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ABSTRACT

Progress is described in a program intended to clarify the nature of
mass transport in MgO through (1) growth of crystals of improved perfection
and purity, (2) measurement of cation self-diffusion ratez over a wide
range of temperatures, and (3) extension of diffusion measurements as close
as possible to the melting point of the material.

Crystals of MgO 2 cm in diameter and 2 mm in thickness are routine'y
and reproducibly grown epitaxially on MgO substrates by means of chemical
vapor transport with HC1 at 10000C. Growth rates of 90 micron/hr. have
been achieved. Crystals grown frum high purity source material contain
400 ppm total impurity. Primary offenders are Fe, Si and S, but it appears
possible to further reduce levels of these elements. Measurements of Ni 2 +
diffusion in MgO have been extended to 2460 0C (0.88 -iM) in an attempt to
reveal intrinsic transport. The measurements extend by 70% the temperature
range over which transport data for W0 are now available,but fail to reveal
a change in transport mechanism. Ni2 diffusion at high temperatures may
be adequately described by a Do of 1.80 10-5 cm2/sec aid an activation
energy of 2.10 eV, a resglt obtained through earlier measurements at much
lower temperatures. Mg2 self-diffusion in MgO in the temperature range
16000 - 22500C may be represented by a D of 9.52 l0-4 cm2/sec and an
activation energy of 2.92 eV. The results are interpreted as extrinsic
diffusion and are not in accord with limited data in the literature for
diffusion of the radioisotope Mg28 . Neither of the present diffusion
studies has revealed a significant difference between transport in moderate
purity crystals and crystals of the best quality which are ccmmercially
available.
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I. INTRODUCTION

1.1 Mabs Transport in Oxides

Many properties of materials of technological importance are

controlled by mass transport. Ionic electrical conductivity, creep,

sintering behavior, and oxidation or solid state reaction rates provide

but a few examples of processes in which the migration rates of the constitu-

ent ions may be the rate controlling step. An understanding of mass trans-

port rates is therefore essential in any attempt to control or interpret

the kinetics of such processes.

At present, the behavior of simple ionic solids, such as the alkali

and silver halides, is fairly well understood. Although such materials are

still an area of active research, the availability of good crystals has

permitted reliable experimental. determination of the energies for defect

formation and migration. The simplicity of these materials has allowed

theoretical calculation of these energies, and the results are in general

accord with experiment.

Extension of this understanding to more complex materials, such as

oxides, has not been straightforward. Theory has been generally unsuccessful

in providing estimates of the energies of defect formation and migration.

Experimental work is also much more diffl alt. The high melting po ,Ats of

most oxides makes the fabrication of single crystals difficult. The energy

of defect formation is higher than in monovalent solids, and crystals are

accordingly less tolerant of accidentally introduced aliovalent impurities

if true intrinsic transport behavior is to be observed. A few hundred

parts-per-million alio-'lent impurity would be sufficient to cause mass

transport in most oxides to be dominated by impurities at all temperatures

up to their melting points. Few, if any, oxides of the requisite purity

have been available until recently. Transport measurement" would
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ordinarily be attempted at temperatures as close as possible to the melting

point of the material in any attempt to reveal a temperature region of

intrinsic behavior for a crystal of marginal purity. The high melting

points of most oxides caused such temperatures to be accessible only with

great difficulty. The high vapor pressure of many oxides at elevated

temperatures further complicates such measurements.

A sizeable body of data exists for diffusion rates in ceramic

oxides. Data are available for both anion and cation transport and, in

srme cases, a number 3f impurity cations. Such studies have provided data

for commercial grade material which have proved useful in the interpretation

of kinetics. Usually, however, little insight has been provided into the

basic nature of the diffusion process, or even whether the transport

measured represented intrinsic or impurity controlled behavior. The

magnitudes of the diffusion psaameters which have been observed, and purity

of the materials employed, strongly suggests that impurity controlled

behavior has been measured in most, if not all, studies. This has pre-

cluded study of the intentionally doped crystals which have been a key tool

in understanding the defect structure of materials such as the alkali halides.

1.2 Status of Transport in Magnesium Oxide

The present study is concerned with a single material--magnesium

oxide. This material is of considerable technological importance (e.g.,

as a refractory, in high temperature infrared applications, and for utiliza-

tion as transparer' armor). The material is of fundamental interest in

that it has the simple rock salt structure and thus would appear to be an

oxide to which present understanding of the alkali halides might be most

readily extended. Since single crystals (although of questionable purity

and perfection) have long been available, a relatively large number of

I
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diffusion studies had been previously conducted with MgO.

Previous measurements of mass transport have been reviewed in

detail in earlier reports. To briefly summarize, measurements of electrical

conductivity, while having been of great value in interpreting the defect

structure of alkali halides, have been of little use in clarifying the

nature of mass transport in MgO. Both electronic and ionic mechanisms may

contribute to conduction in oxides. MgO has been classed as a purely

electronic conductor
1, a purely ionic conductor

2'3 and e mixed conductor 
4

by different investigators.

Data for anion self-diffusion5, cation self-diffusion6 , and for the

diffusion of 8 different impurity cations 7 13 have been obtained for MgO.

The small values of the pre-exponential term, Do, (typically 10 - cm2 /sec)

and activation energies less than half the theoretically estimated energy

for Schottky pair formation in MgO14 suggest that extrinsic mass transport

has been measured in all studies of impurity ion migration and in anion

self-diffusion. In coutrast, the data for cation self-diffusion6 and

Ba2+ diffusion1 3 provided larger values of Do (10-1 cm2 /sec) and activation

energies of 3.14 eV which are reasonable parameters for intrinsic diffusion.

The differences are hard to explain since (a) aol studies vere conducted

in similar temperature ranges with materials of comparable purity, (b)

the --+ ion has a radius comparable to that of several of the impurity

ions which have been studied, and (c) the 0.9 eV energy of notion implied

by the intrinsic interpretation of the data for g2+ and Ba2 + diffusion

cannot be reconciled with the 1.6 -.o 2.7 eV activation energy observed

for anion and impurity cation migration.

Interpretation of the activation enerSges repoted is complicated

by the fact that no study has revealed the change in the temperature



dependence of diffusion coefficients which would permit unequivocal identifica-

tion of regions of extrinsic or intrinsic transport. The relatively high

impurity concentration (ca 1000 ppm) present in the crystals employed in

most studies would probably cause transport to be impurity controlled.

i'ater!als of higher purity have become available in recent years. Intrinsic

transport could, in principle, be observed in such crystals at very high

temperatures. To date, however, the high vapor pressure of MgO has prevented

the measurement of mass transport rates at any temperature higher than two-

thirds of the melting point (1850 0c).

1.3 Object and Scope of the Present Program

The body of data obtained for mass transport in MgO to date has

no unabiguous interpretation and is not self-consistent. Several studies

are desirable to clarify understanding of this material. Most studies

were performed at a tina when available crystals contained one to two

thousand ppm impurity. Recently, crystals of nomi al 100 ppm impurity

content have become ccnercially available for which it shouid be possibl(

to observe intrinsic behavior at very high temperatures. It would be

especially significant if a change in transport behavior could be revealed

in such cx.rtals at temperatures close to the melting point of MgO. The

data for Mg2 + self-diffusion form the basis with vhizh all measurements

of impurity cation transport behavior must be compared. Previous data

have been limited to a narrow ,'ange of temperatures for lack of a long-live .

Mg radioisotope. Magnesium has three stable isotopes, however, and use of

either of the three as a tracer would permit obtaining of diffusion data

over a much wider range of temperatures. The main barrier to further insights

into diffusion processes in oxides, however, is the lack of sir.le crystals

of the requisite purity. It would, therefore, be extremely desirable to
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produce single crystals of a purity and perfection superior to those

presently available.

In view of the problems described above, the present program

consists of four main efforts:

(a) Attempts to synthesize single crystal MgO of a purity and

perfection superior to those presently available. Chemical

transport techniques seemed especially promising and constitute

the bulk of the effort in this area.

(b) Measurement of Mg2 + self-diffusion rates over a wide range of

temperatures, using a stable isotope as tracer to eliminate

the time and temperature restrictions present In earlier experi-

ments with a radioisotope.

(c) Development of techniques to permit studies of impurity cation

diffusion (and also cation self-diffusion) at temperatuies much

higher (ca 25000C) than those previously examined in the hope of

revealing a temperature range of intrinsic transport.

(d) Thorough characterization of the purity and lislocation content

of both the crystals synthesized in the prograim and the commercially

available materials utilized in dlffusion studies. Further, the

wv:ner in which such characteristics were modified ir the course

of speeimen preparation was to be established.

SubstaniAal proges he been mde in each of these areas. 4g

has been grw epitaxially on single crystal substrates with the aid of BC1

transport at 10000C. Crystals 2 cm in diamer and 2 = In thickness have

been synthesized at growth rates up ts. 90 .icrao/hr. The transport process

produceb depsits with 1a.-. Depu-ity cortent (with two exceptions) than

in the hi h prity source mrterial, and the crystals being produced are
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close in quality to the best specimens which are commercially available.

Techniques have been developed for measuring cation self-diffusion with the

aid of the stable isotope Mg26 . Analytical techniques using both Knudsen

cell time-of-flight and triple-filament thermal ionization mass spectro-

metry have been perfected and reduced to practice. Cation self-diffusion

data have been obtained over a temperature range of 16000 - 22500C and do

not support interpretation given to data in the literature. Procedures

have also been developed for the preparation of diffusion samples at temper-

atures up to at least 25000C. Diffusion coefficients for Ni* in comercially

available high purity MgO crystals have been obtained up to 24600C (0.88 T,).

These daa extend by 70% the temperatux- range over which diffusion data

h ve beeu conducted in W4O, but fail to provide evidence for a chunge in

diffusion mechanism.

Technical details of the progress in each of these areas are

described in svbsequent sections.

II. CRYSTAL GROWTH AND CILMRACTERIZATION

In the six months covered in this report, over ninety adlitionul

samples of magnesium cxide crystals have been grown. Mass npectrometric

analyses of some of the crystals grown Indicate that their purity is much

better than N--ton crystals an,! nearly cctparable t,, Spicer crystals.

Reduct'in of the ve-st rfeiders in the grown crystals, Fe, S, and Si,

would result in ciystls better than the Spicer material. This reduction

of these impt-ities appears to be possible.

2.1 Xeiena

The experimental procedtire for groing all samples during this

15reporting pei lod ha been tbe technique Piscribed previo sly . The

technique employ- a platInum crucible with u tightly fitting cover inside

ti
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which a substrate MgO crystal is supported over a pressed pellet of the

source MgO powder by means of a ring of platinum foil. In an atmosphere

of anhydrous HCl at a partial pressure of 40 mm/Hg, the bgO is transported

from the source to the substrate by virtue of the reversible reaction

MgO + 2HCI Qc MgCI 2 + H2 0

in the thermal gradient maintained between the source MgO and the substrate

crystal. The thermal gradient is achieved by heating the bottom of the

platinum crucible inductively in a radio frequency coil.

The source MgO powder was Grade I Mdgnesium Oxide frm Johnson

Matthey Chemicals Limited, London. The results of the spark source mass

spectrographic analysis of this material, performed by Battelle Memorial

Institute, is presenued i: Table I.

2.2 Results

A number of single crystal samples 21 millimeters in diameter

and as thick as 1000 In were grcnn. Some experiments were made varying the

temperature gradient and sourc to substrate distance, in an attempt to

further improve the rate of crystal growth and the properties. The results

of these experiments are thL smooth uniform crystals can now be made almost

routinely. However, further improvement in the growth rate of 90 microns/

hour, reported previously 5 were not realized.

The problem encountered most frequently was a very slight brownish

discolrration of the deposit. The conjecture that this discoloration might

be due tc pl,.tinum contamination was supported by the observation that in

severrl cases in which the discoloration was particularly noticeable, small

hexagonal platinum crystals were also observed around the periphery of

the MgO deposit. Chemical transport of platinum in the HC1 atmosphere
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TABLE I

Mass Spectrographic Analysis of MgO

Sample Designation
CTR CTR Source MgO Norton Crystal Spicer Crystal

Ement 175 18o S8573 Nv4 SVl
Li 0.o6 - o. 0.6 0.2 0.06 1-
B (a) (a) 0.6 (a) (a)
F 45. 45. 95. '5. -. 5.
Na 30. 60. 60. 30. 30.
Al 20. 10. 3. 30. 20.
Si 100. 50. 5. 50. 5.P 2. 1. 1. <i1. <l1.
S 50. 50. 200. 20. 10.
Cl 10. 10. 20. 10. 20.
K 20. 20. 10. 10. 10.
Ca . 30. 4-30. 30. 200. 100.
Sc ( 0.1 < 0.1 '.0.1 .0.1 .0.3
Ti <5. < 2. 45- '5. 5.5.
v k0.5 i.0.5 0.o5 l1. £2.Cr 1 . <i . 4.
Mn 5. 0.7 5. 20. 2.
Fe 150. 150. 30. 300. 50.
Co .o.4 .4 i o.4 .o.4 _:4
Ni 7. 3. 7. 7. 3.
Cu 1. 0.4 1. 0.4 1.
Zn -2. S 2. 2. 1. 12.
Ga 40.4 40.4 4.:4 4.1 .0. 1
Ge 1. . . .0.4 '0.4
As 0.2 4 0.2 4.0.2 4.0.2 4 0.2Se 4 . 1 .4= i . < 1 . 1
Br 1. 1. i .61

Rb 1. r-0.2 '.0.2 ( 0.2 <-0.2
Sr A0.2 40.2 -. 0.2 -C,0.2 '-0.2
Y e.0.2 (0.2 40.2 '.0.2 'C0.2
Zr 6. 2. fo. 5 10. 2.
Nb 4-0.2 4'0.2 .0.2 0.2 '.0.2Mo 4L.1-. 41. 1i. .i.1
Ru 40.3 A-0.3 (40.3 4 0.3 40.3
Rh 3. 40.1 ( 0.1 4 0.1 4 0.1Pd 1i. .i. 4 1. ' . .41.

Ag C 2. '.2. 42. -. 2. 4 2.
Cd 4 1. '.1. (0.3 0.0.3 40.3
In 4 0.3 40.3 '.0.3 40.1 '0.1
Sn _1. Si. _1. '.1. , 0.3
Sb 0.2 .0.2 .0.2 'C0.2 40.2
Te 'I. 41. 1. .1. '.1.

Cs '0.1 ' 0.1 C 0.1 '0.1 3...i
Ba 0.3 0.3 0.6 0.3 1.
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TABLE I concluded

Sample Designation
CTR CTR Source MgO Norton Crystal Spicer Crystal

Element 175 180 S8573 NV4 SV1

La -4. £4. 'S4. 4o. .
Ce .2. 52. 51. <0.1 0.1
Pr (C0.1 (.0.1 4 0.1 '0.1 '4 0.1
Nd -0.4 (0.4 (0.4 0.4 c o. 4
Sm ,0.4 (0.4 -0.4 .0.4 -0..4
Eu 40.2 (0.2 < 0.2 c 0.2 <0.2
Gd 0.4 'o.. o.0.4 0.4 -. 0.4
Tb (C0.1 (0.1 4 0.1 <(0.1 (,0.1
Dy -o.4 <o.4 <o.4 <o.4 < o.4
Ho <0.1 (0.1 k0.1 4C 0.1 '0.1
Er 4 0.3 .0.3 -.0.3 e- 0.3 ,,0.3
T, 40.3 4 o.3 40.3 o.0.3 -C0.3
Yb 95. :5. 15. '.0.5 40.5
Lu ,.0.1 4.0.1 C0.1 .. 1 4.0.1
Hg 200.(b)< 200.(b) <0.5 -C 50.(b) .4 50. b)
Ta C 15.(b) 15.(b) 52. 4 15.(b) -C15. b)
W < 50.(b) < 20(b) 4.0.5 C 20. (b) C 20. (b)
Be 4 0.3 4 1. o.0.3 -.0 .3 ' 0.3
Os &o.4 - 1. o. 4 o.4 -o.4
Ir 4 0.2 4C 1. < 0.3 ,.0.3 00.3
Pt 1000. '.2. 4. < 0.5 4.0.5
Au <0.5 (0.5 <0.5 'C0.5 '.0.5
H9 40.5 ( 2. 4C0.5 '.0.5 -0.5
Ti 40.2 4.0.2 40.2 c 0.2 -40.2
Pb 2. 2. 6. 1. 1.
Bi 0.6 0.6 0.6 0.3 0.3
Th -0.2 ,0. 6 '.0.2 4L0.2 -. 0.2
U (0.2 c 0.6 40.2 4C0.2 '.0.2

(a) Samples crushed in boron carbide mortar.

(b) Mortar contamination.

.1,
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could not be the cause of the discoloration, however, since the absence

or amounit of discoloration varied considerably in what were thought to be

duplicate experiments. Some chance observations led to the conjecture that

the appearance of the discoloration was related to small air leaks into

the partial vacuum inside the quartz reaction tube. This was confirmed in

an experiment in which an amount of air corresponding to a pressure of

10 mm/Hg was introduced along with the 40 mm/Hg of HCI normally employed.

The resulting deposit, CTR 175, was nearly black and the chemical analysis

of this sample was virtually the same (Table I) as that of a colorless one

(CTR 180) except for the presence of 1000 ppm of platinum. The chemical

transport of platinum has been observed in oxygenl6,17. Thus, the discolora-

tion is the result of platinum impurity in the MgO deposit, brought about

by the transport of platinum in a -ace of oxygen which occasionally leaked

into the rpaction chamber.

Table I provides a ccuplete spark source mass spectroscopic

analysis of a Norton 1850°C vapor deposited crystal, a Spicer 18500C

vapor deposited crystal, the Johnson Matthey source MgO, and two Avco MgO

crystals, including CTR 175, the badly discolored sample described above.

Since Table I is samewhat cumbersome for a comparison of the relative

concentrations of the most significant impurities, Table II lists the

impurities of greatest interest.

The purity of the Avco MgO crystals is generally very much

better than that of the Norton crystals. The comparison with Spicer crystals,

however, shows Spicer to be slightly better. Three notable exceptions are

Al, Ca, and Cl for which the Avco crystals are better than the Spicer.

The low concentration of C1 in the Avco crystals is particularly significant,

since contamination by the transporting agent, HCl, had been feared. Also
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TABLE II

Im~ ant Impurities in MgO Crystals Grown by Chemical Vapor Deposition

(ppm w)

CVD Crystals Source Norton Spicer
Element CTR 175 CTR 180 M90 Crystal Prystal

Na 30 60 60 30 30

Al 20 10 3 30 20

Si 100 50 5 50 5

S 50 50 200 20 10

Cl 10 10 20 10 20

K 20 20 10 10 10

Ca 130 1.30 30 200 100

Cr 1 <1 7 .
Mn 5 0.7 5 20

Fe 150 150 30 300 50

Ni 7 3 7 7 3

Pt 1000 d.2 4 0.5 10.5

Total Cation e.390 C 34i5 <(176 670 .9234
(excluding Pt)

Total anion 60 60 220 30 30

Total -4450 'c 405 4396 700 o264
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gratifying is the fact that there is even considerably less Cl in these

crystals than in source MgO.

The three impurities, Si, S, and Fe, are the greatest problem.

Silicon may be preferentially transported from the source, although the

possibility of contamination from the quartz reaction tube cannot be excluded

at this time. Some reduction in sulfur is realized in the transport of

MgO, which indicates that this problem could be solved by ridding the source

material of some of its sulfur (possibi:- present as sulfate residue remain-

ing from the preparation of the source MgO). The worst offender is clearly

Fe, which is apparently being preferentially transported from the source MgO.

Thus, iron contamination can probably be reduced by pre-heating the source

MgO in anhydrous HC1.

2.3 Preparation of Diffusion Couples

The chemical transport technique lends itself very well to the

preparation of diffusion couples. Mg 0 enriched magnesia is used as the

source in essentially the same apparatus used for the crystal growing

experiments. The outstanding advantages of this method of preparation are

that only a very small quantity of the expensive isotope-enriched HgO is

necessary, and the transported Mg0 achieves extremely good contact with

the diffusion crystal.

The diffusion crystals to be coated with the isotope-enriched MgO

are smaller than the crystals used as substrates for crystal growth

(6-7 M square canpered to ^25 um). in addition, it is desirable to have

the coating cover the entire face of the diffusion crystal. These two

requirements necessitated slight changes in the cylindrical substrate

support inside the platinta crucible. The dimensions of the substrate

support for making diffusion couples was the subject of considerable
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experimentation. Unenriched high purity MgO was used in these experiments.

The substrate support finally arrived at, which gives excellent results, is

5 mm high (compared to 10 mm for crystal growth) and smaller in diameter,

such that the diffusion crystal is supported only at the extremities of its

four corners, permitting complete coverage of the diffusion face.

It is necessary to know the exact thickness of the isotope-

enriched layer on the diffusion couple. It was thought that the thickness

could be measured by grinding off a small amount of material perpendicular

to the diffusion face from a corner of the diffusion couple to permit

microscopic measurement of the deposit thickness. In the experiments with

the substrate support, the "practice" diffusion couple was cleaved, perpendi-

cular to the diffusion face, to permit microscopic examination of a profile

of the deposit. Ironically, the contact between the crystal and the deposit

was so good, in most cases, that the interface could not be seen. In those

cases where the interface could be seen, the deposit was very uniform across

the entire cleaved surface and the leposition rate was fairly consistent

(,j25 p/hr.) for like experimental conditions. The thickness of the

isotope enriched layer may therefore be determined by the exposure time

in addition to direct measurement where possible.

III. DIFFUSION IN SINGLE CRYSTAL 1gO

3.1 General Approth to the Problem

Diffusion coefficients may be evaluated from an experimentally

determined distribution of solute which has been allowed to diffuse into a

host specimen for a known time at a predetermined temperature. The analysis

is readily effected if the conditions employed in the preparation of the

sample are selected such that a simple analytical distribution of solute is

predicted by the diffision equation. Two types of solutes have been eloyed
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in diffusion measuremeits. Ni2 + has been studied as an impurity cation.

Concentration gradients have been determined with the aid of electron micro-

beam probe spectroscopy. Study of diffusion rates of this ion were under-

taken because extensive data were already available for low temperatures9,l8 "20

and 4t was of interest to extend the data to higher temperatures. Micro-

probe spectroscopy may be employed to analyze extremely small samples and

this provided a.i experimental advantage in initial studies at elevated

temperatures.

The lack of a long-lived radioisotope of Mg has restricted

previous work on cation self-diffusion in MgO to a single study conducted

over a narrow range of moderate temperatures (14Ono - 1.6000C). The limita-

tion on the upper end of the temperature range was imposed by the high vapor

pressure of MgO and that at the lower end by the time in which isotope

penetration of an extent suitable for sectioning could be achieved without

excessive decay of thn tracer. (Mg2 , the longest-lived radioisotope, has

a half-life of only 21.3 hrs.) Magnesium, however, has three stable
isotopes: and with natural abundances of 78.70%, 10. ,

and 11.17%., respectively. The use of a stable isotope Gs tracer offered

the opportunity of eliminating the time-temperature restrictions nssociated

with a radioisotope.

The stable isotope selected for study as solute was Mg26 in

order that the maximum resolution in mass number relative to the most

abundant isotope be obtained. The isotope, obtained from the Oak Ridge

National Laboratory as a fine grained MgO powder enriched to 98.78% 4g26 0,

was applied to a host crystal in one of three fashions described below.

After an annealing the distribution of isotope was determined by the removal

of thin (2 to 5 micron) layers by mechanical grinding. The isotopic
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composition of erAch layer was determined through mass spectrometry.

The procedure has several advantages relative to conventione-l

studies employing a radioisotope. The approach is potentially more accurate

since an isotope ratio is measured, and the data are not influenced by the

accidental loss of a small portion of a section. The accessibility ;f a

wider range of temperatures for the particular system under study has already

been noted. On the other hand, mass spectrometric analyses "-e time consum-

ing relative to conventional counting of the activity of a radioactive

section. Further, the natural abundance of the stable isotope in the host

crystal provides a high "background" concentration below wich solute

concentrations may not be measured. This imposes rather unusual boundary

conditions on the preparation of suitable specimens.

3.2 Initial Conditions for Diffusion Specimens

Studies of Ni2 + and g 2+ diffusion in MgO have been conducted

over a wide range of temperatures. The difference in solute chart teristics

and natural abundance of solute in the host crystal have ncessitated use

of a variety of diffusion specimens.

In a first type of specimen, an exposed surface of a K(O cristal

was placed over a vell cut in a crystal of the sam material. The vell

vas partially filled vith either RIO or Mg20, the latter being the stable

isotope used as a tracer in catici self-diffusion studies. The surface o:

the host crystal was thus J n equilibriw wIth a vapor of the solute and

was maintained at constant concentration throughout the course of the

diffusion annealing. The distribution of soluto, C, after an annealing of

duration t is given by

C - Ce erfc x (4m)'
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where Cs is surface concentration, x is penetration into the specimen,

D is the diffusion coefficient and erfc represents the complementary

Gaussian error function. A plot of the inverse complementary error function

of C/Cs as a function of solute penetration is therefore linear and has

slope given by (4 Dt)-'. This type of specimen is subsequently referred to

as a "!vapor exchange" specimen. Use of the vapor exchange boundary condi-

tions was possible only n,r tea.perhture ranges in which the vapor pressure

of the solute was high. In such circwnstances this type of specimen provided

several important advantages, The total amount of solute available in

the specimen is large (compared with the finite source, thi film samples

described below) and loss of solute, which may be severe at elevated temper-

atures where the vapor prescure of the solute is high; is less critical.

Secondly, the aurface of host crystal is never in contact with pure solute.

Thic wr: an especial advantage in the study of Ni 2+ diffusion where, at the

highest temperature explored (24600C) the sample preparation temperature

was 3TO°C aboe the melting point of NiO (2090°C). Vapor exchange boundary

conditions could be emplcyed in the study of Kg dJ ffusion et teaperatures

in excess of 16M0 C. Below this temperature, the s3urfac e concentrations

of isotope were not sufficiently above the natural abluidance of Mg2 6 O

in tne host crystal tc permit establishment of a co,.centratirn gradient.

These txuidary coa:itions were also used in all Ni2 4 ,lffusion specivens

orepred at teuperature- above the melting point of WIO (2100'C to 24609C).

At temperatures at which the vapor presi're nf the solte is too

small to permit utilization or vapor excharge boundery c-ndit.r>is, losses

of solu t fr a a thri., f ini- initial film would be negi.gible. Solute

my accaoringly be supplied from a thin film. Annealing ot vhis type of

spemtn profuces a Gaussian 4istribution of solute given by I[
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C = S(4<Dt) 4' exp - X2 (4Dt)YI

where S is the initial amount of solute per unit area. A plot of the

logarithm of solute concentration as a function of the square of solute

penetration is therefore linear and has slope given by -(4Dt)-1. This type

of sample is referred to as a "thin film" specimen. The study of Ni 2 +

diffusion employed this variety of boundary conditions at all temperatures

less than the melting point of NiO.

Preparation of finite source specimens containing Mg2 6 as solute

presents an unusual problem. The natural abundance of Mg2 6 is 11.17%, so

that concentrations below this level are indistinguishable from "background"

concentration. The concentration in the Gaussian dictrbution of the thin

film specimen decreases as (Dt)-I and approaches zero for large times.

Subsequent establishment of a concentration gradient by mechanical section-

ing requires a minimum detectable solute penetration of ca. 12 microns.

The concentration of Mg 260 my be kept above background only by increasing

S, the initial amount of solute per unit area. However, increasing S by

the requisite amount invalidates the assumption, implicit in the thin film

bounAry cunditions '.hat the thickness of the initial film is negligible

vith respert to be extent rO the solute penetration. Under these ccaditio'

the soiute .'at be considered as being distributed throughout an initial

layer of thickness, h, which is not negligible cotpared to t'e pdffusion

zone. fnder such condtions the solute Aistribution is giv'en ty

C . C, L!_rf (h-x)(iiDt) 4 + erf (h + z)(laM) 4 3

where h is twice the thickness of the initial layer , Ca is the soltte

coocen'.ration in the initial layer, and erf i the Oaussian error function.

This type of gradient is not as redilly analyzed as those resulting -%-4

M- Iowa
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simpler soluticns to the diffusion equation. It may be noted, hoever, that

the concentration at X = 0 iE given by Cs erf h(4Dt)-F. The surface cone -orra-
1

tion may thus be used to compute an estimate of (4Dt)-1. A more accurate

value based on the P-tire concentration grpdient may be cbtained by fitting
1

the data to gradients calculates for values of (4Dt)-2 which are close to

the initial estimate. This type of specimen ls referred to as a "thick f'"-"

sample.

A final set of boundary conditions are encountered for Mg2 tK grail-

ients at very low temperatures where the solute penetration Is small compared

to the thickness of the initial layer of solu +  Under such conditions, a

semi-infinite initial distribution of solute is approximateu, and

C = Cs erfc x (iDt)4

where C8 is concentration in the initial deposit, and x is now penetration

relative to the solute-host crystal interface. A plot of the inverse

complementary error function of 2C/Cs is therefore linear as a function of

x, and has slope given by (hDt) . This form of the solution to the diffu-

sion equation is a valid approximation if (Dt/h2) is less than about t.

The semi-inifinite source solution is more amenablt to analysis than the

thick film solution to the diffusion equation. Ii: principle, it .could be

used for all temperatures for vhich use of the thici film conditions might

b* 'Ictatad. Sectioning and analysis of this type of specimen is extremely

time consuming, however, " the conditi*is were utilized only at %he vary

loweet temperaturas at wunch ipectmens were pr-pezed.

7.3 rrceMn of Tracer with 7Icmu.ly-Present Isoo

in t * cation self-diffuxion experim-nts a stable isotope, Mg- ,

was diffused Int.u a 'aort i!ryntal containing a natural nbundasnz if Mg2 6
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(11.17%). The initial isotopic composition of the host crystal is
24 + 25 26
Co +CO +C =I

where C0
2 4, the natural abundance of Mg240 is .7870, C025 is .1013 and Co26

is .1117. If a concentration X26 of isotope diffuses into the specimen,

i' substitutes for all three isotopes and

X2 6 + (1 - X26 )(Co24 + Co2 5 + Co26) = 1.

The total concentration of Mg260 is therefore

C26 = X26 + (1 - X26 ) C026.

It should be noted that the concentration of diffused tracer X2
6 is not C26

-ess the natural abundance C 26 , but rather

x26 = (C26 _ C26)/(l - Co02 6).

The constant factor (1 - C026 ), however, cancels in analysis of all error

function solute distributions since

X26  (C26 . C02
6 )/(I - Co26 ) C26 - Co26)

26 (c26- C026)/(i - Co26) (c 26Co26 )

Similarly, in the analysis of the Gaussian distribution of solute of the

thin film specimen, the constant factor relating X and (026 - Co26) hab

no influence on the slope of tn (C26 - Co026) as a function of penetration.

All concentration gradients presented in this study are therefore expressed

26 26
as total concentration of Mg0 less the natural abundance of Mg 0 even

though this quantity does not represent the actual concentration of "tracer"

diffused into the semple.

3.4 Materials and Specimen Preparation

Two varieties of ccmercially available single crystals of

MgO have been employed in both the tudy of Ni2+ diffusion and Mg2+ self-

....................................,. .. .. . .
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diffusion. Crystals obtained from v. & C. Spicer Ltd., Cheltenham, England,

nominally contain 100 ppm impurity and represent the purest single crystals

commercially available21 . Less pure crystals obtained fran the Norton

Company, Worcester, Mass. have been employed in many earlier studies.

These crystals were utilized in the present study for purposes of comparison,

ard also for use in early experiments as techniques for sample preparation

were being perfected.

Characterization of representative crystals of both types has

been described in earlier reports1 5 . The Spicer crystals are notably

superior in both purity and dislocation content. Typical Spicer crystals,

analyzed by spark source mass spectrometry contained 270 pp mw total (cation

plus anion, excluding OH-) impurity; Norton crystals contained 700 to 820

ppm w total impurity. Etch pit measurements showed both types of crystals

to contain 600 to 1200 micron subgrains. Total dislocation densities in

the range 0.7 - 1.0 105 cm"2 and 1.1 - 2.5 105 cm"2 were encountered for

the Spicer and Norton materials, respectively. When the contribution of

dislocations at subgrains was excluded, corresponding densities were

2,8 - 6.7 104 and 5.0 - 16 I0 cm- 2 .

Single crystals were cleaved into plates with dimensions of

the order of 1 x 1 x 0.3 cm. As-cleaved surfaces were found to have surface

roughness of 1 to 2 microns in the form of cleavage steps, and mechanical

damage in the form of increased dislocation densities along intersection

(110) slip bands. Mechanical polishing of the surface produced finishes

which were flat to within + 0.25 micron, but at the expense of introducing

high dislocation densities in a layer within 40 microns of the surface.

High temperature annealings (18500C) succeeded in reducing the dislocation

density by a factor of 2. but did not restore the native as-grown density.
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Chemical polishing in hot phosphoric acid successfully removed the damaged

layer, but at the expense of introducing surface "waviness". As described

in previous reports15, the kinetics of material removal in such chemical

polishing has been studied in detail as a function of time and temperature

under static and agitated conditions. The rate of material removal increased

rapidly at temperatures above 1700C. This increase corresponded to rapid

development of surface pitting. Optimum polishes were achieved at 1550C

in an agitated solution when the specimen was given intermittant washes in

hot H20. The best surfaces obtained had flatness inferior to mechanically

polished surfaces, but represented a satisfactory compromise between rough-

ness and minimization of surface damage.

Crystals employed for studies of Ni2+ diffusion were used in

the as-cleaved condition. Surface roughness and damage did not influence

these results since all measurements were conducted at high temperatures

at which solute penetrations were 5 to 8 times the depth of the mechanical

damage introduced by cleavage. Similarly, cleaved and mechanically polished

surfaces were utilized in crystals intended for Mg26 diffusion at high

temperatures. At low temperatures, where detectable isotope penetrations

were small, mechanically and chemically polished surfaces were employed.

A matter of concern in subsequent annealing of the diffusion

specimens was contamination of the high purity crystals by the furnace

atmosphere, and also vaporization of the solute and diffusion interface

of the host crystal. These problems vere solved by encapsulation of the

entire specimen in a pressed compact of high purity MgO powder. The compact

sintered during the early portion of the diffusion annealing. This provided

not only protection of the specimen from impurities derived from the furnace,

but entrapped the solute as well.
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Vapor exchange samples were prepared by partially filling a

single crystal well with Mg260 or NiO. A prepared surface on an MgO host

crystal was placed over the well, and the assembly was then encapsulated.

For thin film specimens employing NiO as solute, a layer of nickel chloride,

a fraction of a micron in thickness, was deposited on a prepared surface of

a M:5 crystal fron solution. The chloride was converted to NiO by heating

at .ow temperature in air. Solute-crystal contact presented no problem

because of the high vapor pressure of NiO at all temperatures examined.

Preparation of the thick film samples necessary for the study of Mg 6

diffusion presented difficulties. Application of the thick layer by straight-

forward tecnniques (e.g., spraying of an acidic solution, or deposition of

a slurry) produced coatings which peeled from the host crystal when a thick-

ness of 3/4 micron was exceeded. An additional source of concern was the

impurity introduced with the Mg2 60 isotope. The material supplied by the

Oak Ridge National Laboratory also contained 0.2% cation impurity, which

provided a source of contamination. Both problems were solved by utilizing

the chemical vapor deposition techniques developed in the crystal growth

portion of this program. An epitaxial layer of single crystal Mg260 tens

of microns in thickness could be deposited on a prepared surface of a host

crystal in less than an hour at 10000C. The temperature is low enough that

the amount of diffusion during deposition is completely negligible. The

procedure not only produced a single crystal layer of Mg260 of the requisite

thicki s which was in intimate contact with the host crystal, but,as

described above in Section II, effected purificati,-. 2 the isotope as well.

Semi-infinite source specimens utilizing Mg260 as solute were

also prepared by chemical vapor deposition of the isotope, by merely

continuing the transport process for longer times. Such samples, being
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utilized only at relatively low temperatures (ca l0000C) were not encapsulated.

3.5 Diffusion Sample Analysis

The capsules containing MgO crystals in which NiO had been

employed as a solute were cut upon canpletion of the diffusion annealing

'to expose a surface normal to the solute-coated interface. NiO concentra-

tions as a function of distance normal to the interface were determined

with electron microbeam probe spectroscopy. It proved necessary to coat

the exposed surfaces of the specimens with a thin film of carbon to render

the sample conductive and prevent charge buildup during analysis. Analyses

were performed with a 30 kv electron beam having a nominal diameter of one

micron. NiKM fluorescent intensities were recorded relative to the inten-

sity obtained fran a sample of pure Ni in order to eliminate possible errors

arising fram beam fluctuations. The intensity ratios were converted to

concentration of NiO with the aid of a calibration curve obtained fron a

set of fine grained sintered NiO-MgO standards. Concentrations of solute

at the surfaces of the samples ranged from .001 to .048 NiO, depending on

temperature. The sensitivity of the analysis, as performed, permitted

detection of concentrations as low as 8 10-5 NiO. Solute gradients could,

therefore, usually be established over solute concentration ranges of two

orders of magnitude.

Samples which coi ained Mg260 solute were removed fram the

capsules. Edges were ground from the host crystal to eliminate effects of

surface diffusion. Sections were giound fran the specimen by hand lapping

* on a Mo foil, using diamond powder in a small amount of alcohol as an

abrasive. Parallelism of sequential sections was achieved by attaching

the crystal to a cylinder of stainless steel which moved snugly within a

second outer cylinder machined from the same material. Supports attached
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to the outer cylinder rode on an optical flat during lapping. Tallysurf

measurements of surface roughness after removal of a section showed that

flatness and parallelism were maintained to + 0.25 micron. The thicknesses

of the sections removed were determined by precision weighing of the sample

combined with careful measurement of the surface area of the sample.

Sections less than 2 microns could be successfully removed through this

procedure. In practice, section thicknesses which were removed ranged

from 2 to 10 microns depending on the area of a particular sample, and the

anticipated extent of isotope penetration.

The isotopic composition of each section removed from the

diffusion specimen was accomplished by mass spectrometry. Such analyses

are time consuming since the system mus be baked out and evacuated after

introduction of each one of the ten to twenty sections removed from each

diffusion specimen. At best, only two a lyses may be performed within a

24-hour period. Early analyses were performed with a Bendix time-of-flight

mass spectrometer. During the present per od of the program, these measure-

ments have been augmented by analyses performed on a second instrument

of the Mattauch double focussing type which employs a thermal ionization

source.

The specimen grindi r s and Mo foil were .aced in a tungsten Knudsen

effusion cell maintained at 1900°K in the time-of-flight spectrometer.

This produced a beem of magnesiun atoms which was directed into the ion

source of the spectrometer where it was ionized by electron impact and

mass analyzed. The isotope ratio was determined by simultaneously monitor-

ing the 2 4 and Mg26 peaks to eliminate beam fluctuations due to variations

in temperature of the Knudsen cell.

In the thermal ionization technique, a portion of the grindings
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-re placed on the center filament of a triple filament assembly. Two

side (ionization) filaments were maintained at higher temperature to provide

high ionization efficiency; the center (sample) filament, which controls

the rate of evaporation, was maintained at a lower temperature to produce

steady volatilization. After ionization, the beam was accelerated, passed

through an electrostatic analyzer to the magnetic analyzer where the Mg26iMg
21

ratio was measured with an electronic detection system.

Both mass spectrometer techniques have been perfected to the

point where either may now be used on a routine basis to analyze the small

amount of material (5 10- 4 gram) contained in each sectior.. Results

obtained from the two different techniques are in good agreement. The

accuracy of the analyses was evaluated by measurement of the isotopic

abundance in normal MgO. Comparison of the results with the reported natural

abundances indicated that the accuracy of the time-of-flight analyses is

better than + 1%, while that of the thermal ionization procedure is better

than +

3.6 Results

Twenty diffusion coefficients have been obtained for Ni2 +

diffusing in both Spicer and Norton Cenpany MgO over a temperature range

of 19000 to 24600C (0.88 TM) in an argon atmosphere. No significant

difference in transport behavior was noted between the Spicer and Norton

material despite the superior purity and dislocation content of the former.

• These results extended by 70% the temperature range for which mass trans-

port data are available in MgO, but failed to reveal conclusive evidence

for a change in transport mechanism at elevated temperatures. Diffusion

was assumed to be impurity controlled, and could satisfactorily l's represented

by
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D 1.80 1o- exp -(2.10 eV/kT).

This result had been obtained earlier9 on the basis of measurements in air

at lower temperatures. The data contained a slight suggestion of a possible

change to a different transport mechanism at temperatures in excess of

24000C. It would have been of great interest to .onfirm this trend with a

few additional measurements at temperatures still closer to the melting

point of MgO. This was unlforttnately riot possible in the system NiO-MgO.

At 24600C, the highest temperature at whicha a srn-ple was successfully

prepared, two-thirds of the NiO-MgO solid solution series was above the

solidus of the system, and difficulties were experienced with melting at

the sample surface. The above results were described in detail in a

manuscript czatitled "Diffusion of Nil- in High Purity MgO at High Temper-

atures" which was attached as an Appendix to the preceding Interim Report1 5.

The manuscript is scheduled for publication in the February 1, 1971 issue

of the Journal of Chemicai Physics.

A total of seven diffusion efficients have been obtained for

,4g self-diffusion in MgO in the temperature range 16000 to 2250°C. These

results are summarized in Table III, Samples have also been successfully

prepared at 19500C and 2 400
0C and sectioned in preparation for analysis.

Mass spectrometer analyses have, in fact, been completed for 15 sections

removed from the specimen which had been prepared at 2400 °C. The penetra-

tion of isotope at this high temperature was so extensive, however, that

the change in concentration in this depth of the crystal was insufficient

to evaluate a diffusion coefficient. Additional sections are presently

undergoing analysis.

As mentioned above, the rate at which mass spectrometer analyses

may be performed determines the rate a6 which diffusion coefficients may be
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TABLE III

Diffusion Coefficients for Mg"6 in Single Crystal MgO

Specimen
Temp, Time (hrs.) Material Type D(cm2/sec)

16oo 16.o N V 1.41 10"II

1600 31.0 S T 1.96 10-11

1750 16.3 N V 5.28 10-1

1850 15.6 N V 1.48 lo O

1850 15.6 S V 7.23 10-11

2050 6.o N V 3.76 1

2250 5.0 N V 1.05 10- 9

N = Norton Conpany MgO; S = Spicer, Ltd. M.!

V = Vapor exchange specimens; T = thin film specimen

S!

_ _ o-- - - -
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obtained. We have accordingly perfected techniques foi: urie of a thermal

ionization triple filament source on a second mass spectrometer in order

to expedite analyses. After a few initial failures, thebe procedures have

now been reduced to practice. Figture 1 presents data for a vapor exchange

specimen prepared at 20500C, in which the inverse complementary error

function of (C-Co)/(Cs-Co) is plotted as a function of isotope penetration.

Alternate sections were-analyzed with the Knudsen cell time-of-flight

spectrometer, and with the thermal ionization double-focussing instrument.

The isotope ratios monitored in the two experiments were MZ6/Mg2 and

Mg26/Mg25, respectively. Although not the beat gradiert obtained in the

program, the data of Figure 1 demonstrate excellent agreemen, between

concentrations obtained by two diffarent techniques even though different

mass peaks were masured.

The diffusion coefficients obtained to date for Mg26 self-diffusion

in single crystal NgO are plotted as a function of rm Iprocal temperature

in Figure 2. The data may be represented by

D - 9.52 10- exp -(2 92 eV/)C).

As in the masuremnts of impurity cation diffusim, there is at present

no basis for ascribing significantly different transport behavior to the

hign purity Spicer HgO crystals. Figure 2 also includes the data6 for

diffusion of the radioisotope Ng . These results are given by

D - 2.49 10-1 eXP -(3.3 eV/)

* and, wo mentioned above, have generally been interpretd as representing

* int-insic behavior. The present results do not confirm this interpretation.

The activation enrgy of' 2.92 *V is ovam t higber than that observed for

impurity ion igration, but would appear to be too low to represent intrinsic
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diffusion.
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