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ABSTRACL
lefu51on klneties and Uecnanlsms were studled in the MrO phase of
the Fe~LgO (Vacuun) NiOfMgO (vacuum_and=air) and Fe203—MgO (alr)

systems.‘ In the:FeéMcO'system Fe entered-the 1gO lattlce by a redex

reactlon the dlffu31V1ty and actlvatlon energy ‘were founa to be concen-

tratlon dependent. In tpe N10— rO system in air the diffusivity was
found to be concentration dependent,and the activation energy, concen-—
tration independent; in vacuum both the diffusivity and activetion

energy were-concentration independent. In the Fe, 0;-Mz0 system the

diffusivity and activation energy were concentration independent; because
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Research Division of Lawrence Radiation Laboratory, University of-
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ofvfhe_3,pﬁase 2 ﬁoviné boﬁndaryvnature dfﬂﬁhe7diffu§i0n‘pfqﬁlem; thé: e
vAppél modifiéation_of'the‘ébltgménnfmataﬁ§‘so%ﬁtion:was uéé@;A '*

| "Impu;itiés in the Mgozwere fésponsibi; fofISﬁffiCiéntlchemically'  
'creétedifaéaﬁciésbto'élabe théVdiffusionﬁfeég;ﬁs:in the eztrinsic:regiqn{' _;v 
' FOrmatiqn‘df}trifélegt iéné; aﬁd]consééuénﬁly ¢héﬁically é?eaﬁedeééan;>
" cies, in the Fe;MgO and NiO-1ig0 (éir) §y$tém§ feéulted in‘the conéanfra~‘
ti§n dependéncévof the diffusivity of primgrily Fefg'ioné,‘ Concentrafibn
v'dépendencé of activétion enetgy‘ih fhe Fe-Mz0 system is_assoéiaﬁéd wfthjgt;f;:f

~development. of structural changes by some of the Fe'3 ions moving_into;%'
”}} tetrahedralvsites. In the Fe,03-Mg0 system it is presumedﬂthat_the-Fe_B

ions remain on octahedral sites at diffusion temperatures and that the =

observed precipitates form on cooling. - Identification of Fe and Fe 3 _
ions and their position in the lattice were determined by electron para-
- magnetic resonance and optical spectroscopy.
o
Sw
.



I. INTRODUCTION

Because diffusion plays such a significant role in all high-

temperature solid-state reactions involving condensed phases, a knowledge

of the diffusivities and of the diffusion mechanisms in inorganic oxides
is of great practical and theoretical value. This paper reports on such
studies relative to Fe and Ni ions in MgO single crystals.

Many reviews have been written on the subject of diffusion in con-

1-5

densed phases; The vacancy mechanism is the most widely accepted for

diffusion in ionic solids. At temperatures above absolute zero, the
.lattice of an ionic crystai cont;ins scme thermally-created ?acancies.
Vacancies, however, may also be created chemically. 'In a divalent
matrix such as Mg0, two triyalént ions (e.g., Fe+3) introduced into the
lattice would require the.fOrmation of one cation vacancy for electro-
neutrality to be retainéd.

The self-diffusion coefficient of Mg+2 in Mg0 was measured by
Lindner and Parfitt6 using Mg28 as a tracer. Thelir results show that
at 1400-1600°C D = 0.2L9 exp (-79.0 kcal/RT). It should be noted that
this high value suggesté that their material was sufficiently pure to
be in the intrinsic diffusivity region.

NiO, which also has the NaCl structure, has a lattice parameter
(h.l?TX) similar to MgO (u.2132). It is, however, non-stoichiometric

| 3

. . .. .t . . .. 2,
in air contalnlng some Ni ~, Self-diffusion coefficients of Ni in

T-10

NiO have been determined by several investigators, In the tempera-

3

ture range from 1000-1470°C Choi® found D =1.82 x 10 ~ exp (-45.6

kcal/RT).
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_Wﬁstite,'FexO,-is also a non—stoichiometfie-compeund_with the NaCl TR
structure. The»self‘diffusion of Fefe'in FexO has been studied by
Himmelll whe.found D = 0.118 exp (—29.7‘kcel/RT) for a compositioh of
Fe0.9070 at 700-1000°C. Rothlz showed 5y neutron scatteripg.technngésvs
that the defects consisted of both atom vacancies and somefFe+? ions'iﬁ';;
tetrahedral siies. Koch and Cohen;lB‘using X—ray,diffrection teChniques;ei

with a single:érystal of Fe 2 , identified the presence of periodia7e‘

0. 90

'cally spaced clusters of vacancies, each cluster of nelghborlng octa— '

hedral cation sites grouped about occupied tetrahedral cation sites.
Himmelll also found that the self-diffusion of Fe inha_gnetite~

of-compbsition Fe OH (inverse spinel structure) followed the relaev

2.993
tlonshlp D = 5.2 exp (-55. 0 kcal/RT) in the temperature range 750-1000°C.

Hematlte aFe03, has the corundum structure wmilthe HCP oxygen
ions slightly distorted. ' The Fe *3 ions occupy 2/3 of»the'octahedral
sites. In the temperature_range 930—105000 Izvekovlh found that the
diffusion of Fe in Fea03 invair followed the relationship D = 1.3 x 106
exp (-100,200/RT). |

Under reducing conditionvagQ and FexO have been reported to form
a continuous series of solid'solutions at high temperature. It has

+ . :
been found that Mg 2 in wustite does not act purely as a diluent but

lowers the ratio of Fe 3/Fe-2.' Several investigations have been made

o oo . : _‘ .,

. on the diffusion of Fe in MgO under various oxygen partial pressures.ll.!j‘?l o

o . S : o | R o

- Wuensch and Vasilos‘o found that the variation in diffusion coefficient =~ - - #-
with temperature in air was represented by D = 8.83 x 1072 exp (-b41.6

kcal /RT). Rigby and Cutler18 found that the mutual diffusion co-

‘efficient in the FexO—MgO system was concentration dependent, but that



the activation energy was constant at 47.5 kcal/mole. In our study.the
aétivation energy as well was found to be concentration dependent.

The reaction between Fe,03; and MgO has been studied by several
invesfigators.22—26 Carter,23-using pores as "ineft" markers, stated
that solid state reactions forming both_MgAleq and MgEezOu occurred by
counterdiffusion of the Mg+2 and the trivalent cations through a rela-
tively rigid dxygen lattice. He found that the ratio of ferrite formed
on the MgO side of the initial interface to that formed on the Fezoa
side ‘was 1:2.7 which was considered to be consistent with the diffuéion
of Fe+3. The Fe+35Mg+2.interdiffusion model predicté a ratio of 1:3.
Fresh and Dooling26 stated that at 1000-1300°C the rate controlling

step in the reéaction process was the diffusion of the oxide components

through the ferrite product layer. Schaeffer and Brindley27’28
29

and

Ficalora™” found that "fingers" and isolated "islands" of MgFe204

developea in the erystals of (Fe, Mg)O upon oﬁidation.

| Speidel's30 1300°C isothermal section of.the MgO—FeO—Fezoa system
shows thét under atmospheric conditions_MgFezoq invthe presence of
excess Eezoa will form solid solutions containing some Fe3O, as well
as Fegba. It also shows the prgsence of some Fe+3 in MgO'containing

iron even at low pressures.

A complete series.of solid solutions occurs between NiO and MgO.

. Hahn and Muan3l have reported it to be ideal within experimental error

for oxygen partial pressures between lO_5 and 10_10 atm. Wuensch and
VasilosgO found that Ni+2 diffusion in MgO followed the relation D =
1.80 x 1077 exp (-48.3 kcal/RT). Choi3? found that the inter—

diffusivity and activation energy were concentration dependent. Our
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study showed that only the pre-exponential ternm was concentration
dependent in dir and that neither was concentration dependent in
vacuun, v

II. EXPERIMENTAL PROCEDURE

Preparation of Diffusion Couples

Reagent grade NiO powder,* dried at lSO°C for 24 hours, was used:
forAall of'the MgO-polycrystalline NiO diffusiou ruus. Single crystais.
of Mgo.were purchased from the Norton Coﬁpany.** Diffusion coupies were-
prepared by packlng a cleaved 31ngle crystal of MgO in NiO powder: 1n a e
.1/2" steel d1e and pre331ng at room temperature to approx1mate1y 5000
psi. The compacts were. placed 1n alumlna cru01bles and transferred ﬁo’,,f
a quench type furnace (M0812 elements) Wthh was used for all of the |
alr atmosphere diffusion-runs}v Anneals_were_made in the temperature
‘range 1200-1400°C for 25-200 hours. |

Duffusion runs were alsodcarried out in a high Vacuum furnace,
The_same_practice for samplewpreparation was used except that the alumina
. crucdbles were loosely cevered and wrapped'in Ta foil in order to keep
the oxygen partial pressure as lcw as possible. The system was flushed
with He gas_é times, and after each flush was pumped down to'lO_6 torr.
The diffusion.runs were made at lO-6 torr. Temperatures ranged from

1200 lhOO°C for tlmes from 25-150 hours.

* Chemical analysis (Baker Analyzed Reagent Grade - Lot TL98): N 0.005%,
C1 0. 005, S04 0.010, Pb 0.010, Cu 0.005, Co 0. 02, Fe 0.005, Zn O, lO
and alkalies and earths as SOu 0.01.

 ** Spectroscopic analy51s. Fe 0.01%, Mn 0.0015, Al 0.005, Cu 0.0015, .
Ca 0.01, and Cr 0.001. | S



A singie crystal MgO vs single crystal NiO diffusion run was also
‘made. Singlé crystals of NiO were purchased from Marabeni-Iida Co.,
Japan,* and cleaved into samples approximately 0.5 x 0.5 x 0.5 cm.
Cleaved (100) faces of both NiO and Mg0 single crystals were placed in
contact in a die with MgO powder surrounding the two crystals, and
pressed. Thé’crystals were offset from one another in order to estab-
lish:an idéntification of the initial interface between them. The MgO
powder Surroﬁnding the two crystals allowed measurément of the single
crystal vs polycrystal diffﬁsion zone as well as the interdiffusion be-
tween the two single crystals. The diffusion specimens were removed
from_the furnaces, cut with a diamond saw, mounted in‘resin, and
polished.v

’The Fe-MgO diffusion couﬁles were prepared by burying a cleaved
single crystal of MgO in iron powder in a recrystallized alumina
crucible‘which was previously heated with iron powder in vacuum to
1500°C. »The_éet—ﬁp Qas_covered, wrapped in tantalum foil and heated
in vacuum, as described before, for the diffusionlruns. Runs were

made at 1150, 1250, and 13SO°C'for given lengths of time.

¥ Spectroscopic analysis: Mg 0. 017 Al <0.003, Si <0.005, Ca 0.007,
Ti <0.003, Cr <0.002, Mn <0.002, Fe 0.008, Co <0.0l, Cu <0,0008,
Sr <0.003, Sn <0.005, Ba <0.001, and W <0.2,



Reagent grade ferric oxide* was used.for;all polycrystalline
Fé203—MgOHdifquion runs in air. 'Clea§ed samples of Mg0O were packed in. °
the ﬁowder (after drying at 150°C for 24 hours) and pressed in a 3/&":
die at approximately 5000 psi. A single érystal_Fezog**.vs sinéle
erystal MgC imbedded in powdered Fe,03 diffusion run was also madevat‘a
temperature of 1330°C fof 163 hours.

Diffusion specimenévwére nOrmally.air—cooled orvcooled.with‘the
fﬁrnaée rather_than quenchedvinto'waﬁer in order to prevent shéttering
‘of the MgO single crystalsf Several specimens, howevgr, Wér¢ quénched —
into cold water from 1350"énd--1_5'0.0°0;for‘ the purpose of obtaining
'épééimehs;for EPR;and_bptlcal absorption studies. All of the diffusloh.
‘specimens reqhifed:polishing, and in some cases carbon coating, for “
subsequeht ekamiﬁéfions. Polishing was accomplished'by lapping withf_:
succeSSively finer abraéives, from 600 grit SiC through 0.1l Al203.
ThelpplléhedSSamplés”ﬁeré‘coated with carbon by vapor deposition to
render their surfgéesrelecﬁrically conductive.

Experimental Analysis

An Applied.ReSearch Laboratories electron microprobe analyzer was
used to determine the diffﬁsion profiles. The Ko X-ray eﬁission line
.waé monitored fof'all;the catioﬂs_in the system. ' The speéimeﬁ current
wés.§403ﬂéf -ﬁachkspectrqmeter output was fed to a pulsé height analyzéf

and then to a scaler., The data output from the electron microprobe was -

A Chemicallanalysis (Baker Analyzed.Reagent - Lot 2611): Insoluble in
HC1 Qth%, PO, .0.02, S04 0.003, Cu 0.03, Mn 0.003, and Zn 0.003.

¥¥ Specimen from Rio Marina, Island of Elba, Italy.



gutomatically typed for each reading. It was then punched on computer

cards. These were fed to a CDC 6600 computer in order to apply the

various correction factors necessary to convert counts to concentrations.

Specimens were prepared for the EPR studies in the same manner as
for the diffusion studies. Portions of the Fe,03-Mg0 specimens were
either cleaved off §f ground down in order to obtain varying concen-
trations of iron ions. Samples were also obtained from the diffusion
zone df specimens analyzed by the microprobe in both the Fe-Mg0O and
Fep03-Mg0 systems. MgO Sinéle crystals were also examined. ~The EPR
data was obtained using a microwave spectrometer equipped with a 9 GHz
klystfon, a reflection cavity, and a crystal detection unit. The
spectromefer was calibrated by ébserving the sample signals along with
two standards: ”(a) A standard of 5 x 1O+lh spins of Cr+3 in MgO
(g = 1.987), and (b) Diphenyl-picryl hydrazyl (D.P.P.H.) with a g value
of 2.0037;

bptical absorption pétterns vere obtained on a number of the dif-
fusion specimgns from a wavelength of 250 mﬁ to lOﬁ. Two spectrometers
were used: A Beckman IR-4 for the region 1-10p, and a Cary 1k in the
250 mu-1 region. Pattefns were taken using the double beam mode

thereby balancingvout any péaks which may be due to gases, such as
H,0, €0, etc., in the paths.

Mathematical Analysis

The concentration vs distance profiles for the Fe-MgO and.NiO—MgO
diffusion couples were analyzed by the Boltzmann—Matanol’h’33approach

to determine the diffusivity variation with concentration. Graphical
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solution of

Co

f. xdC = 0 - (1)

0 ‘
‘defined the plane at which x = O which is referred to as the Matano
interface and corresponds to the original interfaée. With this value,

D _ , was calculated using a computerized graphical integration and

c=c'

differentiation of é(x)‘usihngq. (2). The derivation of this equatiohr,"

is réported in the literature.l
0.

In thevFe203—MgO system, because of the appearance of the magnesio-
ferrite phése, the so}Ution of the diffusion.equation 5ecomes a three
phase—tﬁé moving boundary problem with discontinuities in the diffusion
" profiles as illustratéd schématically in Fig. 1b forkthe isothermal
cut shown in Fig. la.: The Boltzmann-Matano approach is not applicable.
AépelBh.has provided’é mathematical sélﬁtion which surmounts this
difficulty; " The resulting counterpartv¢flEq.v(l) to determine the
'xéolplanegﬁﬁhiéh éanlﬁe‘feferred to as tﬁe MatanoQApéel»intefface,

becomes

Crn -—/‘CII,III- o R
f © xde + xdc. - (CII,i - cI,II) x=0 (3)

0 o Crrx

L



where X is the distance the boundary has moved and CII II1 represents
. ?
Fe203 containing no MgO. For values of C < CI 11 the diffusivities are
: ]
therefore obtained by straightforward integration of Eg. (2). For

values of C > C however, the diffusivities are obtained‘by inte-

11,1°

gration of the following equation

]
]l J['c , \
. xde + xde - (CII,I - CI,II) X (k)

=c !
o C11,1

This approach was appliéd to one of the diffusion profiies. The other
profiles were analyzed by a solution deveioped by Dorn and Blank35
which is an extension of Crank'§ soluﬁidnl for a two phase moving

béundary case. In this solution the assumptions were made that the

diffusivity is not a function of concentration and that the boundary

did not move, i.e., the original interface is located at the boundary

XI 11° These assumptions are reasonable in this particular case because
3

the growth of the new phase was not excessive; calculations by the two
independent methods gave results which differed by less than a factor

of two for the same specimen. The solution is then

CI | b b'e
c = [l—erf( )J (5)
I,I1I | 2/ht

from which DI (Fe in MgO) was calculated. This value is therefore for

some average composition within the diffusion zone.

e d e o a2 R s e s
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III. RESULTS

‘Fe-Mg0 System

In & vacuum -and in the temﬁerature range 110041350°C Fe entered

Mgb'and Mg wés removed by the reaction:
xFe + Mg0 = Fex0'+ Mg#t.

A.typical'diffusion.préfile of Fe is shown in Fig. 2; no precipitates
were obserVEd.. The felationéhip between In D and a/o Fe at 1150, 1250?
'énd 1350°C,’shown‘in Fig..S, is lineér‘from abouf 1 to 2 a/o Fé.to.tﬁé,;
Fe concentration at the inferface, which was constant for all tiﬁégfat a
éiven femperature; the difquivity thus. shows an exponential incfease
with,Fe'concéntfatibn. ‘Bééause‘of,the source of Fe there was no moving
‘ boundary on diffusion, and‘the aétual and Matano iﬁteffaces>are thus
_ identical,b The plot of ln;D ?é l/T for several concentrationé éf Fe iS’
shown‘in Fig. 4. It can be seen‘from the listed values that both Do and
Aﬁ* increase with an,inérease of total Fe, The indicated trend in AH*
was opposite to'that-eXpecﬁed. Since AH* is 30 kecal/mole in Fe#O and
79 kecal/mole in MgO, tﬁe'AH*vwould Be expected to‘décrease with Fe con-
centration rather than increase. This béhavior suggested the occﬁrrehce.
of structural changes in‘the latticé. Investigations were then made of
the NiO-MgO and Fe203-Mg0 systems.

NiO-MgO Systems

Figure 5 shows é typical diffusion profile.of Ni:in the NiO-MgO o
system obféiﬁed using single crystals in aif at 1370°C for 335 hours.
The Matano iﬁteffaée, at é90u; which cOrrespoﬁds to the initial intérface
and represents the equal area point, lies on the high Ni side of the'25

a/o concentration point and thus indicates that a net_mass flow of excess
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Mg+2, and an equivélent amount of O ions, has occurred in this system,
The result is a movinglboundary. In the MgO single crystal-NiO powder
couples the powders were sufficiently densified to obtain the entire
diffusion profiles. The Matano interface in all cases was determined
_graphically, and the diffusivities were determined by the Boltzmann-
Maﬁénd solution. The relationéhip between 1n D and a/o Ni is shown and
- listed in Fig. 6. The‘Do term varies by a factor of about 3-k from 2-25
a/q Ni at a given temperature in contrast to a factor of about 100 for
the séme concentration range in the Fe-Mg0 system. Figure 7 shows the
In D #s‘l/T.plot and lists the values for Do and AH*. It can be seen
that AH* is not a function of cdmposiﬁion,_in contrast to the Fe-MgO
system.
Diffusion studies of NiO-Mg0 in vacuum indicated that within experi-
mental error the interdiffusivity at a given temperature was concentration

independent. The measured diffusivities were 2.05 x 10712

2 11

cm?/sec at

1211°C, 5.5 x 107t at 1400°C. The activation

at 1310°C, and 1.09 x 10~
energy plot for these values is shown as line A in Fig. T.

Fe203-Mg0 System

Figure 8 shows a typical computer-drawn diffusion.profile of Fe
in the‘Fe203—MgO couple heated in air at 1460°C fof L4z hrs, The irregu-
Jlarities in:the profile in Mg0 starting at épproximatéiy 1 a/o Fe
represent ferrite precipitates fofmed on cooling. These increased in
size as the Fe conteﬁt increased. Since the limit of detection in the
electroh microprobe -under the conditions used for analysis is estimated

to be about 1lp, the smallest detectable precipitates at about 1 a/o Fe
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are probably of this order of sizé. At'aﬁout 8§Ou the concentration in-
éreasés discohtinuously to the atomic fraction of Fe in the ferrite; the
Vaiﬁé'of about 0.32 instead of the 0.29 expected on the basis of MgFeéOu
indicétes the presencé of ' some Fe+2. None of the profiles in this ‘
éystem indicated an excess of Mg beyond the stoighiometric amount in

. MgFez0y. 'Thé peak in the profile at.about lOOOﬁ representé‘a Fe,03 pre-
cipitate.in the'ferrite phaée. Optical examination of diffusion sbecimens
showed that the precipitates within the'diffusion.zone in MgO were co- |
herent, and those in the ferrite zone, incoherent.

Diffusivities were calculated for an average composition within the
diffuéion zone for a numbér of temperaturesbranging from 1020 to 1460°C
according to Eq. (5). The reiatidnship D= 8.83 3xp (-Th4.6 kcal/RT)
was then determined from the Arrhenius plot shown in Fig. 9. This
analysis did not provide a determination of any concentration dependence
if it existed:

v Figure.lo shows a ‘complete Fe.profile in a couple heated at 1300°C
.for h3 hours. The curve represents a smooth average plot with the pre¥
cipitates not shown. The Métano—Appel iﬁterface calculated according
to Eq. (3) is shown at’5h3u.* The diffusivity in'MgO and ferrite was
calculated by use of Egs. (2)'and (4). This analysis indicated that the
vdiffﬁsi&ity iﬁvthe Mgbvphase was 1.2h x 10—9 cm?/sec and was concentra—
- tion independent; in the ferrite phasé, the diffusivity wasvconcentration
vdependent.with én average value of.5.58 b ¢ 10"8 cmz/sec.' The diffusifity

obtained in the MgO phase using the Dorn-Blank solution with the assumption

¥ Calculatioﬁ performed by M. Appel in this laboratory.
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10 cm?/sec which

of a concentration independent diffusivify was 6.5 x 10~
compares favorably wifh thé more accurate treatment., It would thus be.
expécted that the AH* would likewise be concentration independent in

‘the MgO phése and concentration dependent in the ferritevphase.

A single crystal MgO(001) vs single crystal Fe,03(0001) diffusion
profile made at 133O°CAfor 162.5 hrs showed similar features. In this
case X-ray diffraction analysis using the Laue” back refléction technique
showed that the reaction zone of ferrite wés a single érystal with its
v (100) face coincident with the (100) face of the MgO.
| In some of the diffusion profiles Fe203 precipitates within the
ferrite zone were observed to be in direct éontact with the MgO single
crystal zone. Since no Mg was ﬁoted in the Fes03 pfecipitates, they
must not have been present during annealing and thus must have formed on
éboling._ A large soluﬁility of Fe,03 in MgFe,0, at the annealing
temperatures is therefore indicated..The diffusion’profiles between the
ferrite reaction layer and the Fe,03 were also eésentially discontinuous,
béing less than the effective beam diameter (3#) whichvindicatesvessen-
tially no solubility of MgO or MgFez0y in Fe,03.

" Electron Paramagnetic Resonance Studies

Figure li shows the EPR pattern at —l60°C_of the Norton single
cr}stal,MgO as received with an addition of DPPH (diphenyl-picryl
hydrazyl) és a standard (g = 2;0037). The sextet of péaks is due to
Qctahédrally coordinated Mn+2 (spectroscopic analysis shows 0.0015% Mn).
Each'peak is the central line of a group of 5.lines representing the

1/2 » -1/2 transition, and all should be of equal intensity. The g—valué,

-at the center of the sextet, is reported as being at approximately



b

vg = 2.001&.36 The figure shows that the Lth 1/2_+ =1/2 Mn_+2 transition
is significantly more intense than the other 5 with a g =1.98. The
'patfern also shows a peak located at g = 1.993; ‘

A staﬁdard sample of polycrystalline MgO with 5 x 10+lh spins of
Cr+3 (g = 1.98) ghowed aCcr'3 peak directly in line with the lth Mn*e
peak. .Thévanoﬁalous iﬁténSity of this peak was thus considered to be
due to the chfomium impurity"in tﬁe_original MgO material (spectroscopic
analysis shows 0.001%“Cr203). Further studies showed.that_the peak
located at g = 1.993 was due to Fe43 in octahedral coordination. The
introduction of small‘quantities of Fe+3 into these Mg0 érystals by
diffusion in'air caused thé intenéity of this peak to increaée and the
g velue to'éhiff'to higﬁer values. Lack of magnétism in specimens with
less thaﬂ 0.2 a/o Fe also indicated that the Fe+3 ions were on 6ctahedral

v _— v .
sites. Heating at 10 6 torr and 1200°C for 48 hrs caused the Fe 3

to
disappear; the peak, however, was still present after heating at 1400°C
for 1 hr and 35”min suggesting that the reduction was kinetic in nature
~and dependent’ on diffusion.

Specimens from the diffusion zone of a Fezoﬁ—MgO couple containing
0.20 a/o total iron (chemical analysis) showed similar behavior to the
sipgle crystéls on heating in air and at low bressures, but with the.g
félue for:Fe+3 in the former case being at g = 2.003., Figure 12 shows
the spectrum obtained from a section of crystal containing the entire
irqn prdfile inside the MgO. The important features are the relatively .
sharp trénsition at g = 2.56 and the very broad absorption starting at |

- approximately 1000 gauss. The figure-also shows the spectrum after

reduction at 1300°C for 10 hours (lO'-6 torr). The transition at g = 2.56

\
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has disappeared but the broad absorption band still persists but has
shifted to the g = 2.4k region. Both specimens were ferrimagnetic, in-
dicating that some of the tetrahedral sites in the crystal were occupied
by:Fe+3'ions and that these were not as easily reduced as Fe+3 in octa-
hedral sites. The Curie.point value was approximately 330—&0090 which
. corresponded to‘ferrite. The Curie point for iron metal is T770°C.
From the ovefall EPR results the following assignments were made.

The peak at g = é.0037 which broadens and shift§ to g = 2.56 is assigned
to Fé+3 coordinated in a distorted octahedral siteAwhich shifts in g
value because with increasing Fe concenfrations it_comés cldser to the
vicinity of ferrimagnetic centers. 'The field as seen by such an Fe+3
will be considerably different from that seen by an Fe+3 in a strictly
paramagnetic én#ironment; The ferrimaghetic centers tend to concentrate
- the external maghetic field, and the Fe+3 ions would therefore see a
higher local field than fhat measured by the gauss meter. The broad
peaks in Fig. 12 are tyus assigned to the ferrimagnetic resonance peak
of‘relatively large pafticles of ferrite,

| EPR spectra were obtained oh sections from the diffusion zone in
the Fe—MgO éystem'énnealed at léOO°C in vacuum; Thesé showed the

3

. + ,

presence of a small amount of octahedral Fe and a broad ferrimagnetic
- . . . +

resonance peak. The latter indicated that some of the Fe 3 ions were

occupying tetrahedral sites.

Optical Studies

Optical absorption studies were also made in attempting to determine
the species present in the diffusion zones, Figure 13 shows the absorp-,

tion pattern obtained for Mg0 in the wavelength region of 0.300 to 2.hu.
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The SPectrum wag extended to 10u but no significant_features were found
.above 2.Hﬁ; - The figure élso shows the spéctra.obfained fér a specimen
from the diffusién zoneIOf a Fe-MgO éouple run in vacuUm which contained
mostly Fe+2 and the same sample after heating in air for 48 hours at
1200°cC. The appearanée éf a large broad peak can be seén Centered'about7
vthe70.9—l;0p region which deteriorated into a broad absorptiéh'Zone;
similarly, there is a-significant incfeasé in absorption below ébout O.Tu
which is significantly ihcréased on oxidatibn. ‘The peak centered aboﬁt

/

the Q.9-1uvregion is attributed to Fé+2 in octahédral coordination and
the absofption occurring below the 0.7y region is assigned to Fe+3
oCtahédrally coordinated. 'The‘genéral increase in'absorption ié’probably
due to the ajpearance of ferrimégnétic precipitates indicated in the
EPR -studies. |
Figure 14 shows four optical spectra’obtained‘with>specimens from
the Fezds-MgO diffusion couples. The lowest curve is.for a specimen
with 0.2 a/o Fe annealed at 1200°C in air. A small peak can be seen at
about the 1.0p region and the opﬁical absorption below about O.TQ is
high. The spectrum labeled "reduced" is for the same specimen after
heating at 1200°C for 48 houfs-at 10"6 torr. The peak has broadened with
. a general increase in absorption, and the absorption below 0.6y has sig-
Iﬁficanfiy deéréaéed. EPR studies showed that no octahedral Fe+3 iohs-
are present. The dashéd spectrum marked "reoxidized" is again for the
same spécimen aftef reheating in air at 1200°C for 24 hours. The pattern
markea "quénched" is for a specimen from a Fe203-MgO couple gquenched |
from 1350°C. The optiéal spectra show a considerable concentration of

+ .
octahedral Fe 2 ions. The iron oxide material in contact with the Mg0
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crystal ih the latter sample was found to be Fe203 and not Fe3Oy. These

observations support the fact that the nature of the Fe at température
was different than that indicated at room temperature after slow cool-
ing.

IV. DISCUSSION

Effect of Impurities on Diffusion Kinetics

It is known from diffusion studies on materials with the NaCl-type

structure that as the vacancy concentration increases over the equilibrium

concentration of thermally-created vacancies the activation energy

. : ' o ' * * _
changes from that in the intrinsic region (AHm + 1/2 AHf) to that in
the extrinsic or impurity controlled region (AHm). Introduction of

Fe+3

‘as impurity ions Substitutionally'bn lattice sites in puré MgO
results in chemically-created Vacaﬁéies since one empty site forms for
every two Fe+3 ions.-,it would then be expected that the activation
energy for'priﬁariiy Fe+2 @iffusion would start at a value of about

79 kcal/mole and:reach a minimum, équivalent to AH;, as the concentré—
tion of cheﬁiéally—creaﬁed vacancies with additions of Fe+3 or other
trivalent ions approaches and exceeds that of the thefmally—created
vacancies. The-diffusivity, Do’ would be dependent upon the concen-
tration of'vacancies.

If, howevér, the trivalent ions, ‘or Fe+3, should assume ihter;
stitial or tetrahedréllj—éoordinéted sifes, the resulting effect would
be a structural change sipce theée are not normal lattice sites. The
local structure would tend to that'for the in?erse spinel. The activa-
tion energy fdr diffusioﬁ of predominéhtly Fe+2 in such cases ﬁould be

expected to be higher than that for the extrinsic region in MgO with
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subStitutioﬁs on 6ctahedral sites,

Thé_MgO-single crystals that were available at the time of this
work contained a total of 0.016 ﬁ/o of elements that could be present
ih a trivalent state.l'The'lower limit of trivalent impurities, as set-
b& Al, vas 0.00§ w/o. _The'correépOnding calculatéd concentration of
éhemically—créatéd'Vécanéies was four orders of magnipudelgréater than
~the eguiiibfiuéfc0ncentration of thermally-created vacancies in pure
MgO:at 1200°¢C, The|aiffusion results on theée crystals then musf be
in the extrihsic.diffusivity region, and the activation energy values

should be those for the heat of motion.

Fe-MgO System

k Bbth'AH* ahd D0 ih this éystem are concentratioﬁ dependent. The
A" values increase from about 29 kcal at 5 a/o Fe~to h3_kcalvé£'20
a/o Fe. Liférafufe-?eporfs indicate the appearance of some Fe+3 in
this systemﬂand analytical studies of diffusion specimens with vafying
iron content sugges£ the appearance of some of thése ions on fetraﬁedral
or non-lattice sites in_the MgO. These must form by reaction when some
amount of Fe+2 enters the laftice. Examination of an MgO structural
model indicates that the preseﬁce of a Fe+3 ion on a tetrahedral siﬁe
would require thé four adjbining, or nearest neighbor, octéhedral sites
~ to be empﬁy in 6rdef to‘avdia‘extremely high cation-cationvrepuléive
enéfgies. The’resulting defectvcan also be éonsidefed as an embrjonic
'element of the inverse spinel strﬁcture,vand thus as é ﬁotentiél.nuéleus'
- for fhe formation of a (Mg;Fe)FeZOQ preciﬁitate on cooling., 'Let ps’

now consider the effect of such an embryonic element on diffusion.
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‘ + o :
If all of the Fe 3 ions formed remained on octahedral sites, a

+
vacancy would exist in the vicinity of each two Fe 3 ions. The bond

: R ' -2 )
strength between one Mg 2 and its coordinating O would be only slightly

increased due to the presence of the vacéncy over that in pure MgO.
Under these conditioné the energyvof motion of a vacancy in the system
would not be expected to change significantly with increase of Fe+2
since the energy of motion of a Mg+2 ion would not be significantly
‘altered. The difquivity of Fe+2, however, should increase due to the
”inéreasing numﬁer of vacancies. If a Fe+3 ion moves into a tetrahedral
site (for an exiénded period of time‘as'compared to its jump frequency),
“the resulting,coordinated octahedral vacancies would have a pronounced
effedt on the'bond‘strength of fhe neérby octahedrally coordinated Mg+2
ions. The'Mg+2 cOordinated with any of the :f‘ourvo_2 associated with
the tetrahedral site could have their bond strength greétly increased,
It could then’bé,expééted.that the energy for motion of the Mg+2 ions
would be increased. Since the number of tetrahedral Fe+3 ions increases
with total_Fe, this Sifuation could then account for the.increasevin
activatioﬁ energy ﬁith increase.in the'Fe concéntration. The dif-
fusivity would.alsovincrease; as before, due to the incfeasing DO term.
Furthermore, the Fe+3 ions on tetrahedral sites would'bé_expected to
have éénsidé:ably.slowér raﬁes of diffusion than the Fe+2 ions; this
fact plus their formation within the léttice would then account for

the shape of the Fe diffusion profile.

‘Ni0-Mg0O System

The diffusivity in this system is concentration dependent in an

air atmosphere but essentially concentration independent in vacuum, and
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' * . . v . .
the AHm is essentially the same and concentration independent in both

cases. These results indicate ﬁhat the.concentration of Ni+3 ions 1is
small or non-existent in vacuum but of sufficient amoﬁnt to result in
a concentration dependence of the diffusivity by a factor of 5 in an
air atmosphere. Since the AH: is not concentration depeﬁdent, it is
expected that all of the cations (Mg 2, Ni'2, Ni'3) are substitutional
and rémain on octahedral sites. Hence; there is no structural change.
Support‘is gained on the basis that nobknown compound exists in the
NiO-Mg0O system,

 An explanation for the higher AH; of 42.8 kcal/mole in comparison
with a value of about 29'for diffusi§n in the Fe—MgO’system caﬁ be sug-
gested on tﬁe basis of the octahedral-preference ener gies for different
cations jn the spinel strugture vhose oxygen packing is.similar to the
MgO structure. The energy for motion of an ion should be related in
some way to its relative stability or preference for octahedral and
tetrahedral sites since an ion diffusing from oﬁe octahedral site to
another must pass through a tetrahedral position.' If the octahedral
preferenpe energy for an ion is high, the energy necessary to move it
through a tetrahedral site should also be high. In this case the

37

+
octahedral preference energy for Ni 2 is considerably higher than

that for Fe'o, -

Fe203-Mg0 System

: : ‘ L ¥
The presence. of concentration independent D0 and AHm-terms based.
on the diffusion profile in the MgO phase suggests the absence of a

structural change with diffusion of Fe+3 into the MgO. It can then be
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postulated that at the .test temperature Fe+3.ions.stay on octahedral
sites and that the diffusion'ﬁechapism is some comﬁlex.cobperative
interdiffusion between the Mg+2 ions ana two.Fé+3 ions and a vacancy.
This ;omplex mgchanism accounts for the‘higher AH; and also means that
the accompanying vacancies are hot available for subséquent trivalenﬁ
diffusing’sbecies; hehce the concentration indépendence of the dif-
fusivity. It.can be further postulated that the small number of Fe+2
ions that are formed, or enter the MgO phase from the ferrite, stay on
octahedral sites:without affecting the Fe+3 on octahedral sites. In
.thé_Fe—MgO system at low'pfessures, in Eontraét, the dominance of Fe+2
ions leads to the fprmation of a small amount of Fe+3vions which occur
primarily on’tetrahedral sitesrleading to the development of structure.
On cooling_the“Fe203§MgC couplés, precipitates of ferrite develop within
the‘diffusion zone By rearrangement of the cations with some of the
Fe+3 ions moving into tetrahedfalfsites, with possibly the existing
Fe'? ions playing a key role.
Weight losses have Been observed on hé;ting Fe,0;4 énd MgO iﬁ air

22,38 These would be expected to be primarily due to

_fo form ferrite.
Fe+2 formation in the ferrite phase on the basis of the‘reported phase
relatidns:3p Since ﬁhere is essen&ially no solubility of MgO in Fe,03,
ihterdiffuéion.ofng+2 intd Ee203 reéﬁlts in the formation of ferrite

3

which requires some of the Fe ions to move into tetrahedral sites
with the adjoinihg octahedral sites vacant. Nearby octahedrally-

+ ‘ . : o
coordinated Fe.3 ions then do not. have a sufficient number of vacancy

sites for local charge balance thus creating a driving force for re-

< . + + . '
duction of Fe 3 to Fe 2 with the removal of oxygen atoms from the
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surface. Reduction of tetréhedrally-éoordinafed Fe+3 is ﬁot as easy,
és vefified experimentaily, since Fe*g ions have a.high octahedral'
preference energy. vThé'COncentration dependence of Fe diffusivity in
thé fefrite phaée can thus be explained.on the basis of a changing
structure with change'in composition.

V. SUMMARY AND CONCLUSIONS

The Mg0O single crysfals used had a sufficient numbef of vacanéies
due to tfivaleht impuﬁitieé to place thé diffuéibn.results in the ex-
tfinsic'region. The-éctivatibn energies determined in this Study
thus are thos€ for mbtion,'AH;.

The results indicate thatbthe diffusion characteristics are sen-
siti?e to the nature'of the sifes occupied by the incoming cations and
that certain.geﬁeralizationsvexisf:

1 (a) If substitutional, octahedral or lattice sites are occupied,
no structural changes bccufiaﬁd AH% remains constant; and if the number
of vacancies remains constant, then D  also remains constant.

(b) If with the diffusing species a small amount of a species of a
higher valence occurs but stays on lattice sites, then with increasing
cation vacancies Do increases and AH* remains constant.

(é) If some of thé small number of higher valeﬁce cations occupy
intefstitial, tetrahedral, or non-lattice sites, structural.changes
occur and AH* changes (increases in this case); these structural changeé
also_dffect the number of cation vaéaﬁcies and Do likewise increases.

(d) If the principai'diffusing species ié of higher valence than
the host lattice cation;.the resulting vacancies are not available for

subsequent cations because they must in some complex way move along
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with the diffusion species in order to maintain electrovalence balance,
€.g., two trivalent cations and a vacancy interdiffusing with three
divalent cations. fhe three systemé studied provide examples of all
these bossibilities.

The use of the electron microproﬁe provides an atomic concentration
profile; it does not distinguiSh.betweeﬁ different valences of an
element. The valenées of the cations and their distributions must be
determihed'or inferred on the basis of chémical and physical information
available for the system. In any case, however, a profile would be
expected to be continuous at the test temperature; the precipitatesA
existing in any'pfofile thus must have formed on cooling by localized
'rearrangementS'and short distance movements because of the short times
involved.

| The NiO-MgO system had & concentration independent Do term in
vacuum aﬁd a concentration dependenf DO in air; the AH* was essentially
- the same for both conditions. The principal diffusing species was Ni2+;
in air sufficient amounts of Ni+3 were formed whiéh étayed on octahedral.
sites.

, The Fe—MgO systenm iﬁ vacuum.had Fe ions enter the MgO lattice by
réactibn‘and showed inéreésing bo and AH* values.with an increasing
éoncentration bf Fe in MgO. The principal diffusing species was Fe+2.
In this environment Fe+3 was formed By reaction and its content was
dependent on the amount of Fe+2; Under tﬁésé conditions at leasf sone
of the Fe+3 appearea to oqcﬁpy interstitial or tetrahedral sites which .

corresponded to a structural change.
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The Eean-MgO_system‘in air had‘an intermediate ferrite compound
formed By réaétion which had varying solid solutions of Fe,03 and
Fe3O0y depénding on posiﬂion relative to the‘reacting oxides;-an excess
‘of.(Mg; Fe)O was not'bbservedﬁin any of the couples. Analysis of the Fe
diffusion profiie in the Méo phése'indicated a concentration independent
' diffusivity and consequently also a constant AH* term. The principal
diffusing épecies was Fe+3.which'apparently stayed on octahedral sites
ét the fest temperature. Anaiysis of the Fe profile in the ferrite
phase.showéd a concentration dependent diffusivity; presumably AH*
would also 5e concentration dependent.n The principal diffusing species
was Fe+3 probabiy on octahedral sites; structural complications, how—

3

. . . + .
ever, occur because some portion of the Fe ions must be on tetrahedral
. . . +2 .
sites in the ferrite phase and because some Fe = ions form by reaction

vhich would stay on octahedral sites and contribute to the diffusivity.
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FIGURE CAPTIONS
MgO-Fe203 Phase Diagram and Schematic Diffusion Profile for
Three Phase Diffusion Problem.

Typical Diffusion Prbfile in the>Fe-MgOvSystem in Vacuum,

v Diffusivityvvs Iron Concenﬁration at'llSO, 1250 and 1350°C in

the Fe-Mg0 Systembin Vacuum.

Difquivity Vs Reciprocal Temperature for Several Iron Con-
centrations in the'Fe;MgO System in Vacuum.

Dirfusion Profile in the NiofMgo System in Air atvl370°Cvfor
335 Hours. N

Diffuéivity Vs Nickéi Concentration at SeVeral Temﬁeratufes in
the NiO-MgO System in Air. |
Diffﬁsivity vs Reciprocal Temperature for Several Nickel Con- |
centratibns'inlthe.NiO‘MgO System in Air.

Diffusioh Profile in the Fe2035MgO System in Air at 1L60°C for
L2 Hours;f | | A | |

Diffusivity vs Reciprocal Temperature for the Fe,0;3-MgO System

‘in Air.

Diffusion Profile in the'Fe203;MgO System in Air at l3OQ°C for
43 Hours, -

EPR Spectrum at -160°C of MgO Single: Crystal with DPPH.

EPR Spectra at -150°C of Section of MgO Single Crystal Contain-

ing Entire Iron Diffusion Profile from an Fe,03-Mg0 Couple; and

. of Séme Specimen after Reduction.

Optical Spectra of MgO Single Crystal‘and Specimen from Fe-MgO

vCouple as Run ianacuum and after HeatingAin Air,




-31-

Fig. 1L, Optical ‘Spectra of Specimens fiom Fe,03-Mg0 Couples.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






