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INTERDIFFUSION AND MOVING BOUNDARIES
IN NiO-CaO AND NiO-MgO SINGLE CRYSTAL COUPLES
Marvin-Appel and Joseph A. Pask
Inorganlc Materials Research D1v1510n Lawrence Radiation Laboratory,
and Department of Materials Sc1ence and Engineering,
College 'of Englneerlng, Unlvers1ty of California,
Berkeley, Callfornla
ABSTRACT
.October 1969
For single crystal NiO-Ca0 and NiO-MgO diffusion anneals in air in
the temperature range 1300-1600°C, the diffusivity was found to be ek~ -
ponentially dependent on the Ni concentration. Diffusion proéeeded more
rapidly in the NiO-rich phase.resnlting in movement of the ?hase boundary
between the diffusing crystals and growth of the NiO at the expense of

the other crystal.  If the two crystals were of different crystallo-

graphic orientation, the orientation of the volume swept out transformed

to that of the growing crystal. The chemical diffusivities for NiO-CaO .

interdiffusion were found to be

Based in part on & thesis submitted by Marvin Appel for the Ph.D.

'degree in materials science at the Unlver51ty of California, Berkeley,.

June 1968.

Supported by the United States Atomic Energy Comm1551on under Contract
W—7h05—eng-h8 .

At the time this work was done the writers were, respectlvely, research
assistant and professor of ceramic engineering, Department of Materials

. Science and Engineering, College of Engineering, and Inorganic Materials
Research Division, Lawrence Radiation Laboratory, University of Callfornla,

Berkeley, California 9u4T20.

Presented at the Twenty-second Pacific Coast'Regional Meeting,‘The’
American Ceramic Society, Seattle, Washington, October 17, 1969 (Basic
Science Division). -
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Current theoretical and experimental attacks on the nature of’
 Darken's analysis of a moving phase boundary are discussed as is its

inapplicability to ionic systems with rigid anion lattices.
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I; 'iNTRODUCTIONv.

Interdiffusion of cations inﬂstoighiometric and non-stoichiometric
oxides may give riséfto phasé boundary motion and crystallographic re-
orientation. These phenOmena have practical applications to the under-
standing of grain groﬁth and sintering;

INiO, Ca0 ana MgOvprovide good materials for such a study sincé
single crystals are availabie. Their efystal structures are variants

of the NaCl structure. Mitoffl has shown that NiO is non-stoichiometric

)1/6

. . . .+ . '
in air. There is a finite concentration of Ni 3 proportional to (PO
2

and equal to U x 10‘“ atoms per ion pair at 1400°C. The maintenance of

electrovalent neutrality requires that one cation lattice vacancy exists

~ for évery two trivalent nickel ions present. Ca0 and MgO are stoichio-

metric.

| Diffusion in ionic Systems has been discussed extensively in the
literature.2_6v Diffﬁsion in these oxides is dependent upon the presence
of vacancies since the éctivation energies for other mechanisms--ring,
interstitial,'etc.—;are too‘high. Vacancy sites aré forméd as thermally-
created Schottky defects or by the presence of trivalent impurities or
trivalent nickel jons. The activation energies fof the formation of
Ffenkel defects. in NiO, Cal, and MgO are very high, so that the Frenkel

defect concentrations are negligible in comparison with the Schottky

- defect concentrations.

Wartenberg and Prbphet7 report a complete series of solid solutions

for MgO and NiO for all compositions and temperatures. This analysis is

H

consistent with Hahn and Muan,8 who used X-ray diffraction to determine
that'NiO—MgO solid solutions are ideal for all compositipns at low

1]
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pressures of oxygén. The laffice.parameters,of thé.pure éubstanées are
h.203'z and h.l72‘z for MgO and NiO, respectively;

Blank and Paskg-ﬁaﬁe reviewed the"diffusion:studies in the NiQ—MgO
system reported in.the literature. They showed experimenfallyjthat there

can be a moving boundary in oxide systems, even though a one-for-one

L4

counterdiffusion is negessaryAacross any plane perpendicular to the

_ direction of diffusioh for diffusing species of equivalent'charge in

order to maintain a charge balance; For an NiO—MgO diffusibn anneal in
air, they found an .exponential dependence of the chemical diffusiViﬁy_

on nickél content aﬁd motion of the plane of 25 a/o Ni content._ In’
vacuum, where there was no concentration—depéndence of the chemicai .
diffusivit&,“ﬁo motion @f the 25 a/o Ni plane occurred.

Ni0 and Ca0 exhibit a limited solid solubility with no intefmédiate
compound formation. Tikkanenlo and more recentiy'Smith et al.;l héye
détermined phase diagréms primariiy by X—ray diffraction measurements
of iattice parémeteré."The lattiée parameter of Ca0 is 4.797 X.. The
present diffusion study provides additional information on this‘phase
diagram. - Reports ofvdiffusion studies in the literature in this system
have been limited. | |

'Thé'objeétive of.this study has been to‘provide a>fUndaméntal- » o
understanding of the diffusion characteristics and the ﬁhenomenon éf
phase boundary motion exhibited in the NiO-MgQ'and NiO-Ca0 systems on

annealing in air.
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II. EXPERTMEHNTAL PROCE DURR

Slngle cry stﬂls of ¥Mg0, Cal0 and N1O vere used in this study - Their

 spectroscopic'éna1yses are listed in Table I. Preliminary diffusion

anneals made with single crystals pressed in powder were abandoned be-
cause they produced erratic results which were atLrlbutea to lack of
consistently reliasble contacts between the powder‘and single cr,cbal

Diffﬁsion couples of HiO-1{z0 and HiO- CaO were preparasd by placing

one crystal on top of another, measuring 0.5-1 cm on a side, with a 210
~gram platinun weight load to promote geod crystal-crystal contact. The

crystals were offset from one another to aid in the location of the

original'phase boundary. This assembly was placed on e platinum fbilj'
in a higﬁ—purity Ale3 érucibie. Specimens with (100) faces were pref:
pared by‘cleaving;bthbse wvith (110) faces, by'saving; In 211 ceases, the
contact surfaces were slightly polishedr(2 min on:a-fine diémond lao;_
2 min oﬁ an extra-fine diamond lap, and 2 min with 1000 grit SiC ;oos° 
abrasive in an ethaﬁol slurry) so as to improve contact but not chanrc
the surface characteristics significahtly. o
Diffusion anneals weré made in eir a£lthé test temperatures and’
times ihdicated in Table II. The furnace was heated with vertical‘
MoSi, hairpins, monitored and céntroliedey a Leeds and Norﬁhrup
Speedomax H recorder-controller. -The control thermocouple, Pt vs Pt-10%

Rh, was placed near a heirpin. Another thermocouple placed 1/2" under-

‘neath the specimen in the center of the hot zone was used to rmeasure

d Ca0 were db*aiped from Muscle Shoals Electro-
0. Box 87, Tuscumbia, Alabzama; NiO, from ‘
Inc., 650 California St., San Francisco, Calif.

chemical Corporavion
Marubeni-Iida Arm

' -
—
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thé specimehfﬁemperature. At .no time was it .found to deviate by more
than 3°C from the:average temperature for the.coufse of .the anneai;

The diffusion assem‘ély was introducéd into.the'.fumace.é,f temperatﬁre,
"and the sampie always reached thermal equilibrium within l/é h. After
the anneal the sample csoled within thé'furnéée with the powér off
since the thermal shock assqciated with immediatebextraction frequentiy
caused the-welded crystalé to break apart. In all cases;-the fﬁrnace
temperature dropped below 1000°C within 2—i/2 h and was below 300°C
within 12 h. ' | :

Fdllowing the diffusion anneal, the welded cryétals were sectioned
perﬁendipﬁlar to the‘original interface with a diamond‘sdw. The sec-
fioned speéimen was then ?olished to opfical'quaiity (é ﬁin on a.fine
diamond lap, 2 min on an extra-fine diamdnd‘lap, 5-10 min on 600 érit
sic péper; 2 miﬁ on h/d paper; 4-8 min on a 6 uudiaﬁond lap, and 5 min
 with Linde A 0.3 u Alzog in an éthanolbslurry), and carbon was vécﬁum—
déposited to.improve it§>$urface ébhductivity in'preparation for thé
electron micrdprébe analyzér.

Prior to microprobing, the surface conductivity was further en- .
hanced'by painting those portions which were not of interest withia.
slurry of carbon in ethanol. A Materiéls Analysis Company Model_hOO
electron ﬁicroprqbe analyzer Wés used to determine the concentration vs
distance profiles écross the'crystal—cfystal'interfaces.

The nominal beam size was 1 ﬁ, although resolution was probabiy.in
the range of 2-5 p. In every case, two spectrometers Wgre'employed
simultanedusly to record the concentrations of both catigns at evéyy

point. The spécimehs were always sufficiently large so that infinite
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'diffﬁsibn theory could.be applied in the analysis of the profiles. The

undiffused. portions of.the;specimens served as internal standards‘
representing spectrometer count rates in the pure oxideé.

Lau;'back-reflecfion X~ray photographs were taken of all the
speciméns to deiermine tﬁe deviation of the micfoprobe path frbm the
true normal of the cfystal—cfyétél interface. This.deviafion resulted
when the.specimens were sawed not exaétly normal to the interface, and
never exceeded 10°. |

Frazer, et al.12 have written computer programs which correct the

Iraw'microprobe data for dead time, drift, background, absorption, and

.'flﬁqrescence if any. These programs were modified to suit the Radiation

Laboratory computer facilities and additional programs were written and
incorporated which converted the concentrations into mole fractions,
made the corrections in distance’indicated by the Laue photographs, and

used a Cal-Comp plotter to plot autbmaticallyvthe concentration vs,dis;

~tance profiles.

_The concentration-distance coordinates were taken manually directly
from the Cal-Comp plots and punched on computer data‘cards. Computer
programs were Wfitten which used this data to determine the Boltzmann-
Matano interfaqe and the concentration-debendent or independent chemical
diffusion poefficients. |

ITTI. MATHEMATICAL ANALYSIS
If the diffusivity is a function of the concentration of the éif—
fusing species, Fick;s 2nd law for tﬁe one-dimensional case

C3e . 3 (v dc o
9t ox (D X> : .’ g )

R
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is an inhomogeneous differential eéuation.~ Fbr.the'case_of-counter-
diffusion in two semi-infinite solids;'Mataﬁ613'has modified a solution
origiﬁally presented_by.Boltzmannlu to give the chemical diffusivity B
as a function of concentration, distance; énd time (c, x, t). The
Boltzmann-Matano solution involves the determination of an "interface" w
across which there has been a zerovﬁet flux of atoms of the counter-
diffusing species. .This defines x = O for the solution and is deter-
mined by the condition

'co |
¢/- xdc = 0 for -w<x<®o, ' _ (2)

o}

The diffusivity is given by

Ben = -5 (2). f xde (3
o . ' c=c' o

The Boltzmann-Matano solutipn may not be applied to a system con-
taining two or more phases, éince the concentration vs distance: profile
is discontinuous at the phase boundary orvboundaries andrthe required
mathematical operations of'integfation and differentiation may not be

performed. JostlS

and H.euma.n'nl6 have developed qualitative solutions
whiéh overcome this difficulty. Appel17 presented a quantitative solu-~ . -

tion where, for the two: phase case,-Eq.‘(2),Beéomes

; xde + xde + (c2e - cle) X=0 (L)

c2e
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where clé and Che 8TE fhe.respedtive.equilibrium_conéentrétions_ét the
phase boundary and X is the distance the boundary has moved. x and X
are measured either positive or negativé'from the x = 0 plane. For a
given concentration, cf;'ﬁ(c’) is given by Eq. (3) for the region to the
left of the discontinuity, and
. L 4 %e _c |
U = en w— —_— ) + + -
(c') = - 2t(dc>_ ' xdc xde .(c2e Cle) x| (5)
' C=¢C :_ 0 . by ‘
. : Se .

for the region to the right_of the discontinuity. In the above expres-
sions, t represents the time of the diffusion anneal.

The chemical diffusivity, U, is that one defined by Fick's 1lst law
4 e ‘
7=-3 ox o (6)

_where J is the atom flux.

Sﬁigelskés'and Kirkendalll8 have shown éxperimentally that when the
_diffusivity is a function of‘COncentration, the two counterqiffusing
"species in a_metal—métal couple may move aﬁ different speeds; so that
the o?iginél boundary between them and inert markers lying onvthe boundary :
move and no lQnger.coincidevvith the Boltzmann-Matano interféce.

19

-Darken™ developed a theoretical analysis of the Kirkendall effect
. which relates B and v, thé velocity of the inert markers at a constant

compdsitibnvto the intfinsic diffusivities;_Dl and Dy, of the individual,

countérdiffusing species at that compoéition{ - The relationships are.

{1\5’= D1N2'+ Dle . . . . ' C (7)
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.,3N; '
v = (D1 ~ .Dz) —a—x' (8) -
where N; and N, are the atomic fractibns of the'iespecti?e species, . v £

subject'to N, + N, = 1. ’When the'confrolling phyéical procéss involved
is diffusion, ¢ = c(xt—l/2):and v = X/2t. | |
D énd.Dz are related to the trécer diffusivitieé, the diffusivities
of radiocactive tracer atoms in matrices of their own species (e.g;;
rédioacﬁive gold in gold), by
% :.d In v\ : | 'V
D1 = D1 <1 + Efiﬁfﬂj'> | :v(9)

% v : _ o L ,
where D; is the tracer diffusivity and y: is the activity chfficignt of
component 1 aﬁ the cbnéentrétion représeﬂted by N;. For ideal'SQIﬁtibné,v
V1 = 1 for all N; and D; = Di; likewise, D, = Dy. | .
| Darkeh's analysis is phénomeholégicai'énd‘doés nof resorf~to any
discuésioh of mechanismé. Therefore, if should be applicable to aif-
fusion in any state;ggas, ligquid, or solid. Iﬁ experiments involving
seven different fairs of binary gas diffusion couples, McCarthy ana
Mason20 foﬁnd that Darken's analysis was‘noﬁ valid. The measuredldif—
fusivities were found fo be related by equations derived from the'kiﬁetic

theory of gases,21’22

Birchenall23vand Vignes and Bircheﬂallgh have considered the problem _

which are of & different form than Darken's.equations,

from a fundamental ﬁiewpoint and believe Darken's equations to be.

‘ basically incorrect for oxides also. According to them, there is one,
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; and 6nly éné; indépendent inferdiffusion.coefficient, the chemical dif-
f(fusi§ity‘B, WhiCh,COﬁpletely descfibesitﬁe'diffﬁsibn. D; and Dé ére
essentially meaningléss quantities;'sinCe there ié no.physical signifi—
éance attaéhed to a planeldf‘constant composition on which ineft_markers
lie. |
Unfortunately,»é kinetic theory of solids does not exist. Shewmon25

 discusses the Qarious attempts'which ﬁave been made to test Dafkeﬁ's
analysis in solids. All attempts to date haVé suffered from very large
experimental errors, and while the results agree with the analysis
- within those errérs, they are by no means conclusive.

IV. RESULTS AND DISCUSSION

(1) Diffusion Profiles

(A) " "The NiO-NMgO System: Typical profiles for this system are

shown iﬁ Fig. 1. They are continuous since theré'is complete solid
sblutian. _An interfacé exists because a (110) MgO face wés in contact
.wifh a (100) NiO face. -Profiles for the same system under.iaentical‘
cohditions but with oriented (lOO)_fdces in'contact wéré an exact
. duplicate; the.crystal—crystai interface, however,_diéappearedt These
results provide‘experimental proof that the diffusion rate is independent
of thé crystallographic directioh in cubic crystals. Nye26 presenﬁs a
theoreticél proof.

-Each of.the profiles, for Ni and Mg, were analyzed independently,
_és discusséd in Section III, to give B. As reported by Blank and Pask,9
these diffusivities were always found to vary exponentially with ﬁi con-

centration. Since the diffusivity is also proportional to the. vacancy

concentration, it follows that the vacancy concentration varies
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exponentially with total niékél concentration. Similar,effecfs have been

27

observed by Zintl and Werner.28"Zintl.investigéted cation.lattice
vacancies as é'function of COmposition in COXOfMgO s0lid solutions and
found that the wvacancy concentration varied exponentially with cobélt
concentration.‘ Werner measured electrical conductivity in (Cu,Ag)S “
solid solutions as a function of copper COmposition: (Cu;Ag)S is a'pure_
ionic conductorﬁwhere electrical conductivity.occurs by vacancy diffu-
sion of the cations. The vacancy'concentration depends on the fraction
of Cu+2 present; He found that the électrical conductivity varied ex-
ponentially with copper concentration; which is to say, the vacancy con-
centration varied exponentially with coppéf'concéntration. bThese three
effects are all manifeétations of the game phenomenon. ' A small addition
.bf the potentially-oxidigable ion prééent in the lattice will result in
greatef oxidation and féfmation of:vacancies.' furthermoré, since

BINi] ~-AH

Ni o e f/RT, the heat of formation of a_vacanéy,

O _
‘ AHf, will decrease linearly with'increasing nickel concentréfidn. .An
- ordered array of.vacahcies will have a 1owér enérgy per vacanby fhan
will an isolated vacanéy in fhe-ordered crystal lattice. ‘The vacanciles
interact with one anothér to lower the total energy of the system;

The total amount of Ni+3, however, is small, the mole fragtidn

being about lO_y or less. This is indicated by the fact that the ﬁi
and Mg prqfiies are complementarj’within experimental error; It may
,,aléo be assumed that the NiO was at thermodynamic equilibrium withi
reépect to its Ni+3>concentration throughout the course of'fhe diffusion

anneals éince Mitoffl reports equilibrium with respect to thermal con-

ductivity in times less than 2,h for temperatures in excess of 1300°C.
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n, N o L i
The D = AeB[Nll.dependenCe was evaluated for three NiO-MgO diffu-

sion couples--two at 1346°C . for 173.26 h and one at 1342°C for é36:5h h.

"A and B were determined for each couple by a:least—squares anaiysis and

then a weightedvaVerage-Was-taken.of all three with weights inversely
proportional to the individual variances. It was found that
12

¥ =17.19 x 10”

exp {(4.31 * 0.11) [Nij} cmz/secv | (10)

where [Ni] is expressed in atomic fraction Ni. 'In an analysis of just

the nickel profiles in Mg0O single crystals, Blank and Pask9 found that
D=17.6 x10 12 exp {5.37 [Nil]} cm?/sec - {(11)

at 1370°C and that B was constant between 1200 and 1400°C. They also
found that the activation ehergy for diffusion was L45.5 kcal/mol and

remained constant for all compositions.

12

From Eq. (1) it is seen that D varies between 7.19 x 10 and

h,87 x 107 cm?/sec in going from pure MgO to pure NiO. This variation

is less than an order of magnitude, so an average value of D could'ge

11 ‘

calculated. It was found to be 4.07 x 10— cm?/sec.

. ’ +
Choi and Moore29 found that radiocactive Ni 2 tracer diffusion in

45,600,

WiO was described by the equation D = 1.83 x lO__3 exp (= ===

RT

o » o _ . +
that Dl3h5°C = 1.21 x 10 9 cmz/sec. For radioactive Mg 2 tracer diffu-

‘sion in MgO, Lindner and ParfittBO found D = 0.249 exp’(:lgiggg), so

- RT

that D = 1.86 x 10_12. It is seen that the average value obtained

1345°¢C
in’ this study for the bulk interdiffusion lies between these two, as

i
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: +
expected. Wuensch and Vasilos3l measured.Ni.?:tracer diffusion in MgO

and determined D = 1.80 x 10'5 exp (- h8 500

) = 4.8h x 1077° at 1345°C
which is in good agreement with Lindner and Parfitt's determination for

+ : 2 . )
Mg 2 in MgO. . In Blank and Pask's experiments, single crystals of MgO

were embedded in NiO powder and the'eoncentration profiles were measured

. . S -

only for Ni in the single crystal. Their determination, D = 1.70 x 10 >

exp (- Egﬁggg ) = 2.70 x 1071 at 1345°C is slightly lower than that of
11 o,

this study, 4.07 x 10"~ em?/sec, as ﬁould be expected if the higher
- diffusivity regions_in the NiO were not included.

The diffusion in these coﬁples was of the extrinsic type sinee_the
MgO single crystals contalned 0. 0157 Al as an 1mpur1ty. The number of-
lattlce catlon vacancies from this source is greater than ‘the numeer
created thermally.9 |

(B) The NiO-Ca0 System: Typical profiles for this system:are

shown in fig. 2. Discontinuities exist at thevcfystal interface because
6f limited solid solutions. The finite resolufion ofethe eleetron mich—
probe beam caused the sharp discontinuities at the phase:boundarf to
appear experimenfally'as non—vertieal‘linee. The effect of this on
calculations involving these resulte is negligible, since the deviations
from straight, vertieal lines are suffieiently smail.

Each of the profiles, for Ni and Ca, was -analyzed independeﬁtly.
The low mutual solubllltles of NiO and CaO prevented a determlnatlon of

B[Nl]

the constants in the D = Ae dependence, but since the concentration

_span was never very great, averages could be taken for the respective

diffusivities in each phase. Furthermore, since the mole fractioh of

+ : o
Ni 3 (and thus lattice vacancies) is small, the diffusion profiles for

‘5\

"
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Ni and Ca are mirror images‘refiected QBOUt'the'Ni'z Ca = 0.25 atomic.
A . N
fraction composition line. 'D for Ni. should then equal D for Ca at each

compositioﬁ plane. The experimental data wefe.averagéd.accordingly in

each matrix.

Table II lists the éxperimentally—determined average diffusivities.
. B . L. L . v -AH/RT
These values were then fitted to equations of the form D = Doe ]

(Fig. 3) to obtain the respective pre-exponential terms and activation

energies, The results of a least-square analysis are shown in Table IIIj

~ the indicated respective limits represent one standard deviation of the

calculated values;

| ‘The coefficients for the Cal matri# are for intrinsié diffusion .
réther than extrinsic diffﬁsioﬁ. ‘Thefe afe more.thermally created
léttice vacancies (Schottky defects) than there are vacancies due to the
pfesence»of impurities of Valence»greater'than +2. Consequeﬁtly;ithev
céncentration of Vacancieslis'temperétufe—dépendént and is part of_AH,

rather than being a temperatufe—independent component of DO."For intrin-

sic diffusion,

M= MH |+ BE /2 . | B D

where AHm is the heat of motion and AHS is the heat of formation of =

Schottky defect.
| 32

. ‘ o . .
has determined the intrinsic tracer diffusion of Ca.2

in CaOItq‘bevD = 0.4 exp (¥.§;4992) while Gupta and Weirick33 have

RT
T exp (_,_3_1_‘.:_0_2_9)

RT

Lindner

determined the extrinsic diffusion to be D = 1.95 x 10~

so that AHS = 94,000 cal/mol = 4.07 ev/defect for pure"CaO. On.

i
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'theorétical grounds , Ya_;ma.shi’f,a.a.nd.Kurosa.wza.s)'L have predicted Schottky

defect heats of formation of 3-5 ev in CaO. The agreement is good. For

an assumed heat of formation of 4 ev, the equilibrium concentration of
cation vacancies at the lowest temperature of the anneals, 1342°C, is

given by o T o i «

<e-hx23,1oo/1.99x1615>1/2 7

N. = = 5,h x 107 ~(13)

Ca-

wheré NCa is ‘the mole fractiop of calciﬁm ionilattice vécancies.-fihe

spectrdscopic analyses listed in Table I do not show the presence of

any ti‘ivalent' or quadrivalent impui‘it_ies with greater concentratiqns .
fhé acpivaﬁioh energy'for intérdifquion in the Cal matrix, |

93.80 * 8.63 kcal/mol, is in fair'agreemeﬁt with the self-diffusivity for

Cé+2,in Ca0, 81.0 kcal/mol. VN@ data exists for the activation,énérgy_for

self—diffusion of Ni*? in Wi0 in air but it should be less; since theré

are always'excess cation vacancies gvailabie due to the'preéence Qf Ni+3.

Thevaétivation energy for sélf—diffusion of Ni+2 in ﬁiO in air is..

probably very close to the activation energy for inferdiffusion‘determined

in this study, 72.09. % 3.38 keal/mole.

(2) 'Moving Phase Boundaries

(A) The NiO—MgO System: A photqmicrdgraph of.a polished.créés—
section of fhe NiO-Mg0O diffusion couple with composition.profile ofv
Fig. 1, but with oriented (100) faces in contact, is shown in_Fig.:h.
The origina; boundary is obliterétéd excépt for a line'of elongatéd
pores arising from the original imperfect matching of the th crysfals.

This line of pores is identifiable as the site of the'original boundary
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'>by its coincidence withithe]portion of thefedge of the MgO cryétai

which was offset and because the cation.coneentration at .this line is

"identical to that at the Boltzmann-Matano interface (30.L4 a/o Ni and

19.8 a/o Mg, which adds to 50 a/o total cation concentration within
experimental erfor) as determined by the.computer analysis.

Figure 5 isea photomicrograph of éhe couple with a NiO (100) face
in contact with a (llO)\MgO face whose diffusion profiles are also
represented by Fig. 1. In this case the crystal offset is_feversed’
and the phase boundary has clearly moved intovthe MgO crystalL_ To
determine what happens to the crystallographic orientation ofvthe velume"
swept out by the moving boundary; another diffusion anneal of a similar.
couple was made at.l3h2°¢ for 236:5h h. The boundary meved 51.4 u into
thengO. Thevcryetals broke apart at this interface. Laue beek—
reflection X-ray diffraetion photographs pf the new:surfaces.shewed that

the*crystallographic orientation of the material swept out by the

boundary changed from (110) to (100).

This movement is not generated by differences in surface energies

at ‘the interface. On the basis of thermal stabilities (at 1700°K;-

‘Coughlin?"5 reports that AF for MgO is -91.3 kcal/mol and for Ni0, =20.0

kcal/mol; also NiO decomposes rapidly in vacuum at temperatures greater

than 1Lo0°C) Nio woﬁld be expected to have a lower surface free_ehergy.

than MgO. Then, the usual driving force for grain growth would have

caused the boundary to-move into the NiO, instead of into the Mg0O as was

found here.
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(B) 'The'NiO;éab‘Siéféﬁk- A photomicrograph of a polished cross-
section of the'NiO;CaO-couple; whose diffusion‘profiieS'are represented
by Fig. 2, is shown in Fig. 6.. The'phaSe'bOUndarj reméins becaﬁse of “
limited solid solubility, but ip'has ﬁovedvinto the Cal as indicated by
its curvature ét the offsét; The black area is due to ﬁaterial lést.
during polishing; it ‘can thué be seen thaf the tip of the curved inferf
face coincides with the offset Ca0 surface which élso coihciaes with the

Bolfimann—Matano interface.

t;l/e)'

. In any diffusion-controlled proée555 c =.c(x only, so that. at

the Bolﬁzmaﬁn—MaﬁanQ'interfacé5 where x = 0 for all ty the concentration
is invariant; ~Table II lists the independentl&—détermined_éonceﬁ#raﬁions
Qf each cation at'éhe respeqtivé Boifzmaﬁh—Matano inférfacéé for each
‘diffusion anneal. Withiﬁ experimental error, the éumvof thé'cation con-
cehtrations_ié O.SOQ mole fraction;'also the concentrations are constant
at a given temperaturé.

o The_éxpefimentaily-detérmined average vel§¢ities of phaSevboundary
motion are listed in Teble II and blétted.as a function of . the iﬁverse
absolute teﬁbefature in Fig. 7. A least s@uares éhalysisvgives the
equation listed in the figure. The éctivation energy of 61 g kcgl/@ol'»
is close to the value of T2 3 kcal/mol'determined-for‘interdiffusion
in the NiO métrix. -This.agreemént.suggesfs.that the boundéry motipn.is
primafily goVerned by the diffusion in the matrix that has the higher
diffusivities; |

| The iﬁstantaneous‘veloéify df the boundary at a giveh fime can be
mathematicaliyvcalculafed by equafing the differénce in the diffuéion

fluxes in the two phases at the interface to the rate of transfer of
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material to the growing phase.. '

(C} ‘Mechanisms:  Diffusion experiménts.with.bxide_systems'have
indicated that essentially‘a_rigid anionllattice is maintained. Oishi
and Kingery36 and C'Keefe én& Moore37 have shown that the oxygen diffu-
sivitiés in MgO and Nio;.respectiﬁely; are méhy'orders of ﬁagnitudé lower
than‘the diffﬁsiVities of the corresponding catiohs. Also, Carter38 has
shown with the aid of .mark'ers thét fhe oxygen anion lattices are brigid
during interdiffusion in the MgO—A1203 and MgO—Fezbg systems. Sinée
there is no net flux of oxygen atoms,Aa oné—for—one‘éXchangévbf cations
of equivalent charge must .occur at each plane normal to the diffusion
direction in order to maintain a charge balance. The original intér—
face then becomes the mass balance planevand corresponds to the Bolﬁzmann—_
Matano interface ﬁhiéh is indicated.in Figs..l and 2. .Thé requirement

for maintenance of electroneutrality means that at each plane D(Ni) =

'D(Ca) or D(Ni) = D(Mg). The diffusion rate at each plane, however, may

be’different dﬁe,to any variations in véCanéy concehtrations that may
exist. |

The observed moving boundary, thus, is not a Kirkendall markef‘in
the sense thét the term is used by Kirkendalll8 and Darken,lg for its

movement does not result from an unequal counterdiffusion at a given

plane. Darken's analysis therefore canndt be applied to ionic systems

~of this type, since the species do not counterdiffuse independently of
~ one another. Equations (7) and (8) consequently are inoperative since

0y
. in this case D1 = D2 = D.

It is possible, however, to apply a Darken'svanalysis approach

using Egs. (7) and (8) to calculate the pseudo intrinsic diffusivities



-18- y  UCRL-18258-Rev

D(Ni) and D(Ca) or D(Mg) if the assumption is made that D(Ni) is not
equal to D(Ca) or D(Mg) at a given point.. Such calculations were made

9

using the B and v data obtained‘in this study.3 TheSe calcﬁlations
indioated that in regions wﬁere the nickel concentration was large, D(Ni)
was large and negatife. Thus; althoﬁgh mathematical treatment is possible, B
the values obtained are meaningless on the basis of the ﬁropdsed
mechanism or model wherein D(Ni) must équai D(Ca) or D(Mg) at é'giveh
concentration. |

The driving force for thelphase bouhdary motion arises from thé
differencexin'thé chemicai diffusivities in the portions of the'phaées
adjoining the boundéry;vin.this case aiffusion in the NiO-rich phaso is
more‘rapid than either in tho MgO—rich or CaO-rich phaées. Tho MgO or
CaO:concentration oﬁ the.NiO‘side of the bounaary thus tenas to deﬁlote
more Quickly than the ﬁiO conCentfation>on.thé Mg0 or CaOlside of the
boundary."This sifuation leads to a continuous feaction at the interface
"in order to maintain equilibrium_compositiono resulting in thevmovemeht
of the boundary intc the MgO of Cal phése.' Without a notonygen flux,
this movement involves a rearrangément and a:transfer‘of oxygen anions
to the growing phasé at the boundary. This rea?rangement of reaction
occurs more rapidly than the diffusion; for otherwise, the (100) vsv(lOO)
and (lOQ) vs (ilO);diffusioﬁ profiles in the Ni0-MgO couples wou1d not
be identical and continuous, and the compositions at the phése boundary

‘ in' the NiO-CaO couples would not be constant with time at a given -

'_vtemperature.
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(3) Ni0-Ca0 Phase Disgram

Short and Royho have shown that diffusion data can be used to yield

information on equilibrium phdse diagrams. The concentrations in the

'resbective phases at the phase boundary represent the equilibrium solu-

bilities for the annealing temperature whén thé reactions are faster -
than the diffusivitieé. The eQuilibrium molar solubilities'of Cal in
710 end NiO in Ca0 fownd for the sir diffusion anneals in this,;tuay
are listed in Table II and shown in.?ig. 8. The fiéure shows the super-
imposed phase dlagrams for the Ni0-Cad system published by Tikkahéﬂg and
more rééently by Smith etval.ll The reasons for the lack Qf_agreéﬁenf
between th¢ three studies were not fesolved. |

V. CONCLUSIONS

1. In an air diffusion anneal of two semi-infinite solids, NiO

_and'MgO or Ni0 and CalO, the variable vacancy concentration due tb}the'

varying content of Ni+3 with varying total NiO éontént causés the'dif;
fusivity to be concentratibn—dependent. Therefore; diffusion broééedé
mbre raﬁidly in NiO-rich regions;

2ﬂ For NiO—MgO anneals in air,lthe dependence of the-chemiéai 

diffusivity is

N ) -
¥ =17.19 x 1072

'exp”{(h.3l * 0.11)[Ni]} cm®/sec  ;(10)

where [Ni] is expressed as atomic fraction Ni. This'fofm‘of_the_ 
N ' 2
dependency is .due to the -exponential dependence of Ni = vacancy concen-

tration on Ni content, which in turn is due to the lower energy per

vacancy when there are many vacancles present in the lattice. . -
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3. The differehéé in:thelchemicalldiffusivities in:thé phases at
the bbundary will-cause' the phase boﬁndary.to"move into”the‘Cab in an
NiO-Ca0 anneal and into.the'MgO in an NiO—MgO énpeal when the faces . .
ofiginally in contéét are of different'cryétallographic orientation.

In the case of NiO-Mg0Q diffusion anneals; no phase ﬁoundary exists when

like crystallographic orientations are in contact. For an NiO-CaO
anneal, the motion of thevphase boundary is governed by the equation
'i‘93h0)
RII .

+.651 . _ . o
‘em/sec .. | (1)

v = 0.0kk - exp
' -.0k1

0,510

This result agrees with fhe measured activationvenergy in the Nib métfix
indicéﬁing thaf fhe bouﬁdary mofion is'géverhea'primariiy by diffusipn
in the matrix-exhibiting,faéter diffusivities. | |
‘h.‘ When érystals of diverse prystailpgraphic-oriéntétidhs are
ahnealed in contact, the volume swept out by thé moving boundary changes
its orientation fo conform to that éf the growing crystalf Grain érowth
occurs. .
5. The observed‘phasé boundary motion'ié nof a Kirkendall efféct
" in the cldssical sensé. In ionic soiids with rigid anion lattices;; | . -
.electroneutrality requiresvthét the respective infrihsic diffusi§i£ies
of the two counterdiffﬁsingvcation specieé be equal at a given pléhe
perpehdiéﬁlar to the direction of diffusion. Darken's anélyéis caqnotv

be applied to such systems;
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Table I. ‘Spectroscopic Analyses’

Impurity ‘ o . '
(Reported as MgO A . Ca0 NiQ
w/o ox1de) . .

Mg ‘ p.c.  ooh 0.001
n ~ 0.015 - <0.002 <0.003

si | Undetected : <0.002 <0.005 -
Ca 0.0k P.C. - 0,001
S Not analyzed .- | <0.005 . <b.003
cr - " 0.001 . <0.0005  <0.001
Mn : - Undetected ~<0.0005 < 0.001
re -' 0.008 o <0.003 ~ <0.005
"Co | ' Not analyzed <f0.003 | <QQ.Ol
Ni_'l , | <.o.002_ . <o0.001 é.c;
cu .00 | 0.001 <0.0005
Sr ~ Not analyzed  0.015 - | Undetected
Sn - Not analyzed - - <0.005 , | <o.01_

" Ba FT‘ : Not analyzed o 0.002 \ | <;dwOOl
W 1 o Not analyzed Undeﬁected Undetected

The analyses were performed by the American Spectrographlc Labora—
torles, Inc., 557 Minna Street, San Francisco, Callfornla.



NiO-Ca0 and NiO-Mg0 Systems in Air

. -Table II,  Data for Interfaces and Average Diffusion Coefficients~in.

.1961

»
.Mole Fractidns at o JPhase Boundary _
. Temp  Time  Boltzmann-Matano Mole Percent at Velocity ‘Average Diffusion
- °¢ hrs ' Interfaces. Phase Boundary ‘x 1019 em/sec Coefficients in
Ca Ni _'CaO.in Ni0 NiO in CaO | NiOvMatfix Ca0 Metrix
U136 17326 .oko2 1608 T.h 2.6 2.92 0397 x107 7.3 x 10707
1352  122:35 .0372 4621 6.7 "6.6" 3.22 5.34 x 167 1.91 x 1072
1352-: 251:59 .ohlé L4590 6.7 6.6 - 2.96 5.1k g 107" 2.65 x 10712
W10 97557 - .0613 4376 8.7 7.9 .47 7.77 x 107! 6.63 x 10717
1420 170:k2  .0MS6 4531 9.0 8.2 7.16 132 x 107 7.0 x 10717
1423 266:37  .0L85 4516 9.1 8.3 5.08 1.06 x 107*° .Aé.29 x 107
1481 169:10  .0569 21 12 5.0 12.11 ok x 1070 1.5 x 107
1481 169:10 0507 1493 11 6.6 5.05 2.33 x 107" .2.37 x 107
1524 LT:M8 L0663 14355 i ., 6. C3h.12 3.93 x 107" k.97 x 107}
'.1527, 171:53  .050k 4507 16 6.5 12,49 . 3,55'x_10'?é 7.98 x 107
1527  123:03  .0629 4373 1 ﬁ;h o 23,82 4,83 x 107" T.27 x 107
| Mg . Wi N0 Mabrix  MgO Matrix
1346 173:26  .1872 3156 L
1346 173:26  .1984 .30L0 #0720
1342 236:5L 303k

_La.—.

A34-gGEgT-TdoN
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d AH for the Diffusivities for the

NiO-CaO System '
DO AH(kca;/mol)
a +.395 o
NiO Matrix 0.230 . 72.09 = 3.38

Ca0 Matrix

93.80 = 8.63
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" FIGURE CAPTIONS =~

Diffusion profiles for (100) NiO face in contact with (110)

MgO face.
Diffusion profiles for NiO-CaO couple With,(lOO)'faces.in contact. '
Chemical diffusivities in NiO-Cal system:'4averages for respéctive
ﬁatfigés. | |
Micrbg?aph of NiC;MgO”diffusion couplevwith (100) faceslin
con%act. The lgftmost line of pdres corresfoﬁds ta"the ofiginai
iﬁterface. v(XlOd) o
Microgr;ph_of NiO-Mg0 diffusion couple with_(lOO) NiO facé}in
contact with (110) MgO face. (X100)

Micrograph of NiO-Ca0 diffusion couple.with (100) faéés in
contact. (XlCO) »

Veiocity of phase boundary moction in Ni05CaO diffusion cbﬁbies

Witha(lOO)_faces in contact.

. Ni0-Ca0 phase diagram.
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