Arrhenius plots in fig. 3. The results for cation self-

diffusion and Fe impurity diffusion have been adjusted to PQ = 0.21 atm

from the pQ of measurement (p0 = 1 atm) using the relation D « P Q .

J* £. dm

Since the published results for ^ S diffusion in NiO [26-28] may represent

ft

diffusion along dislocations or subboundaries [29], they are not included

in fig. 3.

Tracer diffusion has been measured in Coj^O for Co [5,11-13,22], 0

fl5], Cr [30], Fe [12], and Ni [12,22] ions. The results for impurity

diffusion and self-diffusion in Coj.^O at PQ = 0.21 atm are shown in the

form of Arrhenius plots in fig. 4. The results for "F& impurity diffusion

have been adjusted to PQ = 0.21 atri from the PQ of measurement

(p0 = 1 atm) using the relation D « PQ • T h e published results for " s

diffusion in Coj_^0 [28] are not included for the reasons given above for

NiO.

The activation energies for cation tracer diffusion in NiO and Co^_^0

are plotted versus ionic radius in fig. 5. The activation energy appears

to vary systematically with the ionic radius if iron is a divalent ion in

NiO and CoO in air. The ionic radius for Fe^+ is also shown in the

figure. Iron ions in iron oxide in equilibrium in air are trivalent

ions. Apparently the bonding in NiO and CoO lowers the energy of the

crystal when the impurity is in the form of an Fe ion rather than an Fe

ion.
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Figure 5 also shows that the activation energy decreases when the

ionic radius increases; the larger the ion, the more rapidly it diffuses!

This unexpected feature occurs in nearly all tracer impurity studies in

oxides considered in this review. The reason for this unanticipated

behavior is not obvious. A detailed calculation of hm, hf, and C for a

number of impurities in NiO or CoO is a reasonable problem for the HADES

"program; such a calculation could provide considerable understanding of

this unusual experimental observation.

The observed values of AO can be analyzed in terms of Ahm, Ahj and C

for Co diffusion in NiO and to a lesser extent for Cr diffusion in NiO and

Col-6°* First. w e riust establish values of 0s, hjjj, and hf for NiO. The

value of 0s is rather well established; Atkinson and Taylor [20,21] and

Volpe and Reddy [18] have measured cation self—diffusion in NiO over nearly

seven orders of magnitude and obtain 0s in the range 58 to 60 kcal/mol. We

may take an average value of 59 kcal/raol. Three measurements of hf provide

a value of 19 kcal/mol [31-33], The preferred experimental value of h^ is

37 kcal/mol [17]. Since the value of 0s is probably the most reliable, and

the value of h^ is probably the least reliable, we have adjusted the values

of hf and h£ (Table I) to satisfy the relation 0s = hf + h^. Since both

singly and doubly charged vacancies may contribute to diffusion in NiO, one

may expect the effective activation enthalpies to vary slightly with tem-

perature and pn . However, the observed constant value of 0s over seven

orders of magnitude in D suggests that any temperature dependence of the

effective activation enthalpies must be small in NiO.



-14-

The effect of impurity additions on impurity and self-diffusion in Co-

doped NiO strongly suggests that the Co ion-vacancy binding energy must be

small [23] (see section 5). The value of O* for Co tracer diffusion in NiO

is 54 kcal/mcl [23]. The temperature dependence of the isotope effect for

^Co and ^"Co diffusion in NiO gives C = -4 kcal/mol and an analysis of C

suggests that At^ is -10 kcal/mol [23] (see section 5). This leads to the

'defect parameters for Co impurity diffusion in NiO stated in Table I, which

are also consistent with the defect parameters for pure NiO. This suggests

that the impurity-vacancy binding, energy may be small for homovalent

impurities but the migration energy may be significantly different from

that for self-diffusion.

Less extensive data exist for Cr tracer diffusion in NiO. The value

of O* is 67 kcal/mol [24]; thus AQ = 8 kcal/mol. Since Cr ions diffuse

much slower than Ni ions in pure NiO [fig. 3], W£ must be much smaller than

any other jump frequency, f must be nearly unity [see eq. (4)], and C must

Of

he close to zero. If chromium exists as Cr , there should be an

attractive interaction between CrJ and charged vacancies, i.e., Ah£ will

be negative. This suggests that Ahm must be greater than 8 kcal/mol and h^

must be greater than 47 kcal/rool. Values of the Cr interdiffusion coef-

ficient in NiO at constant Cr concentration (i.e., constant vacancy concen-

tration) suggest that h* - C - h^~V is near 52 to 55 kcal/mol [34,35]

(neglecting the temperature dependence of the thermodynamic factor). This

suggests that h* for CrJ diffusion in NiO may be even greater than

55 kcal/mol.
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The value of 0 1 is 58 kcal/mol for Cr tracer diffusion in CoO [30];

thus AO = 20 kcal/mol. For the same reasons listed above for Cr diffusion

in NiO, C must be close to zero and Ahj should be negative for Cr diffusion

in Coj_gO. This suggests that Ahm must be greater than 20 kcal/mol.

Taking h^ = 32.6 kcal/mol [eq. (19)J, one obtains h* greater than

52 kcal/mol for Cr ions in Coj_gO. This suggests that modest sized binding

'energies may be expected for trivalent impurities in a divalent matrix and

the migration energy may be much larger than that for self-diffusion.

3. Impurity Diffusion in ^304

3.1 Defect structure and cation self-diffusion in R23O4

Magnetite (Fe^O^) exists in the inverse spinel structure at low

temperatures and is a metal-deficient oxide relative to the stoichiometric

composition [36J at all but the lowest p 0 for which the phase is stable

[37,38]; the deviation from stoichioinetry increases with increasing PQ .

At low temperatures, one-eighth of the 64 cation tetrahedral sites and one-

fourth of the 32 cation octahedral sites in the unit cell are occupied by

FeJ ions while one-fourth of the octahedral sites are occupied by Fe

ices [39,40]. At higher temperatures electron interchange occurs, leading

to a random distribution of the Fe^ and Fe° ions among the occupied

tetrahedral and octahedral sites [41],

Dieckmann and Schmalzried [42] recently reported measurements of D

in FeoO^ that show a minimum in the plot of log Dpe versus log PQ , as seen

in fig. 6. These results may be explained in terms of the following model
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[38J: At low PQ , where FeoO* Is stolchiometrlc, the Intrinsic defects are

Frenkel pairs; thus, iron diffusion is dominated by the more mobile iron

interstitial ions. As Pf, increases, and vacancies form on the iron

sublattlce [37], the iron interstitial ion concentration decreases, causing

Dpe to decrease. However, as PQ continues to increase, a point is reached

beyond which the vacancy component completely dominates ^he diffusion

•process; from that point on, DFe increases with increasing p 0 .

This model may be stated in terms of reactions involving vacancies on

octahedral (VQ) or te'crahedral (VT) sites and iron ions of two different

charge states on interstitial sites (Fe-j! , Fe| ). For sufficiently small

point-defect concentrations, one obtains the relations

[voj« [VTJ «(p0 r'° (2D

and

[ Fex ] <* [Fe_ ]
 n (p- ) • (22)

i i o 2

The results of Dieckmann and Schmalzried [42] (fig. 6) show a slope

9 log Dpe/3 lop p Q = -2/3 at low pQ , as suggested by eq. (22) if the

defect mobility is independent of p0 . At high PQ a slope near +2/3 is
2 2

observed, as expected from en. (21). A model with a random vacancy distri-

bution between the tetrahedral and octahedral sites is entirely consistent

with the data.

Peterson et al. [43] have recently measured D^e and the isotope effect

for cation self-diffusion as a function of p n at 1200°C in FeoO* in order
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to differentiate between the free-interstitial mechanism and the inter-

stitialcy mechanism at lower p^ and to verify the importance of the

vacancy mechanism at higher PQ . The isotope-effect results at the higher

p0 levels are entirely consistent with diffusion by the vacancy

mechanism. The isotope effect at the lower PQ levels (interstitial

region) is about half that at the higher levels. Since the correlation

'factor for diffusion by free interstitials is generally larger than for

vacancies, the smaller value of the isotope effec*- at the two lower pr,

values roust arise principally from a two-atom jump process. Thus, the

interstitial-type mechanism at lower p 0 must be an interstitialcy

mechanism.

Peterson et al. [43] evaluated the correlation factor for two types of

vacancy jumps (tetrahedral and octahedral sublattice) and seven types of

interstitialcy jumps in FegO^. Two different types of jumps involving the

normally occupied tetrahedral sites are shown in fig. 7; the positions of

the oxygen ions have been omitted from the figure for clarity. In mech-

anismf 1J , a vacancy can jump to any one of its four nearest-neighbor

occupied sites. In mechanismf 2j , an interstitial ion at position 1 jumps

into the normally occupied tetrahedral site at position 0 and the ion at

position 0 jumps into interstitif.1 site 2, 3 or 4. The interstitial sites

in mechanising 2 ) are normallv unoccupied octahedral sites. The jumps in

mechanism^ 2 Jare "dog-leg" or noncollinear interstitialcy jumps involving

the simultaneous motion of two atoms. (For a description of the vacancy
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jumps on the octahedral sublattice and the other six types of intersti-

tialcy jumps considered, as well as the calculation of the correlation

factor for these jumps, see rpf. 43.)

Foth types of vacancy jumps are consistent with the isotope effect

results with AK near unity, and f*ve of the seven interstitialcy jumps are

consistent with the isotope effect results. On the hasis of the available

•space and location of rtoms in the lattice, one might guess that unoccupied

octahedral sites are the most likely interstitial sites for interstitialcy

diffusion on both the tetrahedral and octahedral sublattice of Fe30^.

Under these conditions, the interstitialcy mechanism shown in fig. 7 is the

most probable interstitial-type mechanism in Pe30^.

3.2 Results for impurity diffusion in f^O^

Tracer impurity diffusion has been measured for °̂ Co and 51Cr in Fe^O^

[44]. The plots of lop D vs log pQ show a r-inimum (see fig. 8), as

observed for cation self-diffusion. The minimum occurs at nearly the same

p n , and 3 lop D /3 log pn is the same, for both impurity diffusion and
U2 U2

self-diffusion [44]. This implies that the impurities diffuse by the same

defect mechanism responsible for self-diffusion. This is easy to see for

higher PQ where the vacancy mechanism is responsible for self-diffusion;

only the vacancy concentration varies with p0 , so 3 log D /3 log pQ may

be expected tc be the same for both impurity and self-diffusion. For the

same interstitial-type defect to be responsible for both impurity and self-

diffusion, a two-atom process (i.e., an interstitialcy mechanism) must be
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involved. Thus, the mechanism of diffusion reouired hy the isotope effect

measurements for self-diffusion is entirely consistent with the impurity-

diffusion data for Fe^O^. This suggests that for those systems where

3 log D /3 log p0 for self-diffusion requires an interstitial-type

mechanism, a similar measurement for impurity diffusion should yield an

identical value of 3 log D /3 log PQ if an interstitialcy mechanism is

Operating but may yield a different value of the slope for impurity dif-

fusion if an interstitial mechanism is responsible for self-diffusion.

As in the case of impurity diffusion in CoO and NiO, the smaller

impurity Cr diffuses much slower (by a factor of 2 to 3 orders of magni-

tude) than the larger i..ipurity Co. The similarity in the diffusion behav-

ior of Co and Fe may suggest that tracer diffusion of Fe in FeoO/ is

governed primarily by the motion of Fe . The slow migration of ur may

reflect the migration rate of Fe . The high mobility of the electron

holes allows any given Fe ion to change charge states many times between

junps. Thus the Fe ion will jump primarily when it is in the more mobile

charge state (i.e., Fe^+).

Dieckmann et al. [44] have also di (uced an "apparent motion enthalpy,"

equal to h* - C - h^~v in the present notation of eq. (5), for diffusion in

the vacancy regime in Fe-jÔ . They obtain 32 9 kcal/mol for Fe,

32.9 kcal/mol for 60Co, and 58.8 kcal/mol for 51Cr migration in Fe3O^.
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4. Impurity Diffusion in TiO2

4*1 Atomic And defect structure of TiO2

The crystal structure of rutile (TiC^) is noncubic and may be seen in

fig. 9. The sublattice of the Ti^+ ions is body-centered tetragonal. The

structure may be viewed as consisting of TiOg octahedra sharing edges and

•corners in such a way that each oxygen ion belongs to three neighboring

octahedra. The oxygen octahedra are slightly distorted. When two unit

cells are placed side by side and observed parallel to the c-axis, open

channels become apparent, fig. 9b; open channels perpendicular to the c-

a is are not apparent. The open channels will cause anisotropy in the

diffusion process and may allow fast diffusion of smaller ions parallel to

the c-axis.

The dominant defects in rutile are still undo.r discussion even though

numerous studies uaing a variety of techniques have been reported in the

literature. Data supporting oxygen vacancies, VQ, or titanium intersti-

tials, Tij, may be found. Kofstad [45] first proposed a defect model

comprising both doubly charged oxygen vacancies and interstitial titanium

ions with three and four effect charges. He suggests that V_ predominates

at high oxygen partial pressures and low temperatures whereas Ti^ and Z±^

are suggested as dominant defects at higher temperatures and lower oxygen

pressure. Recent conductivity and thermograviroetry measurements by Marucco

[46] further support this model, and suggest the additional possibility

that singly charged oxygen vacancies VQ become important at the highest
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p« . Both cation tracer diffusion [4 7] and proton channeling [48j experi-

ments demonstrate that the predominant defect of the metal sublattice is

the titanium interstitial.

4r.2 Impurity diffusion in 7102

As noted above, open channels exist parallel to the c-axis in TiC^,

end may allow fast diffusion of small impurity ions. Making certain as-

sumptions about the degree of ionicity of the Ti-0 bond and using Pauling's

ionic and covalent radii for Ti and 0, WIttke [49] estimates the inter-

stitial diffusion channels to consist of chains of "voids" of approximately

o

0.77 A radius, joined by deformed regions of comparable cross-sectional

area,

Johnson [50] was the first to measure the migration of a small ion,

Li + (r± = 0.62 A ) , in TiO2. He observed that lithium diffusion parallel to

the c—axis (along the direction of the open channels) is at least 10 times

faster than perpendicular to the c-axis. A good Arrhenius plot was ob-

served for D.. with D_ ~ 0.3 cm2/sec and Q.. = 7.6 kcal/mol. This

II c ° II c
Li —3 2

gives D.. ~ 10 cm /sec at T ~ 500°C compared to an extrapolated value
TI 1ft 7of D. ~ 10 cm /sec. at a similar temperature. Although an indirect

method (optical absorption) was used to determine D and Li was present in

bulk quantities (hence, diffusion in a chemical gradient was measured), the

large value of D. , the small value of 0. , and the large anisotropy are

strong support for the channel model and interstitial diffusion. The

channel mechanism presumably works best in an ideal crystal (unlike most
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diffusion mechanisms). Johuson [50] has observed that Li diffusion in TiO2

was strongly influenced by abrasion of the surface. Since dislocations or

stacking faults introduced by grinding may close off channels, these

observations further support the channel model of diffusion.

Another small interstitial impurity atom, H, also shows rapid diffu-

sion (D. ~ 3x10 cm /sec at T = 500°C) and considerable anisotropy in the

diffusion coefficients [51J (^C/D,^ ~ 150 at T = 500°C) in TiO2.

However, owing to the interaction of the R with oxygen ions, the mechanism

of migration of H may be more complicated and involve the lormation,

rotation, and dissociation of OH f52J.

Wittke [49] has made qualitative observations of color change in TiOp

crystals which suggest that Cr, Pe, Co, and Ni diffuse rapidly along the c-

axis. Similar qualitative observations have been reported by Steele and

McCartney [53] which support the conclusion that D e > D e in TiO,,. One

may expect Cr 3 + (0.62 A ) , Fe 3 + (0.65 A ) , Co 2 + (0.74 A ) , and N i 2 + (0.69 A)

o

to Jiffuse rapidly through the 0.77 A channels, in contrast to oxygen or

larger impurities.

Sasaki and Peterson [54] have made preliminary tracer diffusion

studies of ° Co and -^Cr in Ti02> both parallel and perpendicular to the c-

axis. They observe that T)Cn° is about 10
7 times greater than D^1 (at 800°C)

nc Bewith Drt = 3.9 cm
2/sec and 0 = 33 kcal/mol. The value of D '° is not as wello lcl. The value of D '°

established but D^°/D^° is at least 103. Chromium diffusion in TiO2 [54],

like cation self-diffusion [55], shows relatively little anisotropy.

However, even though Cr 3 + is nearly 20% smaller than Co 2 +, D^° « 10 5 D^r in
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2 It is clear that ionic size alone is not a good criterion for rapid

diffusion along the open channels in TiO£. More extensive tracer impurity

diffusion studies and state-of-the-art calculations will be needed before

the effects of ionic size and charge on rapid diffusion in the open

channels of TiC^ are understood.

•5. Effect of Impurities on Diffusion

5.1 Cobalt impurity diffusion in NiO

The presence of an impurity atom in ati otherwise pure crystal will

change the jump frequencies of the neighboring solvent atom relative to the

values in the absence of the impurity. The correlation factor for impurity

diffusion f1 must be stated in terms of a number of different jump

frequencies, as shown in eq. (4) (fig. 1). For each impurity atom added to

the solvent, a known number of solvent atoms will jump with a frequency Wj,

W3, or V7̂  rather than wQ. Lidiard [56] was the first to derive the average

solvent-atom jump freoucncy as a function of impurity content c in. terms of

the various w^'s. He found that the self-diffusion coefficient in an alloy

of composition c, Ds(c), could be written as

Ds(c) = Ds(o)(l + be), (23)

where Ds(o) is the solvent ion diffusion coefficient in the pure solvent.

The enhancement factor b is expressed by

[w. 7 wo*j
-± + ±-±\ exp(h
o o-l[ 7 j J
-± + ±-±\ exp(hj VkT) (24)
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within the framework of the Lidiard theory. Here, the impurity vacancy

binding energy h£~v may be expressed in terms of the jump frequency ratio

^ ( 2 5 )

The ratio of the impurity diffusion coefficient D (o) to the solvent

diffusion coefficient in the otherwise pure solvent is given by [56]

D (o) f o

where fs is the correlation factor for solvent self-diffusion. Thus, from

the experimentally measured quantities f , b, and D (o)/Ds(o), one obtains

information about the various jump processes near 3n Impurity ion.

In deriving eq, (24), Lidiard assumed that all solvent jumps in the

alloy have a correlation factor fs as in the pure solvent, Howard and

Manning [57] have removed this assumption and found that, for a given set

of values of D (o), Ds(o), and b, a range of possible values of f1 exist,

and that unique values of w^/wo, w^/wj, and W2/V2 correspond to each value

of f . Hence, given experimental values of D (o), i/Ho), b, and f , a

unique set of jump-frequency ratios may be obtained. Experiments of this

type have been performed for impurity diffusion in metals [58-60]; however,

for the following discussions, Lidiard's theory will be sufficient.

In an attempt to study the detailed process of cation impurity dif-

fusion and the effect of impurity-defect interactions on cation self-

diffusion in oxides, Chen and Peterson [23] have measured the isotope

effect for cobalt diffusion in NiO and the dependence of cobalt and nickel
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diffusivities on dilute cobalt concentrations in (Nij_cCoc)0 crystals. The

experimental values of ffAK)^.Q, deduced from measurements of the

simultaneous diffusion of 55Co and 60Co in NiO, increase from 0.45 ± 0.01

at 1179°C to 0.61 ± Q.01 at 1649°C. The correlation factor fC(J was

determined from the product (fAK)co by assuming that AK for cobalt impurity

diffusion is the same as that for nickel self-diffusion in NiO (AK = 0.78),

and fQo is plotted as a function of temperature in fig. 10. The slope of

the line in fig. 10 gives C = -4 kcal/mol, a value used in Section 2.3 and

Table I.

The diffusion coefficients for both cobalt and nickel diffusion in

(Ni2_cCoc)0 crystals increase linearly with cobalt concentrations (up to

c = 0.015) at precisely the same rate. The equal enhancement for both

solvent and solute diffusion is further demonstrated by the fact that the

ratios of Dco/DNi> obtained from the simultaneous diffusion of Co and

Ni, are independent of composition at a given temperature.

Lidiard's theory has successfully explained the effect of soluta

additions on self-diffusion in many metallic systems; however, it does not

predict the enhancement of solute diffusivity. Py extending Lidiard's

analysis, one can show that the association of a vacancy with two solute

atoms may result in a linear enhancement for solute diffusion, and will add

a ouadratic term to the expression for the enhancement of the solvent dif-

fusivity [3]. Thus both solvent and solute diffusion may be enhanced by

additions of solute, but the enhancement effect for solvent diffusion
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should be greater than that for solute diffusion. This prediction is con-

trary to the experimental results for the (Nij_cCoc)0 crystals.

In addition to the effects of solute additions on self-diffusion con-

fidered by Lidiard for metallic systems, an effect in oxide systems arises

from charge neutrality conditions. Since the third ionitation energy for

Co is lower than that for Ni^+, the concentration of cation vacancies

must vary at a given temperature in a dilute oxide solid solution to

conserve charge neutrality. This will cause the free-vacancy concentration

to vary linearlv with cation composition. The combined effect of the

vacancy-solute interactions given by Lidiard and the change in free-vacancy

concentration result in the enhancement factors bj = b + by and Bj = by for

the diffusion of solvent and solute, respectively. Here by is the contri-

bution to the enhancement of diffusivity due to increased free-vacancy con-

centration. Since the experimental results show that bj = Ej and Dx/Ds are

constant values independent of Co concentration at a given temperature, the

enhancement of both cobalt and nickel diffusion is primarily caused by the

increased concentration of cation vacancies; the vacancy-solute inter-

actions and their contribution to the enhancement of solvent diffusion are

negligible (b - 0).

These conclusions suggest that h£~v « kT and wQ = wt = Wo = w^ ^ W2«

Using these conditions, W2/wQ and Dco^
DNi *n Purc "^ were calculated as a

function of temperature from only the measured values of fCo using eqs. (4)

and (26). The calculated values of W2/wo and Dfo/Bjji are plotted versus

temperature in fig. 11. The temperature dependence of WO/WQ pives directly
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Table I. Probable values of defect parameters in N10 (all values in
kcal/mol).

Impurity

Co

Cr

(a)

0s

59

(b)

0*

54

67

Seie-Diffusion

hf
20

Impurity Diffusion

21

< 20

,i-v
hb
~ 0

> 0

K
39

>

•4
29

47

C

-4

0



Figure Captions

Fig. 1. Vacancy jumps near an Impurity in an fee crystal.

Fig. 2. Cation self-diffusion as a function of the oxygen partial pressure

in Coj_gO in the temperature range 1000-1400°C. From Dieckmann

[13].

Kg. 3. Tracer diffusion in NiO at p0 = 0.21 atm. The data are from the

following references: ^Fe—Crow fl2j; °^Co—Chen and Peterson

[22,23]; high-temperature 63Ni—Volpe and Reddy [18] and Chen and

Peterson [22]; low-temperature *>3"<—Atkinson and Taylor [20,21];

51Cr—-Chen, Peterson and Robinson [24]; 180—Dubois [25].

Fig. 4. Tracer diffusion in Coj_^0 at p 0 = 0.21 atm. The data are from

the following references: Co—Carter and Richardson [5], Chen,

Peterson and Reeves [11], Chen and Peterson [22], and Dieckmann

[13]; 55Fe—Crow [12]; 57Ni—Chen and Peterson [22]; 51Cr—Chen

[30]; 180—Chen and Jackson [15].

Fig. 5. Activation energy for tracer diffusion in NiO and Co1_(j0 vs ionic

radius of the tracer ion.

Fig. 6. The cation self-< iffusion coefficient in Fe^O^ as a function of

PQ in th<j temperature range 900-1400°C. From Dieckmann and

Schmalzried [42].



Figure Captions (continued)

Fig. 7. Vacancy and interstitialcy jumps mainly involving cation

tetrahedral sites in the Fe^O^ lattice. The oxygen sites are

omitted for clarity. Front Peterson et al. [43].

Pig. 8. Tracer diffusion in Fe-jÔ  as a function of the oxygen partial

pressure at 1200-1210°C. The data are from the following ref-

erences; Fe—Dieckmann and Schmalzried [42]; Co and C r —

Dieckmann, Mason, 'od^e, and Schmalzried [44].

Fig. 9. (a) A unit cell of the rutile (TiO2) structure, (b) An end view

of the atomic arrangement for the [001] axial direction. The open

channel along the c-axis is indicated by the dashed lines.

Fig. 10. Log fQo vs reciprocal absolute temperature for cobalt diffusion in

NiO. From Chen and Peterson [23],

Fig. 11. Temperature dependence of (a) Dco/%i (•) and (b) W2/wo (J^) as

calculated from measured values of fCo. Experimental data from

the simultaneous diffusion of °"co and ^'Ni ( Q ) are also

shown. From Chen and Peterson [23].
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Pig. 3. Tracer diffusion in NiO at p0 = 0.21 atm. The data are from the
following references: ->-*Fe—Crow [12]; "°Co—Chen and Peterson
[22,23]; high-temperature 63Ni—Volpe anu Eeddy [18] and Chen and
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