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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 rates over a wide
range of temperatures, and (3) extension of diffusion measurements &s close
as possible to the melting point of the material.

Crystals of MgO 2 cm in diameter and 2 mm in thickness are routinely
and reproducibly grown epitaxially on MgQ substrates by means of chemical
vepor transport with HC1l at 1000°C. 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 €, but it appears
possible to further reduce levels of these elements. Measurements of Ni2+t
diffusion in MgO have been extended to 2460°C (0.88 Ty) in an attempt to
reveal intrinsic transport. The measurements extend by 70% the temperature
range over which transport data for MgO are now available,but fail to reveal
a change in transport mechanism. Ni<* diffusion at high temperstures may
be adequately described by a Dy of 1.8C 10-° cme/sec aud an activation
energy of 2.10 eV, a resglt obtained through earlier measurements at much
lower temperatures. Mg2 self-diffusion in Mg0 in the temperature range

1600° - 2250°C may be represented by a D, of 9.52 10-% cm2/sec and an
activation energy of 2.92 eV. The resul%s 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 mcderate
purity crystals and crystals of the best quality which are ccamercially
available.
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I. INTRODUCTION

i.1 Mass Transport in Oxides

Many prop.rties 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 vhich 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 reséarch, the availability of good crystels has
remitted reliable experimental determination of the energies for defect
formation and migration. The simplicity of these materials has allowed
theoretical calculation of these energles, 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 diff! ilt. The high melting po.uts 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 aliovalent impurivy would be sufficient to cause mass
transport in most oxides o 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 sizesble body of data exists for Aiffusion rates in ceramic
oxides. Data are available for both anion and cation transport and, in
srme cases, & number Jf impurity cations. Such studies have provided data

for commerciasl 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 perameters which have been observed, and purity
of the materials employed, strongly suggests thet 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 & single material--magnesium
oxide. This material is of considerable technological importance (e.g.,
as a refractory, in high temperature infrared applicetions, 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
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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 summerize, measurements of electrical
conductivity, while having been of great value in interpreting the djefect
structure of alkali halides, have been of little use in clarifying the
nature of mass transport in Mg0O. Both electronic_' and ionic mechanisms may
contribute to conduction in oxides. MgO has been classed as a purely
electronic conductorl, a purely ionic conductorz’ 3, and e mixed conductorh
by different investigators.

Data for anion self-diffusions, cation self-diffusionG, and for the
diffusion of 8 different impurity cations’-13 have been obtained for Mg0.
The small values of the pre-exponential term, Do, (typically 1072 cm?/sec)
and activation energies less than half the theoretically estimated energy
for Schottky pair formation in Mgoll" suggest that extrinsic mass transport
has been measured in all studies ¢f impurity ion migration and in anion
self-diffusion. In contrast, the data for cation aelt-ditfusion6 and
pa2* dirfusionl3 provided larger values of D, (10°1 cm®/sec) and activation
energies of 3.4 eV which are reasonable parameters for intrinsic diffusion.
The differences are hard to explain since (a) all studies were conducted
in similar temperature ranges with materials of comparable purity, (b)
the Hg‘?* ion has a radius compasrable to that of several of the impurity
ions which have been studied, and (c) the 0.9 eV energy of motion implied
by the intrinaic interpretation of the data for Mg>' and Ba®* aiffusion
cannot be reconciled with the 1.6 Lo 2.7 eV sctivation energy cbserved
for anton and impurity cation migration.

Interpretation of the activation energies reported is camplicated

by the fact that no study has revealed ihe change in the temperature
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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.
iMaterials 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°C).

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 studles
are desirable to clarify understanding of this material. Most studies
vere performed at a tiwne vhen available crystals contained ore to two
thousand ppm impurity. Recently, crystals of nominal 100 ppm impurity
content have become cammercially availadble for which it shouid be possible
to observe intrinsic behavior at very high tempersatures. It would be
especially significant if a change in trsnspori behavior could be revealed
in such ci stals at temperatures close to the melting point of MgO. The
duta for Ng2* self-diffusion form the basis with which all measurements
of impurity cation treansport behavior must be compared. Previous data
have been limited to & narrow .ange of Lemperatures for lack of a long-lived
Ng radioisotope. Magnesium has three stable isotopes, however, and use of
either of the three as s tracer wvould permit obtaining of diffusion data
over a much vider range of temperstures. The majin barrier to further insights
into diffusion processes in oxides, however, is the lack of sirgle crvstals

of the requisite purity. It would, therefare, be ex’remely desriradble to




-5

produce single crystals of a purity and perfection superior to those
presently available.

In view of the problems described atove, the present program
consists of four main efforts;

(a) Attempts to synthesize single crystal Mg0 of a purity and
perfection superior to those presently available. Chemical
transport techniques seemed especially pramising and constitute
the bulk of the effort in this area.

(b) Measurement of Mg°' self-diffusion rates over a wide range of
temperatures, using a stable isotope as traccr to eliminate
thie 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 temperatures much
higher (ca 2500°C) 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 program and the commercially
avajilable materiels utilized in diffusion studies. Further, the
ranner in wvhich such characteristics wvere modified ir the course
of spevimen preparation wvas to be estabdblished.

Substantial progress has been made in each of these areas. Mg0
has been grown epitaxially on single crystal substrates vith the aid of HCL
transport at 1000°C. Crystals 2 cm in diameter and 2 me in thickness have
been synthesized at growvth rates up tu 90 micron/hr. The transport process

produces depveits with lower impurity cor“ent (vith two exceptions) than

in the hi:h purity sowrce wrteria), and the crystals being procduccd 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 M326. 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 1600° - 2250°C 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 2SOO°C. Diffusion coefficients for Nic* in commercially
availadle high purity MgO crystals have been obtained up to 2450°C (0.88 Ty).
These data extend by 70% the temperature range over which diffusion data
have beesu conducted in MgO, but fail to provide evidence for a chunge in
diffusion mecharism,

Technical details of ihe progress in eacih of these areas are
described in svbsequent sections.

II. CRYSTAL GROWTH AND CHARACTERIZATION

In the six months covered in this report, over ninety adiitionul
samples of magnesium cxide crystals have been grown. Mass specirametric
analyses of some of the crystals grown indicate that their purity is much
better than No~ton crystals un’ nearly couparable t¢ Spicer crysials.
Reduct! n of the wo-st «ffeuders in the grown crystals, Fe, S, and Si,
would resuit in crystuls better than the Spicer material. This reduction
of these impuicities sppears to be possitle.

2.1 Experimentai

The experimental procedure for growing all samples during this

reporting pe1 lod haz bzen the technique drnscribded previouslylb‘ The

technique employ: a platinue crucible with « tightly fitting cover inside
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which a substrate Mg0O crystal is supported over a pressed pellet of the

source Mg0 powder by means of a ring of platinum foil. In an atmosphere

of anhydrous HCl at a partial pressure of 4O mm/Hg, the MgO is transported

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

Mg0d + 2HC1 Gem————"= MgCl, + Ho0

in the thermal gradient maintained between the scurce MgO and the substrate
crystal. The thermal gradient is achieved bLy heating the bottom of the
platinum crucible ;nductively in & redio frequency coil.

The source Mg0 powder was Grade I Magnesium Oxide from Johnson
Matthey Chemicals Limited, London. The results of the spark source mass
spectrographic énalysis of this material, performed by Battelle Memorial
Institute, is presenved 1.. Tabie I.

2.2 Results

A number of single crystal samples 21 millimeters in diameter
and as thick as 1000‘Pm were grovn. Some experiments were made varying the
temperature gradient and soure. to substrate Jdistance, in an attémpt to
further improve the rate of crystal growth and the properties. The results
of these experiments are the. smooth uniform erystals can now be made almost
routinely. However, further improvement in the growth rate of 90 microns/
hour, reported previouslyl? were not realized.

The problem encountered most frequently was a very slight brownish

discolnration of the deposit. The conjecture that this discoloration might
be due tc plitinum contamination was supported by the observation that in
severrl cases in which the discoloration was particularly noticeable, small
hexagonal vlatinum crystals were also observed around the periphery of

the MgO deposit. Chemical transport of platinum in the HC1l atmosphere

B e T




TABLE I !
Mass Spectrographic Analysis of Mg0 *
{ppmv)
_ : Sample Designation
CTR CTR Source Mg0d Norton Crystal Spicer Crystal -
Element 175 180 S8573 NVh SV1 . 3
t
Li 0.06 <€0.002 0.6 0.2 0.06
B (a) (2) 0.6 (a) (a)
F <5. <5, <5, <5, £5.
Na 3C. 60. 60. 30. 30.
AL 20. 10. 3. 30. 20. 1§
si 100. 50. 5. 50. 5. i ]
P 2, 1. <1l. : <1. <1. !
s 50. 50. 200. 20. 10. :
cl 10. 10. 20. 10. 20. o]
K 20. 20. 10. 10. 10. 3
Ca <30, < 30. < 30. 200. 100.
Se ¢0.1 ¢O0.1 0.1 <0.1 «0.3 g
Ti <5. <2, 5. <5. <5.
v €0.5 £0.5 £ 0.5 £1. &2. 3
Cr <. <1, <l. 7. <y,
Mn 5. 0.7 5. 20. 2.
Fe 150. 150. 30. 300. 50.
Co <0.b  &o0.k £0.4 £0.4 €o0.k4
Ni- 7- 3- 7- 7- 3'
Cu 1. 0. 1. 0.4 1.
Zn <2, €2, 2. £]. <2,
Ga <ok <o.h <0.k <0.1 <0.1 t:

' Ge el. &1, €1, 0.4 «0.k a
As 0.2 £0.2 <0.2 <0.2 <0.2 .
Se 21, <l. <l. <1. <1l. 'y
Br 1. Sl. &1, £1. £1. |
Rb 1. 0.2 <0.2 < 0.2 <0.2 ;
Sr €0.2 40.2 0.2 € 0.2 <0.2
Y <0.2 €0.2 €0.2 < 0.2 <0.2
zr 6. 2. %0.5 10. 2. }
Nb 0.2 «0.2 < 0,2 «0.2 <0.2 5
Mo <1, <1, <l. <1, <1. |
Ru €0.3 &0.3 < 0.3 <€ 0.3 <0.3 e
Rh 3. 20.1 <0.1 < 0.1 <0.1 i
Pd <l Q1. <l, <l. <1, 4]
Ag <2, <2, <2, <2, <2. &
cd <1i. <l. €0.3 <0.3 £0.3 3
In 0.3 «0.3 <0.3 <0.1 <0.1 it
Sn &1, &1, &1, <1, &0.3 1 §
Sb 0.2 0.2 0.2 €0.2 <€0.2 R
Te <l. <l. <1. <. <cl. x§
I &1, <1, a€l, < 1l. £1. i
Cs €0.1 <0.1 < 0.1 < 0.1 < 0.1
Ba 0.3 0.3 0.6 0.3 1.

v R




'
i
I
A
H
1
|
t
{
i
)

TABLE I concluded

Sample Designation

CTR CTR “Source Mgo

Element 175 180 s8573
Ia €L, <), <y,

Ce &2, 2. 1.

Pr < 0.1 < 0.1 < 0.1
Na < 0.4 <0.4 <0.4
Sm ¢ 0.k <0.h <0.h
Bu 0.2 <€0.2 <0.2
Gd <0.h 0.4 <0.b
Tb <0.1 <0.1 <0.1
Dy 0.4 <04 <0.4
Ho <0.1 €0.1 <0.1
Er <0.3 <0.3 <0.3
Tm 0.3 «¢0.3 <0.3
Yb sso -‘- S' -‘-5'

Lu <0.1 < 0.1 <0.1
Hg < 200. (b) < 200.(b) <0.5
Ta < 15.(r) €15.(p) &2,

W ¢59.(b) €20.(b) «0.5
Re < V.3 &1, & 0.3
Os 0.k < 1. < 0.4
Ir 0.2 &1l. < 0.3
Pt 1000. <2. L,

Au < 0.5 < 0.5 <€0.5
Hg 0.5 <€2, <0.5
T £0.2 €0.2 <0.2
Po 2. 2. 6.

Bi 0.6 0.6 0.6
Th 0.2 <.0.6 €0.2
4] € 0.2 < 0.6 € 0.2

~Norton Crystal

NV

~ Spicer Crystal

SVl
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(a) sSamples crushed in boron carbide mortar.

(b) Mortar contamination,
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could not be the cause of the discoloration, however, since the absence

or amount 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 HCl normally employed. i

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 i

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

into the reaction chamber.

Table I provides s complete spark source mass spectroscopic
analysis of & Norton 1850°C vapor deposited crystal, a Spicer 1850°C
vapor deposited crystal, the Johnson Matthey source Mg0O, 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 'éroatest interest.

The purity of the Avco MgQ 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 C1 for which the Avco crystals are better than the Spicer.

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

gince contamination by the transporting agent, HC1l, had been feared. Also
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TABLE II

(ppm w)
CVD Crystals

Element CTR 175 CTR 180
Na 30 60
Al 20 10
Si 100 50
S 50 50
Cl 10 10
K 20 20
Ca £30 <30
Cr <1 <1
Mn > 0.7
Fe 150 150
Ni 7 3
Pt ' 1000 &2
Total Cation :;93 <§T;_5-
(excluding Pt)

Total anion 60 60
Total 5;;5 <IJ5-

Source Norton Spicer

Mg0 Crystal Crystal
60 30 30
3 30 20
p) >0 p)
200 20 10
20 10 20
10 10 10
£30 - 200 100
<1 7 £h
5 20 2
30 300 50
T T 3
L <€0.5 £0.5
<176 670 <234
220 30 30
3% 0 <26k

s WA T
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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 fram 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
Mg0O, which indicates that this problem could be solved by ridding the source
material of some of its sulfur (possidi, present as sulfate residue remain-
ing from the preparation of the source Mg0). The worst offender is clearly
Fe, which is apparently being preferentially transported from the source MgO.
Thus, iron contaminstion can probably be reduced by pre-heating the source

Mg0 in anhydrous HCl.
2.3 Preparation of Diffusion Couples

The chemical transport technigue lends itself very well to the
preparation of diffusion couples. M326 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 Mg0 is
necessary, and the transported Mg0 achieves extremely good contact with
the diffusion crystsl.

The diffusion crystals to be coated with the isotope-enriched Mg0
are smller than the crystals used as substrates for crystal growth
(6-7 mn square compared to 4#25 mm). 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 platinum crucible. The dimensions of the substrate

support for making diffusion couples was the subject of considcrabdble
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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

Zour corners, permitting complete ccoverage 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 microscopi~ examination of a profile
of the deposit. Ironically, the contact between the crystal and the deposit
was 50 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 .eposition rate was fairly consistent
(m25 }nn/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 possibdle.

III. DIFFUSION IN SINGLE CRYSTAL MgO

3.1 General Approach to the Problem

Diffusion coefficients may be evaluated from an experimentally
determired distribution of solute which has been allowed to diffuse into a
host specimen for a known time at a predetermined temperature. The analysis
18 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 employed
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in diffusion measurements. N12+ has been studied as an impurity cation.

Concentration gradients huve 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 temperatures9’18'20
and *t was of interest to extend the data to higher temperatures. Micro-
probe spectroscopy may be employed to analyie extremely small samples and
this provided a. 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 Mg0 to a single study6 conducted
over a narrow range of moderate temperatures (140"° - 1600°C). The limita-
tion on the upper end of the temperature range wes imposed by the high vapor
pressure of Mg0 and that at the lower end by the time in which isctope
penetration of an extent sultable for sectioning could be achieved without
excessive decay of the tracer. (Mg28, the longest-lived radioisctope, has
a half-life of only 21.3 hrs.) Magnesium, however, has three stable
isotopes: Mg2t, Mg®®, and Mg25, with natural abundances of T8.70%, 10.13%,
and 11.17%, respectively. The use of a stable isoctope cs tracer offered
the opportunity of eliminating the time-temperature restrictions associated
wvith a redioisotope.

The stable isotope selected for study as solute was M326 in
order that the maximum resolution in mass number relative to the most
abundant isctope be obtained. The isotope, obtained fram the Osk Ridge
National Laboratory as a fine grained MgO powder enriched to 98.78% Mg20,
was applied to & host crystal in one of three fashions described below.
After an annealing the distridbution of isctope was determined by the removal

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

The procedure has several advantages relative to conventionsl

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 secticn. The accecsibility <f a

wvider range of temperatures for the particular system under study has alreeady

been noted. On the other hand, macss spectrametric analyses ~re time consum-

ing relative to conventional counting of the sctivity of a radicactive

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

crystal provides a high "background” concerntration below wiilch solute

concentrations may not be measured. This imposes rather unusual boundary

conditions on the prepsration of suitable specimens.

3.2 Initial Conditions for Diffusion Specimers

Studies of Ni°t and Mg2* aiffusion in Mg0 have been conducted
over a wide range of temperatures. The difference in solute chare teristics
and natural abundance of solute in the host crystal have nccessitated use
of a variety of diffusion specimens.

In & first type of specimen, an exposed surface of a NgO crjstal
vas placed over a well cut in & crystel of the same material. The well
vas partiaily filled with either NiO or Ngaso, the latter being the stodle
1sotope used as a tracer in catica self-diffusion studies. The surface o~
the host crystal was thus !n equilibrium with a vapor of the solute and
wvas maintained at constant concentration throughout the course of the
diffusion annealing. The distribution of soluts, C, after an snnealing of

duration t is given by

¢ = Cq erfe x (4pt)}




|

wvhere Cg 1s 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/Cg as a funciion of solute penetration is therefore linear and has
slope given by (4 m)'i]". This type of specimen is subsequently referred to
as & "vapor exchange" specimen. Use of the vapor exchange boundary condi-
tions was possible only over temperature ranges in which the vapor pressure
of the solute was high. In such circimstances this type of specimen provided
several important advantages. The totsal amount of solute available in
the specimen is large {compared with the finite source, thin film samples
described below) and loss of solute, which may be severe at elevated temper-
atures vhere the vapor pressure of the solute is high. is less critical.
Secondly, the aurface of host crystal is never in contuct with pure solute.
Thic va: an espectal advantage in the study of NiZ' diffusion vhere, at the
highest temperature expliored (2460°C) the sample preparuiicn temperature
vas 370°C above the melting psint of Ni0 (2090°C). Vapor exchange boundary
conditions could be emplcyed in the study of MKES diffusion &t teaperstures
in excess of 1600°C. Below this temperature, the surface concentrations
of isotope were not sufficiently ebove the natural abundance of Ng%O
in toe host crystal tc¢ permit establiehment of a concentration gradient.
These ' ~undary coniitions were also used in all Ni%* 4¢ffusion specivens
prepared at teuperatures above the melting point of K10 (21007C to 2k60°C).
At temperatures at vhich the vapor presrsure of the solite is too
small to permit utilization of vapor excharge boundery condit.cus, losses
of solute from a thin, fini.e initial film vould be regl gible. lolute
may accordingly be supplied from a thin film. Annealing of viis type of

specimen produces a Gaussian distribution of solute given by
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c = sy Dt)% exp - x2(kpt)~t

where S i1s 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)-l. This type
of sample 1s referred to as a "thin £ilm" specimen. The study of NiZ*
diffusion employed this variety of boundary conditions at all temperatures
less than the melting point of NiO.

Preparation of finite source specimens containing Mg26 as solute
presents an unusual problem. The natural abundance of M326 is 11.1T%, so
that concentrations below this level are indistinguishable fram "background"
concentration. The concentratimm in the Gaussian distribution of the thin
film specimen decreases as (Dt)"% and appromches zero for large times.
Subsequent establishment of a concentration gradient by mechanical section-

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

26

The concentration of Mg“ O may 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
boundary conditions “hat the thickness of the initial film is negligible
vith reaspect to .he extent af the solute penetration. Under these conditiors
the so,ute =gt be considered as being distributed throughout an initial

layer of thickness, h, which is not negligible coepared to tra diffusion

zone. 'nder such conditions the solute Aistridbution is given vy

¢ » 40y Tort (-x)(umt) s ere (n + x)(uot) 4]
where h 18 twvice the thickness of the initial layer , C, is the soiute
concen.yation in the initial layer, and erf is the Gaussian error functiom.

This type of gredient is not as reedily soalysed as those resulting “rom

e A e et sl A A 8 W
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simpler soluticns to the diffusfon cquation. It may be noted, hovever, that
the concentration at X = 0 ie given by C; erf h(th)'%. The surface conc:r.ra-
tion may thus be used to compute an estimate of (th)‘%. A more accurats
value based on the entire concentration gradient may be cbtained by fitiing
the dats to gradients calculateu for values of (th)'% which are close to
the initial estimate. This type of specimen %s referred to as a "thick £I" ."
sampic.

A finel set of boundary conditione are encountered for Mge6u gradi-
lents at very low temperatures where the solute penetration is small compared

to the thickness of the initial leyer of solu*  Under such conditions, a

semi-infinite initial distribution of solute is approximateu, and
C = 4Cg erfe x (th)'é

vhere Cg is concentration in the initial deposit, and x is nuw penetration
relative to the solute-host crystal interface. A plot of the inverse ]
canplementary error function of 2C/Cs is therefore linear as a function of
x, and has glope given by (hnt)“i. This form of the solution to the diffu-
sion equation is a valid approximation if (m;/n2)§ is less than about {.
The semi-inifinite source solution is more amenadle to analysis than the

thick film solution to the diffusion equation. In principle, it cculd be

used for all temperatures for which use of the thicx £ilm conditions might

ba “lctatad. Sectioning and snalysis of this type of specimen is exuremely
time consuming, however, and the conditirms were utilized only at the very

lovaet temperaturss at wnich +pecimens were prepared,

2.3 Exchange of Tracer with Ncrwally-Present Isotone

in t.e cation self-diffusion experionts a stable i1sotope, M326,

was diffused invu a hoet ~rystal containing a naturai abundance f "826
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(11.17%). The initial isotopic composition of the host crystal is

. 2k

Co  + Co? + 02 .

26

where C 2%, the natural abundance of Mg2%0 1s .7870, Co2% is .1013 and C,

0

is .1117. 1If a concentration X26 of isotope diffuses into the specimen,
i substitutes for all three isotopes and
126+ (1 - x) (0,24 + 0,25 + ¢, %) = 1.

6

The total concentration of Mgz 0 is therefore

026 = x26 + (1 - x26) 0026.

It should be noted that the concentration of diffused tracer X26 is EEE 026

-ess the natural abundance C026, but rather
x26 = (¢ - ¢,26)/(1 - C,20).
The constant factor (1 - 0026); however, cancels in analysis of all error

function solute distributions since

x26 _ (€26 . ¢,26)/(1 - Co26) i} 026 . ,26)
x526 (C826' c°26)/(l - co26) (0526-C026)

Similarly, in the analysis of the Gaussian distribution of solute of the
thin film specimen, the constant factor relating X26 and (026 - 0026) has
no influence on the slope of Jln (C26 - 0026) as & function of penetration.
All concentration gradients presented in this study are therefore expressed
as total concentration of M3260 less the natural abundance of Mgaso 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 commercially avallable single crystals cf

MgO have been employed in both the -tudy of N2* aiffusion and M32+ self-
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diffusion. Crystals obtained from W. & C. Spicer Ltd., Cheltenham, England,
nominally contain 100 ppm impurity and represent the purest single crystals
cammerc;ally available=t, Less pure crystals obtained fram the Norton
Company, Worcester, Maés. have been employed in many earlier studies.

These crystals were utilized in the present study for purposes of comparison,
and also for use in early experiments as techniques fbr sawple preparation
vere being perfected.

Characterization of representative crystals of both types has
been described in earlier reportsls. The Spicer crystals are notably
superior in doth purity'and dislocation content. Typical Spicer crys:ials,
analyzed by spark source mass spectrometry contained 270 pp mw total (cation
pius anion, excluding OH") impurity; Nofton 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 em™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 10" and 5.0 - 16 10* cu~2,

Single crystals were clesved into plates with dimensions of
the ordér of 1 x1 x 0.3 cm. As-cleaved surfaces were found to have surface
roughness of 1 to 2 mierons in the form of cleavage steps, and mechanical
damage in the form of increased dislocation densities along intersection
(llO)vslip 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 (1850°C) succeeded in reducing the dislocation

density by a factor of 2, but did not restore the native as-grown density.

e e Y
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g Chemical polishing in hot phosphoric acid successfully removed the demaged

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

: in previous reportsls, the kinetics of material removel in such chemiecal

; 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 1'TO°C. This increase corrssponded to rapid
development of surface pitting. Optimum polishes were achieved at 155°C

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

hot Hy0. The best surfaces obtalned had flatness inferior to mechanically
1. poclished surfaces, but represented a satisfactory compromise between rough-
ness and minimizetion of surface damage.

1 : Crystals employed for studies of NiZ* diffusion were used in
the as-cleaved condition. Surface roughness and damage did not 1n1’1uenée

) these results since all measurements were conducted at high temperatures J

at which solute penetrations were 5 to 8 times the depth of the mechanical
damage introduced by cleavage. Similarly, cl=aved and mechanically polished
; surfaces were utilized in crystals intended for Mg26 diffusion at high

| temperatures. At low temperatures, whe}-e 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 were 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 fram 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 w;th Mg260 or Ni0. A prepared surface on an Mg0 host
crystal wes placed over the well, and the assembly was then encapsulated.
For thin film specimens emplqying NiO as sclute, a layer of nickel chlorice,
a fraction of a micron in thickness, was deposited on a prepared surface of
2 Mg¥ crystal from solution. The chloride was converted to NiO by heating
at .ow temperature in alr. Solute-crystal contac_t presented no problem
because of the high vapor pressure of NiO at all temperatures examined.
Preparation of the thick film sazﬁples necessary for the study of Mg26
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 érystal when a thick-

ness of 3/h micron was exceeded. An additional source of concern was the i1

~
impurity introduced with the M32°0 isotope. The material supplied by the

Cak Ridge Nationsl Laboratory also contained 0.2% cation impurity, which
provided a source of contamination. Both problems were solved by utilizing i
the chemical vapor deposition techniques developed in the crystal growth
portion of this program. An vepita.xia.l layer of single crystal Mg260 tens
ﬂof microns in thickness could be deposited on a prepared surface of a host :
crystal in less than an hour at 1000°C. 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 M3260 of the requisite
. thick:.  "s which was in intimate contact with the host crystsl, but,as
. described above in Section II, effected purificatic.. [ the isotope as well.

Semi-infinite source specimens utilizing M3260 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 10007:) were not encapsulated.

3.5 Diffusion Sample Analysis

The capsules containing Mg0 crystals in which NiU had been
employed as a solute were cut upon completion of the diffusion annealing
to expose & surface normal to the solute-coated interface. Ni0 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

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

micron. NIiKo{ fluorescent intensities were recorded relative to the inten-
sity obtained from a sample of pure Ni in order to eliminate possible errors
arising from beam fluctuations. The intensity ratios were converted to '
concentration of NiO with the aid of a calibration curve obtained from a
set of fine grained sintered Ni10-Mg0 standards. (oncentrations of solute

at the surfaces of the samples ranged from .00l to .OL8 NiO, deperding on

temperature. The sensitivity of the analysis, as performed, permitted
detection of concentrations as low as 8 10~7 Ni0. Solute gradients could,
therefore, usually be established over solute concentration ranges of two

orders of magnitude.

Saxmples which concained M3260 solute were removed fram the
capsules. Edges were ground from the host crystal to eliminate effects of
surface diffusion. Sections were giound from 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 achioved 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 removael 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\ma.ss spectrametry. Such analyses
\

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

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

>

diffusion specimen. At best, only two alyses may be performed within a
2h-hour period. Early analyses were perfc\iyrmed with a Bendix time-of-flight i
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 grindir ;s and Mo foil were vlaced in a tungsten Knudsen
effusion cell maintained at 1900%K in the time-of-flight spectrometer.
This produced a beam of magnesium 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 Mgah and Hg;"é peaks to eliminate beam fluctuations due to variatioans :
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 M326/M525
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 1074 gram) contained in each section. Results
obtained from the two different techniques are in good agreement. The
accuracy of the analyses was eveluated by measurement of the lsotopic
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 thermesl ionlzation procedure is better
than + %‘ﬁ

3.6 Results

Twenty diffusion coefficients have been obtained for N2t
diffusing in both Spicer and Norton Ccmpany MgO over a temperature range
of 1900° to 2460°%C (0.88 Ty) in an argon stmosphere. No significant
difference in transport behavior was noted between the Spicer and Norton
materiai despite the superior purity and dislocation content of the former.
These results extended by TO% 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

vas assumed to be impurity controlled, and could satisfactorily e repressnted

by
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D = 1.80 10”2 exp -(2.10 eV/kT). !
° This result had been obtained earlier9 on the basis of measurements in air 3

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

change to a different transport mechanism at temperatures in excess of
2&0000. 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 Mg0. This was unfortunately not possible in the system Ni0-MgO.

At 2460°C, the highest temperature at whiech a sample was successfully 3
i prepared, two-thi;ds of the Ni0-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 eutitled "Diffusion of N12+ in High Purity Mg0 at High Temper- i

atures" which was attached as an Appendix to the preceding Interim Reportl?.

"he manuscript is scheduled for publication in the February 1, 1971 issue
~of the Journal of Chemical Physics.
A total of seven diffusion Lefficients have been obtained for
M326 self-diffusion in Mg0 in the temperature range 1600° to 2250°C. These
results are summarized in Table III, Samples have also been successfully
prepared at 1950°C and 2400°C and sectioned in preparation for analysis.
Mass apectroaseter analyses have, in fact, been campleted for 15 sections
removed from the specimen which had been prepared at 2400°C. The penetra-
tion of isotope at this high tempersture 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 presentiy
undergoing analysia.
As mentioned above, the rate at which mass spectrometer analyses

may be performed determines the rate au vhich diffusion coefficients may dbe
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TABLE TII

Diffusion Coefficients for Mg2® in Single Crystal Mg0

Specimen

Temp, (%) Time (hrs.) Material Type DScm?Zsec!
1600 16.0 N v 1.4 1071
1600 31.0 s T 1.96 10-11
1750 16.3 N v 5.28 1011
1850 15.6 N v 1.48 10710
1850 15.6 s v 7.23 10711
2050 6.0 N v 3.76 10710
2250 5.0 N v | 1.05 1072

N = Norton Company MgO; S = Splcer, Ltd. Mg?

V = Vapor exchange specimers; T = thin film specimen
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obtained. We have accordingly perfected techniques foi usue of a thermal
lonization triple filament source on a second mass spectrometer in order
to expedite analyses. After a few initial failures, these procedures have
now been reduced to practice. Figure ! presents data for a vapor exchange
specimen prepared at 2050°C, 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
spectrameter, and with the thermal ionization double-focussing instrument.
The isotope ratios monitored in the two experiments were Mg26 /Mg24 and
Mg26/Mg25, respectively. Although not the best gradiert obtained in the
program, the data of Figure 1 demonstrate excellent agreemeni. between
concentrations obtained by two diffarent techniques even though different
mAss peaks were msasured.

The diffusion coefficients obtained to date for ,4826 self-diffusion
in single crystal MgO are plotted as a function of rer iprocal temperature
in Pigure 2. The data may be represented by

D = 9.52 10-% exp -(2.92 ev/x3).
As in the measurements of impurity cation diffusi~n, there is at present
no basis for ascribing significantly different traunsport behavicr to the
hign purity Spicer Mg0O crystals. Figure 2 aiso includes the dnta6 for
diffusion of the radioisotope “828 These results are given by

D= 2.49 10-1 exp -(3.43 ev/xT)
and, a3 mentioned above, bhave generally been interpreted as representing
int=insic behavior. The present results do not confirm this interpretation.
The activation energy of 2.92 eV is oomevhat higher than that observed for

impurity fon migration, but vould appear to be too low to represent intrinsic

s QT

- — L e e NIRRT G U g e




-t

c anbreysay
Jujawodasads [ . B SUAISJZTIP UATA PAUTHAUO s7T3Nd dOolC T 2UNIIJIPD WOLJ PATELC
37N, 31 UsAIIY GUIWROIYE FUTABIL. N CAW WAL AID @ Bup: 0juy YolsuIsudd Wi

Jo uot1dung ® v (70-- 0)/(Or=3) JO UOTAOMI J02Xd AXWAUAWL JWOD IuI@ALT vy 0 S a4
(SNONDIN} NOVLLYYLINIG
¢ O o¢ 0T Of 1)
Y T T T r T ™ T (o]

NOILVZINO! TWNYIHL
ANNYUS L dINL S8 L8N —O

- AHOIT4 40 3NIL
=730 N3ISANNMI 0«08 oacl -0

N

f
y m
,uam: = 1%-%9/1%-9), 3w

- 4 4
- 48
ﬁl -~
p -y h.
OB NOLWOWN

2, 0SCZ IV 'SHH 9 .
'} . _ - — 1 — A h V' ..

. » h T -

i a e AT i e e AN i s S

et - ——_ P A\

B

E

o T S W A2

Prs




K s ot W VR

T nzow Tl < T e T R e

-0~ \

TEMPERAYURE (°C) M |

gt 140 1400 1600 2000 2400 | B
D L L L D W

-, i

LINOER 8 PARZITT e

us-n /
i Bl
-0 %
10 "/ﬂg‘/ "i,‘
S f
iQ / ~ 7 :

10 | @ - MNORTON MgC o

2

DIFFUSION COEFFICIENT (CM/SEC)

’

A
) - SPICFR Mgh .«
\J

ao",[' 1 1 v }

—— ——

1.0 6.0 $2 2.0 3.0 -\

- “t S

RECIPROCAL TEMNPZIRATURE (°k 10 ) .
Flgaw .

Vot of catic: eif-diffur on coefflfercs §n cing.c orystal MR a8 .

gunctiol of felaprotnl temeratu o,

e A e eeA e e w———




. v :
P LY )
e e e < e

A RIS R T SR T T A YT R Ry e

«31-

diffusion. ‘
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13. ABSTRACT

—1~p Progress is described in a program intended to clarify the nature of mass

transport in Mg0 through (1) growth of crystals of improved perfection and
purity, (2) measurement of cation self-diffusion rates over & wide renge of
temperatures, and (3) extension of diffusion measwrements as close as possible
to the melting point of the materiel.

Crystals of MgQ:E cm in diameter and 2 mm in thickness are routinely and
reprodu-1bly grown epitaxially on Mg0 substrates by means of chemical vapor
transport with HC1 at 1000°C.~0rowth rates of 90 micron/hr. have been achieved.
Crystals grown from high purily source material contain 40O ppm total impurity.
Primary offenders are Fe, St; and S, but it ars possibtle to further reduce
levels of these elements.? Measurements of N diffusion in MgO have been
extended to 2460% (0.88 in an attempt to reveal intrinsic transport.: The
neasurements extend by T he tempe.ature range over which transport data for
Mg0 ~re now available, bub fail to reveal a change in transport mechanism. - Ni2+
diffusion at high temperatures may be edegmteiyt!seﬁ‘bud“by'u'bad‘wi‘ﬁo 10-3
cm®/sec and an activetion energy of 2.10 eV, g result obtained through earlier
meesurements at much lg{gr tem) ratures‘.‘%mzé self-diffusion in Mgd in the
temperature range 1600°-2250 be represented by a Dy of 9.52 10- cm?/sec
and an sctivation enexrgy of 2.p2 w¥:-»The results asre interpreted as extrinsic
diffusion and are not ace with 1imited data in the literature for diffusion
of the radioisotope ), Neither of the present diffusion studies has revealed

a eignificant difference betwegn transport in moderete purity crystals and { )¢

DD '™, 1473 oot orj o oo ey e a1y wrerrwore.
' Security Classification

H
| ,.
B y
{\\ C ”0—4 A Y AR [‘},,’{

e e s ™

N
g

s e BT T

e i R e it ot 4 3




|
|

i
i
{

A e

pTES

e L id S0

Aabs S S —a A

t o e e A A LRI R SR R v e

UNCLASSTFIED
_Security Classificstion . e -
[T LINK A LINK B LINKE:
KEY woRot AOL X 24 ROLE ®Y i WoLB | WY :
| - ,l
Diffusion, Mg>¥ in Mg0; Ri®" in Mgd 1
Cation self-diffusion ,
Impurity ion diffusion, Wi2* in Mg0
Crystal growth
Chemical varor deposition
INSTRUCY IONS
. 1. ORIGINATING ACTIVITY: Rator the asme and sédoons imposed by security classifi using stondasd statements
- of the comtractor, subcoatractor, granise, eriment of De- such as

Depertment
_ fense activity or other erganizstion (conperate suthor) iseuing
: the repont.

. all secwrity Mnm the repant, M‘cncm
"lnmm‘nao”uum muuunm
{ ance with appropriate secirity regulotions,
~2b. OROUP: Awtomatic downgrading is specified ia DoD Di-
-:unsmwud‘l:.m:mu:" hdm Enter
:the group number. 0, whee applicabie, shaw that optionsl
" mavkings have been used for Group 3 snd Geoup 4 sx author-

5 REPORT TITLE: Eater the complete report tite in all
‘sopital letters. Titles in ail canes shouid be uaclessified.
‘M & mesaingful titls cannot be selucted withowt clsasifice
“tiem, ehow title clepsifioation in .1l capitalh in pleenthesis
immedistely following the title.

& mm 1§ sppropriste, entor the type of
rapoTt, & anrmel, or final,
Give the Sncxvulu daten when a specific reporting period Is
£ov
S AUTHORBX Enter the n-(-) of suthor(s) as shown on
or in the toports.. Rater tnst neme, first name, middie initial,
It militery, show rank and broach of service. The name of
tho principal anthor is sn absolute minimum requirement.

& n:mrrmrz. “w'?t“.fh::.m”w'
won ;. or moath, yoss If mure one ppeses
mm::lk wge daty of publicstion
Ja. TOTAL NUMBER OF PAGER The totul pags count
shoulid follow navmel paginstion pracedures, Loy, ester the
aumbir of pages centamaing information
75, NUMESE OF REFERENCIS Enter the totel nombes of
teforances cited ia the rupoet.
02 CONTRACT OR GRANT NUMBER: If sppropriste, onter
m.mmu-m.nu.mumwawu
the repoct wan wril

[ ¥ 3 mmnmm Knter the appropriste
:’n&srwj tdentificution, wich 88 project sumber,
suliprajoci muniber, aystom subers, taak aunber, ste
S OMGINATOR'S REPORT RUMDER(EX Ester the offi-
mlwmwwuwmwlulm
mmuu.un.mu This number must
e suigue o thia tepart.
. OTHER REFORT NULBER(): If tha report has baen
assignad uny ethur roport numbers (either by the originator
wlym;ww.\dumm-s-b-(l)-

1. AVARABILITT/LIMITATION NOVICER Kater apy Ll
tmnunmtndumunol&onm. MMM

[$)] "Qmunou g&nnm wmay obtaln cepm of this

(¢)] “Foui snnouncement and
report by DDC is mt swthovized

(3 “U 8 Government agenciss ohisin ¢ mol
" this report directly Trom nbc.’gmn “P
users shall request through

dounluuuof m.

"
.

(® *U. S military u!ndn may obtain copies of this
report directly from o{u ﬂlllﬂd snore
shall request tlwou‘h

”
.

(S) '"All distrilution of this report is controited Qual-
ified DDC users shall request through

‘”

llthnpﬂebuhnn furnisked to the Office of Techuical
es, Departmant of Commerce, for sele to the public, indl
cate m. fact and enter the price, il known.

1. SUPPLEMENTARY NOTES: Use for additionsl explens.
tory mbies.

ia mmmmmnc'{zmv Bnulhu?::f .-
oject or »
h‘ lbnluehulhﬂmm‘m

18. urmcerz Enter s sbatract giving & brin? i facteat
of the document imdicative of the oven

ltnqabmmheﬁobﬂydh%l
o
port. I additions hmM-m&mﬂthM
be atteched.

his ‘nh»lulm&n.hmol
te unclase! 5 ph of thi abstract shall end with

; f the
fermation in the paragraph, 88 {78, {8): {C), ¢ m;‘

Mllnlhlmh the of the abatsect. - Mow-
mwmwum nnsm :

u. mmz lcywaio WWW

elunm& u‘nqhundu‘

wende snat

mm-oht nuudlychnmﬂ hw ﬁ'm

luu. 80 oquipment mode! w ie RN uuén
-udu mll‘!.h-c b’l.mu jndicetion ﬁ“uze‘o.l m- ;

text. The assigamant of u-t-. rules, und woights iv eptiensl.

- ekt

AT bt o o At AR SR L A e




